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a b s t r a c t

The stability, selectivity, and reactivity conferred by intrapore liquids onto Ni2+ species grafted within
mesoporous aluminosilicates for the dimerization of C2-C4 alkenes are reported and interpreted by the
preferential stabilization of dimer desorption transition states, which inhibit further growth during the
surface sojourn that forms these dimers. The marked decrease in deactivation rate constants leads to
catalyst half-lives > 600 h for all alkenes and to turnover rates (per Ni) at sub-ambient temperatures
(240–260 K) that exceed those at the higher temperatures previously used for Ni-based solid catalysts
(350–500 K). These effects appear at the relative pressures required for alkene capillary condensation
within Ni-Al-MCM-41 catalysts with different mesopore diameters and are also evident when the intra-
pore liquids consist of unreactive alkanes, indicative of solvation effects conferred by non-covalent inter-
actions mediated by dispersion forces. For all alkenes, turnover rates (per Ni) are unaffected by Ni content
until each acidic proton in the Al-MCM-41 is replaced by one Ni atom, consistent with the involvement of
grafted (Ni-OH)+ monomers as active centers and excess Ni leading to inactive NiO species. The stable
nature of these catalysts allows accurate mechanistic assessments and a demonstration of the kinetic rel-
evance of the CAC coupling elementary steps on essentially bare (Ni-OH)+ centers, leading to rates
described by second-order dimerization constants (a0

n) and adsorption constants (b0
n) for each alkene

(Cn); these parameters are influenced only slightly by intrapore liquids, because they reflect free energies
of formation of surface-bound species and transition states from gaseous precursors. These a0

n and b0
n

parameters increase with alkene size, with the enthalpic component of a0
n increasing from 21 to

46 kJ mol�1 and the activation entropy becoming more negative (�103 to �187 J (mol K)�1), consistent
with CAC coupling transition states that occur late along the reaction coordinate and resemble its bound
dimer product. The low C3n/C2n ratios observed in the presence of intrapore liquids (<0.04, for n = 2–4)
reflect the endothermic nature of dimer desorption events, for which product-like transition states ben-
efit from the solvation of desorbing products by a non-polar liquid phase, thus allowing detachment from
Ni centers before subsequent growth. The inhibition of such growth events accounts not only for the
unique dimer selectivity observed, but also for the unprecedented stability conferred by intrapore liquids
by inhibiting the formation of oligomers that bind more strongly with increasing chain size, as evident
from the b0

n values reported here for alkene reactants.
� 2020 Elsevier Inc. All rights reserved.
1. Introduction

The formation of new CAC bonds from alkenes through dimer-
ization routes provides practical paths for the growth of hydrocar-
bon chains in the production of fuels and chemicals [1,2]. These
reactions proceed at moderate temperatures (ca. 400 K) on solid
Brønsted acids, such as zeotypes that contain protons within voids
of molecular dimensions [3–7]. They are also catalyzed by cationic
Ti, Cr, and Ni centers as solvated organometallic complexes [8–13]
or grafted onto porous solids [14,15]. Organometallic complexes
[16,17] and Ni-based organic frameworks (MOF) [18–21] function
at near-ambient temperatures with higher dimerization rates (per
Ni atom) and primary ethene dimer selectivities than Brønsted
acids [7,8]. They require, however, aluminoxane moieties in large
excess as activators or co-catalysts, as well as liquid solvents as
the reaction media. Ni cations grafted onto mesoporous alumi-
nosilicates, such as Al-SBA-15 [22] and Al-MCM-41 [23–29], can
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function without activators or solvents; they often give rise to
ethene dimerization rates similar to those on organometallic com-
plexes, but at higher temperatures and with lower selectivity to
primary 1-butene dimers.

Ni-based solids also deactivate rapidly [19,22], especially for
larger alkenes, because larger oligomeric species form occasionally
and bind more strongly onto active centers than the parent con-
stituents. Such fast deactivation processes preclude both the use
of Ni-catalyzed oligomerization for larger alkenes and the assess-
ment of mechanistic aspects of the elementary steps that mediate
dimerization turnovers. The identity and kinetic relevance of such
steps remain the subject of active inquiry and controversy [30–39],
with proposed mechanisms predominantly based on analogies
between homogeneous complexes and Ni-based aluminosilicates,
in spite of their distinct reactivity and co-catalyst requirements.

The capillary condensation of ethene reactants as an extended
liquid phase within Ni-Al-MCM-41 mesopores led to very high
dimerization turnover rates (per Ni atom), to high selectivity to
primary dimers, and to nearly undetectable deactivation at sub-
ambient temperatures (230–250 K) [28]. Ethene dimerization turn-
over rates were much higher than on previously reported Ni-based
aluminosilicates, in spite of the much higher temperatures used in
previous studies (>350 K) [22–27]. The strong effects of intrapore
liquids were attributed to the selective enhancement of the des-
orption rates of bound dimers, through the preferential solvation
of their late desorption transition states, which resemble a
nearly-detached 1-butene molecule immersed within the contact-
ing intrapore non-polar liquids. These enhanced desorption rates
inhibit the secondary growth and isomerization of these bound
species during their initial formative sojourn. The stability of Ni
active sites within liquid-filled channels allows detailed rate and
kinetic measurements, as well as the conclusive identification of
the active centers as grafted (Ni-OH)+ sites, which form during syn-
thesis via the stoichiometric exchange of isolated protons in Al-
MCM-41 by aqueous solutions of Ni2+ cations.

These concepts and mechanistic insights represent, in fact, a
general feature of alkene dimerization catalysis, as shown here
for propene and butene reactants, for which deactivation in the
absence of intrapore liquids is even faster than for ethene
[28,40–42]. The stable rates and the very high selectivity to pri-
mary dimers when liquids form within Ni-Al-MCM-41 channels
render Ni-catalyzed dimerization of larger alkenes potentially
practical. Propene and butene dimerize with very high turnover
rates at sub-ambient temperatures (230–250 K) and without
detectable deactivation at conditions that coincide with their
respective condensation points within Ni-Al-MCM-41 channels
with 1.7 or 3.5 nm mean diameters.

Such remarkable stability and dimer selectivities are also evi-
dent when the condensed liquids contain unreactive alkanes, indi-
cating that these solvation effects reflect non-specific van der
Waals interactions that do not require specific chemical function-
alities or molecular motifs. These findings make the choice of
non-polar condensed phase one of convenience, based on volatil-
ity, purity, and inert character, without restricting the choices to
the specific pressures or temperatures required for the condensa-
tion of any given alkene reactant.

Dimerization rates (per mass) for all alkenes reach their highest
values when one Ni2+ replaces each of H+ initially present in Al-
MCM-41, consistent with the sole involvement of isolated (Ni-
OH)+ species in dimerization turnovers, as shown earlier for the
specific case of ethene reactants [28]. The equilibrium constants
for alkene binding and the rate constant for CAC bond formation
steps increase markedly with reactant size. These rate constants
reflect the Gibbs free energies of formation of the CAC coupling
transition state (TS) from two gaseous alkene reactants. Its enthal-
pic component reflects a combination of the interactions between
TS structures with (Ni-OH)+ sites and with MCM-41 channel walls.
Preliminary theoretical assessments suggest that dimerization
reactions are not mediated by cationic TS structures, consistent
with (Ni-OH)+ species that are much weaker Brønsted acids than
O-H groups in aluminosilicates; such TS structures are likely to
involve concerted interactions with acid-base site pairs in grafted
(Ni-OH)+. Measured activation entropies are nearly consistent with
those calculated for TS structures that resemble the bound dimer
products, consistent with the weak solvent effects of intrapore liq-
uids on the transition state for the kinetically-relevant CAC dimer-
ization steps.
2. Methods

2.1. Synthesis of Ni-Al-MCM-41 catalysts

Ni-Al-MCM-41 samples (0.1–8.0% wt. Ni, 0.1–8.0 Ni2+:H0
+ atomic

ratio, H0
+ defined as the concentration of H+ in Al-MCM-41 before

Ni2+ exchange; H0
+ quantified as described in Section 2.2) were pre-

pared by contacting solutions of 0.01–0.5 M Ni(NO3)2�6H2O (99.9%,
Sigma-Aldrich) in deionized water (resistivity � 0.06 lS cm�1)
with Al-MCM-41 powders (Si/Al = 40, Sigma-Aldrich, 1.8�10�4

mol H0
+ g�1) with small cylindrical channels (1.7 ± 0.5 nm diameter,

assessed from N2 uptakes, Section 2.4). These suspensions (pH = 3.
3–3.7) were stirred for 24 h in a round-bottom flask held at 353 K.
The solids were recovered by filtration, rinsed with deionized
water (5 L g�1), and treated in ambient air at 393 K for 12 h and
then in flowing air (ultra dry, Praxair, 0.5 cm3 g�1 s�1) at 823 K
(0.083 K s�1) for 3 h. This protocol resulted in Ni-Al-MCM-41 sam-
ples with Ni2+:H0

+ ratios less than unity. An analogous protocol
without the rinsing step resulted in Ni-Al-MCM-41 samples with
Ni2+:H0

+ ratios greater than unity.
A Ni-Al-MCM-41 sample with larger channels (3.5 ± 2.5 nm

diameter, assessed from N2 uptakes, Section 2.4) and a broader
pore-size distribution (Fig. S7, SI) was prepared using Al-MCM-41
samples synthesized using reported protocols [43]. A mixture of
sodium silicate (28.7% wt. silica, 18.7 g, Sigma-Aldrich), Al(NO3)3
(0.1 g, 99.9%, Sigma-Aldrich) and sulfuric acid (10 mL, 1.2 M) in
deionized water (resistivity � 0.06 lS cm�1, 40 g) was mixed with
an aqueous solution of cetyltrimethylammonium bromide surfac-
tants ((C16H33)N(CH3)3Br, 50 mL, 0.05 M, >99%, Sigma-Aldrich) by
stirring for 0.5 h at ambient temperature. The resulting mixture
was placed within a Teflon-lined autoclave and treated at 373 K
under autogenous pressure for 72 h. The solids were recovered
by filtration, rinsed with deionized water (5 L g�1), treated in ambi-
ent air at 393 K for 12 h, and then in flowing air (ultra dry, Praxair;
0.5 cm3 g�1 s�1) by heating to 873 K at 0.083 K s�1 and holding for
3 h. The protons in this large-pore Al-MCM-41 sample were
exchanged with Ni cations using the same procedures as described
above for the small-pore Ni-Al-MCM-41, resulting in Ni contents
(0.3% wt.) corresponding to a Ni2+:H0

+ ratio of 0.6 in this large-
pore Ni-Al-MCM-41 sample.
2.2. Titration of accessible protons in Al-MCM-41

The number of protons in Al-MCM-41 samples (1.7 and 3.5 nm
mean pore diameter) before Ni exchange (H0

+) was measured using
2,6-di-tert-butylpyridine (DTBP, >97%, Sigma-Aldrich) as a selec-
tive titrant of Brønsted acid sites [44]. Al-MCM-41 samples were,
prior to titration with DTBP, subjected to the protocol identical
to that used to prepare Ni-Al-MCM-41 samples (Section 2.1) except
that aqueous solutions of HNO3 (Sigma-Aldrich, 70%, AR grade),
instead of aqueous solutions of Ni(NO3)26�H2O, were contacted
with Al-MCM-41 at pH values matching that used during prepara-
tion of Ni-Al-MCM-41 (pH = 3.3–3.7). The titration was performed
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by contacting DTBP (0.05 kPa, 0.01 molDTBP g�1h�1) over a fixed-
bed of Al-MCM-41 aggregates at 448 K using reaction protocols
described in Section 2.3. A solution of DTBP in n-hexane (99%,
Sigma-Aldrich; 1:25 DTBP:n-hexane molar ratio) was delivered
using a syringe pump (Cole-Parmer, 60061 series) and vaporized
into a He stream. The concentration of DTBP in reactor influent
and effluent mixtures was determined using chromatographic pro-
tocols described in Section 2.3, and H0

+ values were assessed by
assuming unit stoichiometry between adsorbed DTBP and H+ [6].

2.3. Alkene dimerization rate and selectivity measurements

Dimerization rates of ethene (99.999%, Praxair), propene (99.9%,
Praxair), and 1-butene (99.5%, Praxair) were measured on fixed-
beds comprised of mixtures of Ni-Al-MCM-41 aggregates (125–
180 mm) and SiO2 aggregates (125–180 mm) supported between
quartz wool plugs and held within a stainless steel tubular reactor
(6.4 mm outer diameter, 316 stainless steel). Ni-Al-MCM-41 aggre-
gates (5–15 mg) were mixed with SiO2 aggregates (Davisil-62,
Sigma-Aldrich, treated in air, 1073 K, 8 h) in 1:50 mass ratios
(Ni-Al-MCM-41:SiO2) to avoid corruptions to measured rates and
selectivities arising from bed-scale temperature gradients other-
wise imposed by the fast rates. 1-Butene dimerization rates were
measured by placing a bed of Al-MCM-41 (Si/Al = 40, Sigma-
Aldrich) above the Ni-Al-MCM-41 catalyst bed in order to remove
impurities (present in the 1-butene source), which otherwise led to
site blockage and extrinsic catalyst deactivation (20:1 Al-MCM-41:
Ni-Al-MCM-41 mass ratio). No oligomers were detected in 1-
butene reactions on Al-MCM-41 at the examined dimerization
temperatures (230–250 K). Fixed-beds were treated in flowing
dry air (ultra dry, Praxair; 0.5 cm3 g�1 s�1) by heating to 823 K
(0.083 K s�1, 0.5 h hold) and then in flowing He (99.999%, Praxair)
before cooling to reaction temperatures (240–273 K) and introduc-
ing alkene reactants (10–20 mol g�1h�1).

Inlet flow rates were metered using electronic controllers (Por-
ter). The hydrocarbon mixtures containing alkenes (ethene, pro-
pene) and alkanes (ethane, 99.9%; propane, 99.9%, Praxair) were
achieved using adjusted flows for each hydrocarbons. Tempera-
tures were measured with a K-type thermocouple and maintained
using resistive heating and electronic temperature controllers
(Watlow 982). Subambient reaction temperatures were achieved
by flowing cold N2 vapor from the headspace of a liquid N2 dewar
and using resistive heating to maintain constant temperatures.
Pressures were controlled electronically (LF-1, Equilibar con-
troller). Reactant and product concentrations were measured by
flame ionization detection after chromatographic separation (Agi-
lent 6890; HP-1 methyl silicone column, 25 m, 0.32 mm diameter,
1.05 lm film thickness); retention times were determined by
molecular speciation using mass spectrometry after separation
with a similar chromatographic column [45].

Dimer product selectivities on a carbon basis (Sdim) are reported
as:

Sdim ¼ amount of C atoms in dimerP
amount of C atoms in each product

ð1Þ

where the amount of C atoms in a given product is obtained from
the measured molar concentration and the corresponding number
of C atoms in each product.

Dimer product selectivities on a molar basis (SC2n) are reported
as:

SC2n ¼ moles of dimerP
moles in each product

ð2Þ

First-order deactivation rate constants (kd) are used to define
the stability of active Ni species during dimerization:
r2nðtÞ
r2nðt0Þ ¼ exp �kd t � t0ð Þ½ � ð3Þ

where r2n (t0) and r2n (t) represent dimerization rates at an initial t0
and at a given t time. The catalyst mean life is defined as the inverse
of the first-order deactivation rate constants.
2.4. Catalyst textural properties and compositions

N2 physisorption uptakes were measured volumetrically at its
normal boiling point (ASAP 2020, Micromeritics). Ni-Al-MCM-41
samples (~50 mg) were treated at 623 K (heating rate,
0.17 K s�1) for 4 h under dynamic vacuum (10�5 bar) prior to
uptake measurements. Pore size distributions in Ni-Al-MCM-41
samples were determined from N2 desorption isotherms measured
at its boiling point at ambient pressure using the Barret-Joyner-
Halenda (BJH) equation [48]. The translation of N2 isotherms into
the corresponding uptakes of alkene reactants within small-pore
Ni-Al-MCM-41 channels at reaction temperatures is described in
Section 3.2. Ni contents were measured by inductively-coupled
plasma atomic emission spectrometry (ICP-AES; Galbraith
Laboratories).
3. Results and discussion

3.1. Dimerization rates and selectivities using ethene, propene, and 1-
butene: The consequences of intrapore liquid alkene reactants on
catalyst stability

The involvement and reactivity of isolated Ni sites, present as
grafted (Ni-OH)+ species formed by exchange of aqueous Ni2+ at
H+ sites within Al-MCM-41 pores was shown by ethene dimeriza-
tion rates (per mass) that were strictly proportional to the number
of Ni atoms up to stoichiometric exchange levels and then
remained constant at Ni2+:H0

+ ratios above unity [28]. These ratios
are defined as the number of Ni2+ atoms in each sample per initial
H+ (H0

+) in the Al-MCM-41 precursors (Section 2.1). The results pre-
sented in this Section show the strong influence of the intrapore
liquids phase on the stability of Ni-Al-MCM-41 catalysts during
propene and 1-butene dimerization reactions. Such stability
allows, in turn, the identification of (Ni-OH)+ species as the sole
centers of reactivity for propene and butene dimerization on Ni-
Al-MCM-41, as shown by the data in Section 3.5.

Table 1 shows measured mean lives (defined in Section 2.3) on
each Ni-Al-MCM-41 sample during propene and 1-butene reac-
tions at 248 K, as well as the previously reported data for ethene
reactants [28]. Table 1 also shows the results of previous studies
for propene and 1-butene reactants at 353–453 K on Ni-based alu-
minosilicates prepared by ion-exchange or grafting of
organometallic precursors [40–42]. Reported Ni-based aluminosil-
icates showed rapid deactivation above 350 K, conditions that lead
to reactants and products that remain gaseous within mesopores.
Deactivated Ni-based aluminosilicates can be reactivated by treat-
ment in He at 723 K after ethene reactions, indicative of bound oli-
gomers that can be detached from active sites via direct
desorption, without requiring chemical reactions for their removal
[28]. The alkene dimerization elementary steps (Section 3.6) that
describe all dimerization rate data indicate that alkene binding
on (Ni-OH)+ becomes stronger with increasing alkene size, consis-
tent with the faster deactivation evident for larger alkenes. These
size effects likely reflect the stronger van der Waals interactions
and covalent binding expected for larger molecules on surfaces
[46]. These stronger van der Waals forces are also responsible for
the higher enthalpy of vaporization and boiling point of larger
hydrocarbons.



Table 1
Alkene dimerization rates (per total Ni atom) and dimer selectivity on Ni-based aluminosilicates.

Alkene Ethene Propene 1-Butene

Catalyst Ni-Al-MCM-41 Ni-Al-MCM-41 Ni-Al-MCM-41 Ni-SiAl
% wt. Ni 0.2 2.0 0.2 0.6 0.2 0.6
Temperature (K) 258 448 248 453 248 353
Pressure (MPa) 2.6 3.5 0.23 0.50 0.055 0.050
Intrapore fluid phase liquid gas liquid gas liquid gas
Dimerization rates (molalkene (atom Ni)�1h�1) 38,900 15,700 1200 480 350 160
Dimers among products (% C-basis)a 88 (1-C4)c 35 (1-C4) c 91 (C6) c 41 (C6) c 93 (C8) c 15 (C8) c

Alkene conversion at reported dimers % 8 1.5 5 2 3 5
Mean life (h)b >600 90 >600 9 >600 4
Reference 28 This study 40, 41 This study 42

a Selectivity on a carbon-basis, as defined by Eq. (1) (Section 2.3).
b Mean life defined in Section 2.3; kd values (Eq. (3), Section 2.3) are obtained from the local slope of dimerization rates (r2n) as a function of time on stream.
c 1-C4 refers to 1-butene, and C6 and C8 refer to C6 and C8 alkene products, respectively.

Fig. 2. Pore volume fraction for small-pore Ni-Al-MCM-41 (Ni2+:H0
+ = 5, pore

diameter 1.7 ± 0.5 nm) filled with N2 at 77 K (continuous line) or alkenes at 248 K
(dashed lines), and for large-pore Ni-Al-MCM-41 (Ni2+:H0

+ = 0.6, pore diameter
3.5 ± 2.5 nm) filled with N2 at 77 K (dotted line) as a function of the corresponding
relative saturation pressure (Pi/Pi,sat). Pore volume fraction is derived from the BJH
equation [48] using N2 and C2-C4 alkenes as adsorbents (details in Section S2, SI).
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Indeed, deactivation becomes much faster for larger alkenes, as
evident from the shorter mean lives during propene and 1-butene
(4–9 h) than ethene (90 h) reactions at temperatures (353–453 K)
typically required for adequate rates on Ni-based catalysts
(Table 1). Such deactivation prevails at temperatures and pressures
that maintain reactants in their gaseous state within MCM-41
channels. The slower desorption of more strongly-bound larger
alkenes also favors subsequent CAC bond formation events during
a single surface sojourn, as shown by primary dimer selectivities
that decrease markedly with increasing alkene size (Section 3.7).
The faster deactivation caused by larger alkene reactants is also
evident at subambient temperatures (230–250 K) for alkene pres-
sures below those required to form intrapore liquids. Deactivation
becomes undetectable (with mean lives higher than 600 h), how-
ever, at relative alkene pressures (defined as the ratio of alkene
pressure and its saturation pressure at reaction temperature) that
cause the formation of an intrapore dense phase within each Ni-
based mesoporous aluminosilicate for each alkene reactant
(Figs. 1–4).

In this study, dimerization rates are reported as the number of
alkene reactant molecules converted to dimers, irrespective of
whether these dimers subsequently react along the catalyst bed
Fig. 1. Alkene dimerization rates (per active Ni) for propene (Fig. 1a) and 1-butene (Fig. 1b) at 248 K on small-pore Ni-Al-MCM-41 (Ni2+:H0
+ = 5.0) as a function of time on

stream. Pi is alkene pressure and Pi/Pi,sat is alkene relative saturation pressure of the corresponding alkene. Alkene pressure varied within the same experiment. Fig. 1b shows
total butene dimerization rates because C8 formation rates are independent of 1-butene/2-butene ratio. 1-Butene dimerization rates were measured using H-MCM-41 as trap
for impurities at 248 K (mass ratio of 20:1H-MCM-41:Ni-Al-MCM-41); H-MCM-41 does not contribute to the formation of detectable oligomer products from 1-butene at
248 K. The shaded areas represent conditions where pores smaller than 2 nm in diameter (which constitutes 90% of the Ni-Al-MCM-41 surface area) are filled with liquid-
reactants (as inferred from pore filling models, Fig. 2).

Pore size distributions shown in Fig. S7.



Fig. 3. First-order deactivation constants (kd; Eq. (3), Section 2.3) during dimeriza-
tion of alkenes on small-pore Ni-Al-MCM-41 (Ni2+:H0

+=5.0) for ethene (rates in
Fig. S1, SI, 248 K, 0.4–2.0 MPa,d), ethene and ethane mixtures (rates in Fig. 4, 248 K,
j), propene (rates in Fig. 1a, 248 K, 0.1–0.3 MPa, ▲) and 1-butene (rates in Fig. 1b,
248 K, 0.06–0.02 MPa, .) as a function of the ratio of pressure to its saturation
pressure (Pi/Pi,sat). Alkene conversion for all conditions remains below 10%. Shaded
area corresponds to the relative pressures required to fill pores smaller than 2 nm
with alkene liquids (estimated from pore filling models, Fig. 2). Dashed lines used as
trend to guide the eye.
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to form larger oligomers. Fig. 1 shows dimerization rates at 248 K
as a function of time on stream at different alkene pressures (Pi) for
propene (Fig. 1a, 0.090–0.23 MPa) and 1-butene (Fig. 1b, 0.030–
Fig. 4. Alkene dimerization rates (per mass) on small-pore Ni-Al-MCM-41 (pore diamet
ethene and ethane (248 K, Fig. 4a) and of propene and propane (248 K, Fig. 4b). Shaded ar
filled (as inferred from Fig. 2).
0.058 MPa) on Ni-Al-MCM-41 samples with small channels (1.7 ±
0.5 nm pore diameter). Dimerization rates become stable at pro-
pene pressures above 0.15 MPa and 1-butene pressures above
0.036 MPa (Fig. 1). Each of these threshold pressures (Pi*) corre-
spond to 0.60–0.65 of their respective saturation pressures (Pi,sat)
at 248 K (0.25 MPa, propene; 0.060 MPa, 1-butene [47]); rates also
became constant with time on stream for ethene [28] at this rela-
tive pressure (Pi/Pi,sat = 0.6; PC2,sat = 2.1 MPa at 248 K). Such Pi/Pi,sat
ratios correspond to those required to condense each alkene within
channels smaller than 2 nm in diameter in each small-pore Ni-Al-
MCM-41 sample, as shown previously for ethene [28] and here in
Fig. 2 for propene and butene reactants.

The data in Fig. 1 show that the temperatures and alkene pres-
sures required for the formation of an intrapore liquid phase
within Ni-Al-MCM-41 channels coincide with those that prevent
the fast deactivation of active sites otherwise observed when
mesopores predominantly contain reactants and products in their
gaseous state. At each condition, deactivation rate constants
decreased with time on stream because the concomitant decrease
in reactant conversion (whether caused by deactivation or by
changes in bed residence time) leads to lower prevalent oligomer
concentrations, thus decreasing the extent to which they can read-
sorb and grow. Higher alkene reactant pressures also increase the
average chain length of the oligomerization products formed, mak-
ing the abrupt stabilization observed at reactant pressure above
Pi*, as well as the counteracting effect of the intrapore liquid phase,
even more remarkable. In addition to the observed stabilization of
Ni-OH+ sites, the presence of an extended intrapore liquid phase at
248 K leads to much higher dimerization rates (per Ni atom) than
previously reported on Ni-based aluminosilicates (Table 1) even at
much lower temperatures than in previous reports (350–450 K) for
which the lower rates likely reflect very rapid deactivation during
initial contact with alkene reactants, as shown for ethene dimer-
ization, for Ni-Al-MCM-41 at 448 K [28].

The temperatures and pressures that lead to capillary conden-
sation also give higher selectivities to primary dimers for each
alkene reactant than those for gas filled mesopores (Table 1), an
er 1.7 ± 0.5 nm) as a function time on stream during the co-feeding of mixtures of
ea corresponds to conditions where pores smaller than 2 nm in diameter are liquid-
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indication of their more prevalent desorption before subsequent
CAC bond formation events, as also found for ethene reactants
[28]. The addition of another alkene monomer to the dimers
formed during such initial surface sojourns can also occur via their
readsorption along the catalyst bed, as evident from the effects of
bed residence time on product selectivity for propene and 1-
butene reactants, shown later in Section 3.7.

3.2. Relative pressures required for condensation of alkenes and
alkanes within MCM-41 mesopores at reaction temperatures

The pressures and temperatures required to condense each
alkene within Ni-Al-MCM-41 mesopores were determined using
N2 uptake isotherms at 77 K and the Barret-Joyner-Halenda (BJH)
equation [48]. This equation combines multilayer adsorption iso-
therms and the Kelvin equation for capillary condensation to
describe uptakes at each pressure and temperature for any given
molecule based on its vapor pressure molar volume, and surface
tension as a liquid. Here, measured N2 desorption isotherms are
used to calculate the pore size distribution in Ni-Al-MCM-41 (from
N2 properties at 77 K). This size distribution is then used to esti-
mate the uptakes for each alkene from their respective properties
at 248 K (Figure S2, SI). This method gives the extent to which
mesopores in Ni-Al-MCM-41 are filled with a liquid phase of any
given molar volume, surface tension, and saturation vapor pressure
at each temperature used for dimerization catalysis. The nearly-
uniform channels in these materials lead to a sharp increase in
uptakes at the Pi/Pi,sat ratios that cause condensation of a liquid
phase within channels of such dimensions.

The estimated uptakes for each alkene at 248 K and for N2 at
77 K are shown in Fig. 2 as a function of their respective relative
pressures (Pi/Pi,sat) (details in S3, SI). The similarities among uptake
profiles for all molecules suggest that non-specific van der Waals
interactions (also responsible for the difference in vapor pressure
among these molecules) account for the formation of a dense
phase on flat surfaces (at Pi,sat) or within cylindrical channels of a
given size (at the Pi/Pi,sat ratios required for capillary condensation
for channels of different diameters). The alkene uptakes in Fig. 2
can be used to determine the number of molecules present within
MCM-41 channels at the conditions of dimerization reactions by
substituting alkene surface tension and molar volume for those
of N2 in the BJH formalism (Section S3, SI). N2 uptakes at 77 K on
Ni-Al-MCM-41 thus represent accurate surrogates for the relative
pressures required for uptakes and pore filling in the case of alke-
nes and other non-polar molecules within voids exhibiting pre-
dominantly hydrophobic surfaces.

3.3. Effects of intrapore liquids on the stability and reactivity of Ni-Al-
MCM-41 catalysts

First-order deactivation rate constants (kd; Eq. (3), Section 2.3)
are shown in Fig. 3 for all alkene reactants as a function of their
respective (Pi/Pi,sat) ratios at 248 K. (Pi/Pi,sat) values above 0.60–
0.65 lead to essentially undetectable deactivation and to mean cat-
alyst lives longer than 600 h for all reactants. These mean lives
becomemuch smaller at (Pi/Pi,sat) ratios below those required to fill
all MCM-41 channels. The stabilization brought forth by intrapore
liquids is even more evident for propene and 1-butene reactants
than for ethene; these larger alkenes condense at lower pressures
and lead to faster deactivation of Ni-based catalysts than ethene
when mesopores predominantly contain gaseous reactants (kd val-
ues shown in Fig. 3; previous studies in Table 1 [40–42]). The deac-
tivation constants were obtained under deactivating rate
conditions (Pi,Pi,sat < 0.6), and given their linear trend the kd values
were indistinguishable at different time values on time-on-stream.
The monotonic decrease in kd with increasing alkene pressure
reflects the gradual filling of the smaller channels in Ni-Al-MCM-
41, which represent the largest fraction of the total surface area,
and the protection of the Ni sites present within such channels
from deactivating events.

In contrast with the stabilization effects provided by intrapore
liquid alkenes, the stability of the kinetically-relevant CAC cou-
pling transition state is much more weakly influenced by intrapore
liquids than the dimer desorption transition state, leading to
second-order dimerization rate constants that do not change
abruptly at the alkene reactant pressures required for intrapore
condensation for ethene [28] and for propene and 1-butene reac-
tants (as shown in Section 3.6). The mechanistic interpretations
of dimerization rates for propene and 1-butene are discussed in
Section 3.6 in the context of thermodynamically non-ideal condi-
tions, which indicate that the stability of CAC coupling transition
states predominantly reflect their interactions with active Ni struc-
tures and less their solvation by the intrapore liquid phase.
3.4. Dimerization rates in the presence of intrapore liquid alkenes in
mixtures with alkanes or within large mesopores

The proposal that non-polar liquid alkenes within MCM-41
channels preferentially stabilize oligomer desorption transition
states through non-specific van der Waals interactions indicates
that other non-polar molecules would act in a similar manner.
The ability of inert non-polar liquids to serve this purpose would
allow the selection of appropriate inert molecules for the condi-
tions of temperature and alkene pressures most suitable for alkene
oligomerization catalysis. More specifically, inert non-polar sol-
vents, such as alkanes, could provide the active site stabilization,
inhibited deactivation, and higher primary dimer selectivities,
reported here for the case of the alkene reactants also acting as
the intrapore liquids.

Fig. 4 shows dimerization turnover rates for ethene (0.4 MPa
ethene, Fig. 4a) and propene (0.08 MPa propene, Fig. 4b) reactants
at 248 K as a function of time on stream at different pressures of
ethane or propane, respectively. These pressures span a combined
Pi/Pi,sat range above and below those required for condensation
within MCM-41 mesopores (0.60–0.62). Ethene and propene
dimerization turnover rates remain essentially unchanged with
time when combined alkane and alkene relative pressures are
0.80 for the respective alkane-alkene mixture saturation pressure
(PT,sat). These data confirm that van der Waals forces, which medi-
ate the condensation of non-polar molecules as liquids, also
account for the solvation effects that inhibit deactivation. These
deactivating events reflect subsequent CAC bond formation at pri-
mary bound dimers, the desorption of which is favored by the
selective solvation of their late desorption transition states by
non-polar liquids.

These mechanistic inferences are consistent with the relative
pressures required to inhibit deactivation in Ni-Al-MCM-41 sam-
ples with larger and less uniform channels (3.5 ± 2.5 nm diameter,
pore size distribution shown in Fig. S7, SI). The filling of these lar-
ger channels occurs at higher relative pressures and leads to con-
comitant catalytic consequences that become evident at higher
relative pressures and that emerge more gradually with increasing
pressure than for Ni-Al-MCM-41 samples with smaller and more
uniform channels (1.7 ± 0.5 nm diameter, Figs. 1–4). Ethene dimer-
ization rates at 248 K on these two Ni-Al-MCM-41 samples are
shown in Fig. S8 (SI). First-order deactivation constants (kd)
derived from these rate data are shown in Fig. 5 as a function of
(Pi/Psat) ratios for ethene reactants on these two Ni-Al-MCM-41
catalysts. Fig. 5 shows that larger mesopores require higher Pi/Pi,
sat ratios for stability and that kd values decrease more gradually
as Pi/Pi,sat ratios increase, because pore filling occurs at higher pres-



Fig. 5. First-order deactivation rate constants (kd, Eq. (3), Section 2.3) for small-pore
Ni-Al-MCM-41 (1.7 ± 0.5 nm, Ni2+:H0

+ = 5.0, h, j) and large-pore Ni-Al-MCM-41
(3.5 ± 2.5 nm, Ni2+:H0

+ = 0.6, D, ▲) as a function of the ratio of ethene pressure to its
saturation pressure (Pi/Pi,sat). The kd values were obtained from local slopes of rate
data versus time on stream for small-pore (Fig. S8a) and large-pore (Fig. S8b) Ni-Al-
MCM-41 samples. Filled symbols refer to pores filled with liquid ethene and empty
symbols to pores filled with gaseous ethene. Dashed lines shown to guide the eye.

Fig. 6. Dimerization rates (per total Ni, quantification described in Section 2.4) at
248 K for ethene (1.50 MPa, j), propene (0.18 MPa, ▲) and 1-butene (0.05 MPa, d)
reactants as a function of Ni2+:H0

+ atomic ratio on small-pore Ni-Al-MCM-41 (pore
diameter 1.7 ± 0.5 nm). Rates were measured at conditions (248 K, Pi/Pisat = 0.7–0.9)
where the small-pore Ni-Al-MCM-41 channels are filled with liquid reactants. Ni2+:
H0

+ atomic ratio calculated based on initial H+ content (H0
+) on Al-MCM-41 (1.8�10�4

mol H0
+g�1), determined from titration of H+ with 2,6 di-tert-butylpyridine

(Section 2.2). Dashed line used to guide the eye.
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sures and over a broader range of pressure, as also evident from N2

uptake isotherms (77 K; Fig. 2).
3.5. Effects of Ni content on dimerization rates and the role of isolated
(Ni-OH)+ species as active centers

The remarkable stability of these Ni-Al-MCM-41 catalysts with
ethene, propene, and butene reactants allows systematic and accu-
rate inquiries into the nature of the required active sites and a sys-
tematic assessment of the elementary steps responsible for
dimerization turnovers, as shown next for C2-C4 alkenes in
Section 3.6.

Ethene, propene, and 1-butene dimerization rates were mea-
sured on small-pore Ni-MCM-41 samples with different Ni con-
tents. These samples were prepared by replacing some or all the
protons (H+) initially present in Al-MCM-41 (H0

+) with Ni2+ cations
(Ni2+:H0

+ = 0.1–8.0) using the procedures described in Section 2.1.
Ethene dimerization rates (per mass) increased linearly with Ni
content up to Ni2+:H0

+ ratios of unity and then remained constant
for higher Ni contents [28]. These linear trends for ethene and
the constant rates achieved at such a stoichiometry are consistent
with the involvement of (Ni-OH)+ as the sole active centers,
exchanged at isolated H+ sites initially present in Al-MCM-41,
and the full titration of H+ sites when Ni2+:H0

+ is unity. Ni2+ species
bridging two grafting sites ((Ni-O-Ni)2+) cannot account for this
exchange stoichiometry in light of the very low H+ density in the
Al-MCM-41 precursor (0.1 H+ nm�2, H+ site quantification
described in Section 2.2).

The trends with Ni content and the saturation exchange stoi-
chiometries reported for ethene are also observed for propene
and 1-butene reactants. Fig. 6 shows ethene, propene and 1-
butene dimerization rates (per Ni present in Ni-Al-MCM-41;
248 K, Pi/Pi,sat = 0.7–0.9) as a function of Ni2+:H0
+ ratios on small-

pore Al-MCM-41 samples. All turnover rates show a constant value
up to Ni2+:H0

+ ratios of unity and then decrease for larger Ni2+:H0
+

ratios, indicating that excess Ni cations do not contribute to mea-
sured rates, apparently because they exist as NiO oligomers that
act as unreactive spectators. Grafted (Ni-OH)+ monomers, the only
Ni2+ species able to fully titrate isolated H+ species with a 1:1 sto-
ichiometry (Fig. S4, SI), act as the sole active centers in dimeriza-
tion turnovers for all alkene reactants.

Dimerization rates at any given Ni2+:H0
+ ratio (Fig. 6) are higher

for ethene (1.50 MPa) than for propene (0.18 MPa) or 1-butene
(0.04 MPa) reactants. These higher rates for ethene solely reflect
the differences in alkene reactant pressure; rigorous kinetic analy-
ses of these rates under thermodynamically non-ideal conditions
(described in detail in Section 3.6) indicate that second-order rate
constants (a0, per active (Ni-OH)+) increase with alkene size
(1.30 mol Ni�1 s�1 MPa�2 for ethene, 7.10 mol Ni�1 s�1 MPa�2

for propene, 142.8 mol Ni�1 s�1 MPa�2 for 1-butene; Table 2).
Dimerization rate constants (per H+) for C2-C4 alkenes on solid
Brønsted acids (H+) at temperatures higher than 400 K also
increase with alkene size [6]. The protons of the parent Al-MCM-
41, however, contribute negligibly to dimerization rates at 248 K;
this is also the case for residual protons in Ni-Al-MCM-41 on sam-
ples that contain (Ni-OH)+ sites, as evident from the constant turn-
over rates (per Ni) for samples that contain non-exchanged H+ sites
(Ni2+:H0

+ below unity, Fig. 6).
Preliminary studies using density functional theory suggest that

these (Ni-OH)+ sites are very weak Brønsted acids, but they can cat-
alyze ethene dimerization turnovers with very low barriers
through the involvement of the O-H moiety as a Lewis acid-base
pair. Their identity, presence, structure, acid-base properties, and
catalytic involvement were recently proposed for ethene dimeriza-
tion [28], but not previously for dimerization catalysis on other Ni-
based aluminosilicates, metal-organic frameworks or



Table 2
Alkene dimerization constants (per active site) and adsorption constants (also shown in Fig. S11, SI) for small-pore Ni-Al-MCM-41 ((Ni-OH)+ active sites, Ni2+:H0

+ = 5.0) at 248 K,
obtained through the linearization of rates (Fig. 7, Eq. (13)) and for mesoporous aluminosilicate solid acids (H+ active sites) at 503 K [6].

Alkene Ethene Propene 1-Butene

248 K Fugacitya (MPa) 1.2–1.6 0.12–0.18 0.02–0.06
Fugacity-coefficienta 0.77–0.83 0.95–0.96 0.97–0.98

Site: (Ni-OH)+ 248 K a0 (mol Ni�1 s�1MPa�2) 1.30 ± 0.09 7.10 ± 0.28 142.8 ± 5.7
b0 (MPa�1) <0.5b 5.0 ± 1.1 368 ± 31
DH� (kJ mol�1) 46 ± 5 29 ± 4 21 ± 2
DS� (J mol�1 K�1) �103 ± 8 �145 ± 9 �187 ± 8

Site: H+ 503 K [6]c a (mol H�1 s�1 MPa�2)d 0.002 ± 0.0005 0.014 ± 0.004 0.710 ± 0.100
b (MPa�1)d 27.0 ± 0.2 95.0 ± 3.0 1357 ± 203

a Alkene fugacity (fn) is related to alkene pressure (Pn) through Un . Alkene fugacity coefficient (Un) calculated using compressibility factors (Eq. S6, SI) from generalized
charts for pure gases [52].

b b0 value smaller than uncertainty.
c Number of active H+ sites measured using selective titrants (DTBP) during dimerization.
d Un for H+ is unity at 503 K, so fn values are equal to Pn values at 503 K.

I. Agirrezabal-Telleria, E. Iglesia / Journal of Catalysis 389 (2020) 690–705 697
organometallic complexes. It seems plausible that co-catalysts and
activators, such as aluminoxanes, could lead to bound ligands at Ni
centers and that such moieties may confer the acid-base properties
required for catalysis, thus rendering such additives essential for
low-temperature reactivity in Ni-based organometallic complexes
[16] and metal-organic frameworks [19].

3.6. Effects of alkene size on the binding of intermediates and the
stability of the kinetically-relevant CAC formation transition states on
Ni-Al-MCM-41 catalysts

The effects of alkene pressure on dimerization rates are exam-
ined here for ethene, propene, and 1-butene and interpreted in
the context of the kinetic relevance of bound species and elemen-
tary steps using transition state theory (TST) to describe the rate
and equilibrium constants for elementary steps. Such treatments
require accounting for the fugacity and activity of molecules that
may exist in their thermodynamically non-ideal states at condi-
tions near their condensation point and for the nature of transition
states (TS) bound at (Ni-OH)+ active centers and interacting with
intrapore liquids via van der Waals forces [28].

The strictly second-order dependence of rates on ethene pres-
sure at operating conditions at 248 K indicated that bound (Ni-
OH)+ centers remain essentially bare during steady-state ethene
dimerization catalysis and that bimolecular CAC bond formation
steps limit dimerization rates [28]. Propene and 1-butene reac-
tants, however, bind more strongly at (Ni-OH)+ centers and lead
to more complex rate equations because of the kinetically-
detectable coverages of alkene-derived bound species. As a result,
rate equations for propene and 1-butene must account for such
coverages through denominator terms that reflect their respective
binding constants. Their more complex functional forms, however,
allow the measurement of such binding constants for propene and
1-butene and serve to confirm the sequence of elementary steps
and the nature and role of the species bound at (Ni-OH)+ centers
proposed earlier for ethene reactants.

Scheme 1 depicts a sequence of elementary steps that is consis-
tent with the observed effects of pressure on alkene (Cn, n = 2, 3, 4)
dimerization turnover rates on (Ni-OH)+ centers (*). These steps
include vapour-liquid equilibration of reactants and products (KC,
alkene condensation constant), reactant adsorption (KA) and des-
orption (KD), and irreversible formation of the new CAC bond via
reaction of an alkene in the liquid phase (Cn(l)) with a bound ana-
log (Cn*) (k1, alkene dimerization constant) to form the dimer pro-
duct (C2n*). These C2n* species can (i) desorb (kD1) to form a vacant
(Ni-OH)+ site and a dimer in the liquid phase through the dimer
desorption transition state (C2nD

� ) or (ii) react with an alkene reac-
tant (Cn(l)) to form a bound trimer (C3n*; k0

1, chain-growth con-
stant) through a trimer transition state (C3n
� ). The desorbed

dimers can also readsorb to re-form C2n* species via C2nD
� , thus

affording an additional chance to form C3n* species in secondary
surface visits.

The tenets of transition state theory [52–51] invoke equilibra-
tion between an activated complex and its precursors in an ele-
mentary step and the infrequent decomposition of this complex
with a frequency given by the molecular vibration that causes
the products to form, in this case the symmetric stretch of the
CAC bond that is formed between two alkenes at the bimolecular
TS. The concentration of the kinetically-relevant bound dimer TS
is then given by (details in Eqs. S8-S19, SI):

TS½ � ¼ Kz
1KA KCð Þ2½�� f nð Þ2

cz1
ð4Þ

where K1
� is the equilibrium constant for the formation of the CAC

bond in the dimer at the TS (�), fn is the fugacity of the gaseous
alkene monomer (related to the alkene pressure (Pn) by the fugacity
coefficient (Un; Eq. S6, SI) [53]), [*] is concentration of vacant sites
and c1� is the thermodynamic activity coefficient of the bound
bimolecular TS. The magnitude of the TS activity coefficients may
depend on the presence and identity of a liquid phase, depending
on the extent to which such bound species sense the surrounding
environments. Such activity coefficients become particularly sensi-
tive to the nature of the surrounding phase when they involve reac-
tants or products that reside within such a phase and the transition
states are early or late, respectively, along the reaction coordinate
[52,53]. In this study, the isolated nature of the (Ni-OH)+ binding
sites and thus of any bimolecular transition states ([TS]; Eq. (4))
renders c1� independent of the concentration of such transition
states, but its magnitude can depend on the identity and on the
presence or absence of a contacting liquids phase. Such solvation
effects are expected to be minimal when MCM-41 channels pre-
dominantly contain gaseous species; the absence of any abrupt
changes in the second-order ethene dimerization rate constants
upon the abrupt formation of intrapore ethene liquids [28] indicates
that such transition states are predominantly stabilized by interac-
tions with (Ni-OH)+ centers and essentially insensitive to the pres-
ence of a dense contacting phase, consistent with the bound
reactants and products of the CAC bond formation elementary step.

The desorption of bound dimers is an endothermic step, for
which transition states (C2nD

� ) typically occur late along the reac-
tion coordinate and tend to resemble the products. These products
reside within the surrounding fluid and their solvation by a non-
polar liquid is also felt at the transition state. The consequent faster
desorption of bound dimers leads to a lower probability of subse-
quent growth during the initial surface sojourn that forms them,



Scheme 1. Alkene (Cn, n = 2, 3, 4) dimerization elementary steps on active (Ni-OH)+ sites for the formation of dimer products in the presence of intrapore liquid alkenes or
chain-growth reactions to larger oligomers.
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leading to higher single-sojourn dimer selectivities at conditions
that form intrapore liquids (at zero alkene conversion, Fig. 10, Sec-
tion 3.7). These data indicate that the concentration of dimer des-
orption transition states (C2nD

� ) increases in the presence of a
contacting liquid phase because solvation effects lead to smaller
values of its activity coefficient (cD1� ).

The bimolecular bound TS complex excludes in its partition
function the vibrational mode along the CAC bond being formed,
because, when extracted from its full partition function, it cancels
the vibrational frequency that causes the decomposition of the TS
[51], leading to a dimerization rate (r2n) that depends on the alkene
fugacity (fn), or its fugacity coefficient (Un) and pressure (Pn) (de-
tails in Eqs. S8-S19, SI):

r2n ¼
kBT
h Kz

1KA KCð Þ2 c�

cz1
f nð Þ2

1þ c�
c�n

KAKcð Þf n
¼

kBT
h Kz

1KA KCð Þ2 c� Unð Þ2
cz1

Pnð Þ2

1þ c�
c�n

KAKcUnð ÞPn
ð5Þ

Here, kB is the Boltzmann constant, h is the Planck constant, T is
temperature, and c* and cn* are the activity coefficients of active

(Ni-OH)+ sites and of bound monomers, respectively. TheKz
1KA KCð Þ2

term is determined by the Gibbs free energy of formation of the
CAC bond TS (DGz

I ), given by the free energy difference between

this TS (DGz;0) and two gas-phase alkene molecules (2DG0
nðgÞÞ, each

in their thermodynamically ideal state:

DGz
I ¼ DGz;0 � 2DG0

n gð Þ ð6Þ

The Unð Þ2, c1�, c* and cn* terms in Eq. (5) account for any ther-
modynamic non-ideality for molecules near their condensation
point or bound at active sites. These non-idealities are captured
by the excess Gibbs free energy (DGE) [52] of formation of the TS
from two alkene reactants in the gas-phase:

DGE ¼ �RTln
c� Unð Þ2
cz1

 !
ð7Þ

The dimerization rates are then given by:

r2n ¼
kBT
h exp �DGz

RT

� �
Pnð Þ2

1þ c�
c�n

KAKcUnð ÞPn
¼

kBT
h exp

�DGz
I

RT

� �
exp �DGE

RT

� �� �
Pnð Þ2

1þ c�
c�n

KAKcUnð ÞPn

¼ a Pnð Þ2
1þ bPn

ð8Þ
a ¼ kBT
h

exp
�DGz

RT

 !
¼ kBT

h
Kz

1KA KCð Þ2 c
� Unð Þ2
cz1

ð9Þ
b ¼ c�

c�n
KAKcUn ð10Þ

The parameter a represents the second-order alkene dimeriza-
tion rate constant per active (Ni-OH)+ site, b is the equilibrium
adsorption constant for the bound alkene, DG� is the free energy
of formation of dimerization TS from two gaseous alkene reactants.
From the ideal (I) and excess (E) components of DG� in Eq. (8), the
DG� term in a (Eq. (9)) can be separated into its enthalpic and
entropic components:

a ¼ kBT
h

exp
�ðDHz

I þ DHz
EÞ

RT

 !
exp

DSzI þ DSzE
R

 !
ð11Þ

where DH� and DS� terms correspond to the ideal or excess
enthalpy and entropy in DG�.

The presence of intrapore liquids at 248 K shows a marked
influence on the selectivity of dimer products in the first surface
sojourn for all alkene reactants, as later shown in Fig. 10 (Sec-
tion 3.7) by relative rates between bound dimer (C2n*) chain
growth and desorption that decrease under thermodynamically
non-ideal conditions (248 K, intrapore liquids) versus gaseous con-
ditions (448 K) (relative rates evaluated at zero conversion). These
relative rates depend on the stability of their respective TS struc-
tures, while any effects of a liquid phase would reflect the extent
to which they are solvated by a contacting liquid phase. The ratio
(v) between the rates for C2n* growth (r3n) and desorption (rdes)
is given by:

v ¼ r3n
rdes

¼
kBT
h K�

z
1KC

c�C2n
c�z1

½C�
2n�f n

kBT
h kzD1

c�
C2n

cz
D1

½C�
2n�

¼
K�z
1
KC

c�z1
f n

kz
D1

cz
D1

ð12Þ

In this equation, cC2n* is the activity coefficient for bound
dimers (C2n*), c�D1 is the activity coefficient for C2n* desorption TS
(C2nD

� ), k�D1 is C2nD
� desorption constant, c�1 is the activity coefficient

for CAC bond formation TS from C2n*, and [C2n*] is bound dimer con-
centration. The activity coefficient terms in Equation (12) are related
in Section 3.7 to the dimer selectivity data (Fig. 10).

Dimerization turnover rates (per (Ni-OH)+ site) for ethene, pro-
pene and 1-butene reactants on small-pore Ni-Al-MCM-41 are
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shown in Fig. 7 at 248 K as a function of alkene fugacity using a lin-
earized version of Eq. (5) (Eq. (13)). In this linearization, the activ-
ity coefficients of CAC bond dimer formation TS (c1�), of active (Ni-
OH)+ sites (c*) and of bound species (cn*) are assumed to be unaf-
fected by the presence of a liquid phase and remain unchanged
with alkene pressure. The data in Fig. 7 show the expected linear
trends from Eq. (13). The trends in Fig. 7 show intercepts and
slopes corresponding to the second-order dimerization rate con-
stant (a0, per active (Ni-OH)+ site) and the equilibrium adsorption
constants (b0), respectively:

ðf nÞ2
r2n

¼ h
kBT

1
a0 þ

b0

a0 f n

� �
ð13Þ

a0 ¼ kBT
h

Kz
1KA KCð Þ2 ð14Þ

b0¼ KAKc ð15Þ
Table 2 shows the regressed values of a0 and b0 for ethene, pro-

pene and 1-butene reactants (small-pore Ni-Al-MCM-4; Ni2+:H0
+ =

5.0; 248 K). The a0 values increase with alkene size, a reflection
of a concomitant decrease in the Gibbs free energies of formation
of the CAC coupling TS from two gaseous alkenes (DG�). The b0

term reflects the Gibbs free energies of binding of gaseous alkenes.
The b0 value for ethene is too small for detection (b0 � 0.5 MPa�1,
Fig. 7; KAKCfn � 1 in Eq. (5)), consistent with (Ni-OH)+ centers that
remain essentially uncovered during catalysis and with the weak
binding of ethene on such active sites, which lead to low coverages
even at sub-ambient temperatures. These b0 values increase with
increasing alkene size (5.0 ± 1.1 MPa�1, propene;
368 ± 31 MPa�1, 1-butene; 248 K, Table 2) and are much smaller
than their respective values on Brønsted acids (H+) even at higher
temperatures (Al-MCM-41; 503 K) (Table 2), another indication of
Fig. 7. The ratio of the square of alkene fugacity (fn) to the dimerization rate (per
active (Ni-OH)+ site) at 248 K as a function of alkene fugacity for ethene (top
abscissa), propene and 1-butene (bottom abscissa) on small-pore Ni-Al-MCM-41
(pore diameter 1.7 ± 0.5 nm, Ni2+:H0

+ = 5.0) in the presence of intrapore liquids (Pi/Pi,
sat = 0.7–0.9). Dashed lines are the regression of the data to the functional form of
Equation (13).
the weaker binding and the less negative adsorption enthalpies on
(Ni-OH)+ centers than on aluminosilicate Brønsted acids. Such
strong differences in binding are indicative of (Ni-OH)+ centers that
interact with alkenes in a very different manner than through the
formation of bound alkoxides by proton transfer in aluminosili-
cates. These observations seem to preclude the involvement of
ion-pair transition states that mediate alkene dimerization on solid
Brønsted acids [6] in dimerization catalysis on Ni-Al-MCM-41.

The effects of temperature on the magnitudes of a0 and b0 reflect
the enthalpy and entropy components of the formation free energy
of the CAC coupling transition state (DH�, DS�) from two gaseous
alkenes and of the bound alkene from its gaseous precursor,
respectively. The a0 values (per (Ni-OH)+ site) are shown in Arrhe-
nius form in Fig. 8 (233–255 K); these data can be regressed to the
functional form of Equation (11) to estimate DH� and DS�. The DH�

values are 46 ± 5 kJ mol�1 for ethene, 29 ± 4 kJ mol�1 for propene
and 21 ± 2 kJ mol�1 for 1-butene (Table 2); the DS� values are
�103 ± 8 J (mol K)�1 for ethene, �145 ± 9 J (mol K)�1 for propene,
and �187 ± 8 J (mol K)�1 for 1-butene.

The dimer TS species, like the alkene monomers, are expected to
bind weakly at (Ni-OH)+ centers. DH� and their enthalpy of forma-
tion from gaseous alkenes are small and positive (21–46 kJ mol�1

for C2-C4 alkene reactants, Table 2). These values reflect the differ-
ence between the energy required to rearrange the chemical bonds
in the two ethene molecules in the TS and the energy recovered
upon placing the TS structure in the vicinity of (Ni-OH)+ centers.
Such stabilization is conferred by the combined effects of van der
Waals (vdW) interactions and coordination at the acid-base site
pair in active centers, which also affect the bound alkene mono-
mers and are therefore reflected in their binding constants (b0,
Eq. (15)). The vdW interactions become stronger for both the TS
and the bound monomers with increasing size, while acid-base
interactions are expected to be more localized and sense molecular
Fig. 8. Second-order alkene dimerization constants (per (Ni-OH)+ site) as a function
of reciprocal temperature (bottom abscissa) and temperature (top abscissa) on
small-pore Ni-Al-MCM-41 (1.7 nm mean diameter, Ni2+:H0

+ = 5.0) in the presence of
intrapore liquids (Pi/Pi,sat = 0.7–0.9). Dashed lines correspond to the regression of
the data to the form of Eq. (11).
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size only through the weaker effects of chain length on the electron
density at the alkene terminal p-bonds.

The weak binding of alkenes at (Ni-OH)+ centers is consistent
with physisorption mediated by interactions of the vdW-type
and with the enthalpy of adsorption (DHads) similar to those for
their gas to liquid phase transition. Such physisorption processes
occur with DHads values that are related to the enthalpy of conden-
sation (DHcond) by the parameter C in the Brunauer, Emmett and
Teller (BET) adsorption isotherm (Eq. S7 and Fig. S6, SI, [54]):

C ¼ exp
DHads � DHcond

RT

� �
ð16Þ

The C value for each alkene was estimated from N2 uptakes at
77 K on Ni-Al-MCM-41 and used here as a proxy for alkenes
because of the non-specific nature of induced dipole forces and
their similar role in determining interactions of molecules with
surfaces and with like molecules in their liquid form. The C param-
eter for small-pore Ni-Al-MCM-41 was calculated from N2 uptake
data (Fig. 2) and combined with reported DHcond values [55] to
obtain estimates of DHads (Eq. (16)) for each alkene.

In using these DHads estimates to infer how measured DH� val-
ues would vary with alkene size, we consider two asymptotic lim-
its of a reactant-like early TS (one alkene in the liquid phase and
one bound alkene) and a product-like late TS (one bound alkene
dimer) by using their respective DHcond values from their gaseous
precursors. Fig. 9 shows measured DH� as a function of the DHads

values for each alkene for early and late CAC bond formation TS
structures. As expected, DHads values become more negative with
increasing alkene size, consistent with measured and DFT-
derived binding constants and enthalpies of alkanes on large-
pore zeolites [56], where alkane adsorbates are stabilized predom-
inantly via vdW interactions with essentially flat surfaces; these
effects of alkene size on DHads are also consistent with those
Fig. 9. Measured alkene dimerization activation enthalpies (DH�) on small-pore Ni-
Al-MCM-41 (1.7 nm mean diameter, Ni2+:H0

+ = 5.0) in the presence of intrapore
liquids (Pi/Pi,sat = 0.7–0.9) for ethene, propene and 1-butene reactants at 248 K as a
function of enthalpy of adsorption (DHads) of alkene reactants (h) and of primary
dimer products (1-butene for ethene, 1-hexene for propene, 1-octene for
1-butene, j). DH� determined from the regression of dimerization constants
(Fig. 8) to the functional form of Equation (11). DHads derived from Equation (16)
using C constant (obtained from Fig. S6, SI) and enthalpy of alkene condensation
[55]. Dashed lines are used as trendline.
observed on measured alkene adsorption constants (b0, Table 2).
Measured DH� values decrease as DHads values becomes more neg-
ative (Fig. 9), as expected from interactions that become stronger
with alkene size. The linear trends in Fig. 9, however, show slopes
larger than unity, indicating that interactions other than vdW
forces also stabilize TS structures via interactions with (Ni-OH)+

species and that they also become stronger with increasing molec-
ular size. Along with vdW forces, these more specific interactions
account for the effects of alkene size on measured dimerization
rate constants (a0, Table 2).

The proton affinity (PA) of alkene monomers and dimers also
increases with size, as known in catalysis by Brønsted acids involv-
ing proton transfer and carbenium ion TS structures [57]. We con-
sider such properties (shown by a0 values as a function of alkene
PA (Fig. S12, SI)) not to be appropriate descriptors of alkene reac-
tivity because (Ni-OH)+ species are expected to be much weaker
Brønsted acids than aluminosilicates and there is no precedent
for Brønsted acid-catalyzed dimerization catalysis at sub-ambient
temperatures on such stronger acids [58].

The mechanistic conclusions related to alkene size effects can
also be examined in the context of measured entropies of forma-
tion (DSz, Table 2) of the CAC coupling TS, which reflect the
entropy differences between the TS (S�) and its two gaseous alkene
precursors (2Sn) and their comparison to adsorption entropies cal-
culated (DSzcalc) for weakly-bound hydrocarbons on oxides [59–61];
such physisorbed species retain about 70% of their gaseous transla-
tional and rotational entropies [62]. These estimates are calculated
here for reactant-like early TS (DSzn) using the entropies of one
boundmonomer of one alkene in the liquid-phase and with respect
to two gaseous alkenes, and for dimer-like late TS (DSz2n) using the
entropies of bound primary alkene dimer products with respect to
the entropies of two gaseous alkenes. Table 3 shows measured
(DSz) and calculated (DSzcalc) values for alkene reactants; both mea-
sured and calculated DS values decrease with alkene size, as
expected from the enhanced loss of translational modes as large
alkenes interact with active (Ni-OH)+ sites. Measured DS� values
are closer to those calculated for dimer-like TS structures (Table 3);
these results are consistent with the premise that intrapore liquids
do not affect the formation of a late, kinetically-relevant, dimer-
like TS. These results also support the previous assumption that
the activity coefficient for CAC bond formation TS (c1�) is not very
sensitive to the presence or absence of an intrapore liquid phase.

3.7. Effects of intrapore liquids on chain growth and oligomerization:
Selectivity to primary and secondary products in reactions of ethene,
propene, and 1-butene.

Fig. 10 shows the trimer (C3n) to dimer (C2n) molar ratios in the
products formed from ethene, propene, and 1-butene reactants on
small-pore Ni-Al-MCM-41 at different alkene fractional conver-
Table 3
Measured entropy changes upon formation of alkene dimerization TS structures from
two gaseous alkene molecules (DSzÞ on small-pore Ni-Al-MCM-41 (Ni2+:H0

+ = 5.0) at
237–257 K, and calculated entropy loss for reactant-like TS (DSzn) and product-like TS
(DSz2n) from two gaseous alkenes.

Alkene
reactant

Measured

DSz(J (mol K)�1) a
DSzn
(J (mol K)�1)b

DSz2n
(J (mol K)�1)b

Ethene �103 �63 �126
Propene �145 �76 �153
1-Butene �187 �83 �166

a DSz derived from the regression of second order dimerization constants (Fig. 8)
to the functional form of Eq. (11).

b DSzcalc values calculated for possible TS structures using entropies of translation
and rotation for gas-phase alkenes and of condensation at 248 K [62–61].



Fig. 10. Molar ratios of trimer (C3n) and dimer (C2n) products as a function of alkene
conversion (%, varied through changes in bed residence time) on small-pore Ni-Al-
MCM-41 at 248 K and 448 K. Filled symbols represent pores smaller than 2 nm
filled with liquids (alkene Pi/Pi,sat = 0.7–0.9) and empty symbols denote conditions
where pores contain gaseous reactants (as inferred from pore filling models, Fig. 2).
C3n/C2n ratios for ethene shown for different Ni contents (Ni2+:H0

+ = 0.1–5.0),
depicted by different square symbols, lighter to darker. C3n/C2n ratios for propene
and 1-butene obtained for samples containing Ni2+:H0

+ = 5.0. C3n/C2n data for all
alkenes at 448 K obtained under relatively stable rate conditions after an initial fast
deactivation period. Dashed lines represent the regression the data to the linear
trend predicted by Eq. (20).
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sions (Xn), varied through changes in bed residence time (s), at
reaction conditions leading to the presence (248 K) or absence
(448 K) of intrapore liquid alkenes. These C3n/C2n ratios extrapo-
lated to zero conversion (Xn ? 0) increase from nearly zero for
ethene to 0.03–0.04 for propene and 1-butene reactants at 248 K
(Table 4, v0 defined in Eq. (21)), respectively, at conditions that
cause the nearly complete filling of the MCM-41 mesopores with
alkene reactants. These ratios reflect the likelihood that bound
dimers undergo a subsequent CAC bond formation after their for-
mation in the initial CAC coupling event, but before they desorb as
the dimer product. These product ratios are significantly larger for
each alkene at 448 K, than at 248 K (Table 4), an unexpected result
Table 4
v0 values, reflecting C3n to C2n ratios as Xn ? 0 (defined in Eq. (21)), obtained from the
data in Fig. 10 during alkene dimerization reactions within small-pore Ni-Al-MCM-41
catalysts at 248 K (intrapore liquids) and at 448 K (gaseous conditions). The values in
parentheses after each data refer to standard deviations from the data regression
analyses to the functional form of Eq. (20).

Temperature (K) Alkene reactant

Ethene Propene 1-Butene

248 K ~0 0.030 (±0.008) 0.040 (±0.006)
448 K 0.070 (±0.020) 0.110 (±0.013) 0.130 (±0.025)
because endothermic desorption events become favored as tem-
perature increases over CAC bond formation events that exhibit
a low activation barrier (DH�, 21–46 kJmol�1, Table 2), thus creat-
ing the expectation of a more probable desorption event before
further growth at higher temperatures.

The C3n/C2n ratios for ethene (at both temperatures) and for pro-
pene (at 248 K) increase with increasing alkene conversions
(Fig. 10), a reflection of the readsorption of their respective dimers
and their subsequent growth along the catalyst bed. Such ratios for
ethene reactants are the same at all Ni contents (0.1–5.0 Ni2+:H0

+,
Fig. 10), indicative of the involvement of the same grafted (Ni-
OH)+ sites in primary and secondary CAC coupling events. These
C3n/C2n ratios are nearly invariant with conversion for propene at
448 K and for 1-butene at both temperatures, suggesting that the
stronger binding of larger alkenes causes their slower (and nearly
irreversible) desorption, which thus disfavors subsequent read-
sorption events along the catalyst bed.

Scheme 2 shows a reaction network that includes primary and
secondary events during reactions of alkenes, along with the equi-
librium and rate constants for all steps involved. Scheme 2 depicts:

(i) the equilibrated adsorption (KA) of alkene monomers (Cn)
onto vacant (Ni-OH)+ sites ([Ni]) to give bound monomers
(Cn*)

(ii) the formation of bound dimers (C2n*; k1) or bound isomeric
species of the primary dimer isomer(s) (i-C2n*; k00

1) formed
from Cn* and an additional alkene monomer (Cn)

(iii) the desorption (kD1) of C2n* to give unbound dimers (C2n)
and vacant (Ni-OH)+ sites

(iv) chain growth of C2n* with Cn into bound trimers (C3n*) via
primary (k0

1) or secondary (k2) reactions
(v) desorption (k0

D1) of C3n* to give unbound trimers (C3n) and
vacant (Ni-OH)+ sites.

The effects of alkene conversion on C3n/C2n ratios (Fig. 10)
are considered next in the context of the primary and sec-
ondary steps depicted in Scheme 2 using a mathematical frame-
work appropriate for plug-flow reactors under conditions of
relatively low conversions (Xn < 0.1). At such low reactant con-
versions, the concentration of the alkene reactants changes only
slightly along the catalyst bed and the conversion (Xn) and bed
residence time (s, h�gcat�molCn�1) are related by (derived in
Eqs. S47-S52, SI):

Xn ¼ a0fn0s ð17Þ
where a0 (Eq. (14)) is second-order dimerization rate constant
(Table 2) and fn0 is alkene reactant fugacity at the reactor inlet
(and the combined terms in the right side of Equation 17 are
typically denoted as the Damköhler number). The reactions in
Scheme 2 then lead to an expression for the dimer selectivity
(SC2n, Eq. (2)) in a plug-flow reactor (for Xn < 0,1; derivation in
Eqs. S20-S46, SI):

SC2n¼ 1

ð1þ3
2
k01
kD1

fn0Þ

2
4

3
5� 1

a0fn0
k2

2k1þ3k0
1

� �
� fn0

1þKAfn0

� �
Xn¼S0�S1Xn

ð18Þ
The molar ratio of trimer to dimer products (C3n/C2n, Fig. 10)

reflects the combined effects of single-sojourn and multiple-
sojourn events that form subsequent CAC bonds after the initial
formation of dimers (as depicted in Scheme 2); this ratio can be
represented as a function of alkene conversion (Xn) using the S0
and S1 terms:

C3n

C2n
¼ 1� ðS0 � S1XnÞ

ðS0 � S1XnÞ ð19Þ



Scheme 2. Catalytic cycle for dimerization (C2n), isomerization (i-C2n) or chain-growth (C3n) reactions of alkene reactants (Cn) onto (Ni-OH)+ species ([Ni]).
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The linear C3n/C2n trends in Fig. 10 reflect the small changes in
this ratio with Xn and Eq. (19) can be rearranged into its asymptotic
form (derivations in Eqs. S20-S52):

C3n

C2n
¼ v0 þ Xn

1
a0 1þ v0 2
� �

k2
2k1þ3k�1

� �
1þ KAfn0ð Þ ¼ v0 þ S

0
1Xn ð20Þ

The v0 term reflects the intercept at Xn ? 0 in Fig. 10 and is
defined by the following expression:

v0 ¼ 3
2

K�z1KC

c�z1

� �
kz
D1

cz
D1

� � fn0 ð21Þ

where K0�
1 is the rate constant for the formation of dimer chain

growth TS, c0�
1 is the activity coefficient for dimer chain-growth TS,

KC is alkene condensation constant (only to be considered for intra-
pore liquids at 248 K), k�D1 is desorption constant for dimer desorp-
tion TS, c�D1 is the activity coefficient for dimer desorption TS.

The small v0 (Eq. (21)) values at 248 K (<0.04, Table 4) show
that bound dimers desorb in most instances before any subsequent
chain growth at these temperatures when intrapore liquids are
present because of the effects of such liquids on dimer desorption
TS structures and their preferential effects on c�D1 relative to the
activity coefficient for the CAC formation TS (c0�

1), as evident from
the form of Eq. (21). The preferential enhancement of dimer desorp-
tion over its subsequent CAC bond formation reflects the late nature
of the desorption TS and its product-like character, which places the
TS, at least in part, within the liquid phase that ultimately solvates
the desorbed primary dimer product. The TS that mediates the reac-
tion of the bound dimer with another alkene, however, occurs earlier
along the reaction coordinate and mediates the interconversion of
bound species; its activity coefficient (c0�

1, Eq. (21)) is much less sen-
sitive, as a result, to the presence of a liquid phase than for the late
dimer desorption TS. The higher v0 values measured at 448 K (0.07–
0.13, Table 4) reflect a greater probability of subsequent dimer
growth before desorption, in spite of expectations that higher tem-
peratures would favor desorption over CAC formation steps with
very low barriers (Table 2), a likely indication that the absence of a
liquid phase leads to much less stable desorption TS than when liq-
uids are present and preferentially stabilize such late transition
states. At a given temperature, the effects of alkene size on v0

(Table 4) reflect the stronger binding and less favorable desorption
of the larger alkene dimers formed from propene and 1-butene reac-
tants, which renders desorption slower and less reversible than for
the butene molecules formed from ethene reactants. Such binding
effects show direct consequences on catalyst stability when evalu-
ated under gaseous conditions at 248 K, leading to deactivation con-
stants (kd) that markedly increase with size (at Pi/Pi,sat below 0.60–
0.65, Fig. 3).

The observed increase in C3n/C2n ratios with increasing alkene
conversion (Xn, Fig. 10) reflects the readsorption of dimers (C2n)
along the catalyst bed, thus enabling additional opportunities for
chain growth (Scheme 2). Readsorption is mediated by the same
TS as the desorption steps that detach dimers from (Ni-OH)+ bind-
ing sites. The C3n/C2n values for propene and 1-butene reactants are
nearly independent of their respective conversion (Fig. 10), a result
of a small S01 value in Equation (20). The magnitude of S01 decreases
with increasing alkene size because a0 values increase with size
(Table 2) and dimer desorption becomes less reversible for larger
alkenes, leading to a lower probability of readsorption along the
bed and subsequent growth (k2, Scheme 2). In addition, the (1 + KA-
fn0) term in S01 (Eq. (20)) increases with alkene size because of the
stronger binding of larger alkenes (~1, ethene; 1.9, propene; 22.0,
1-butene), even though reactions of the larger alkenes were carried
out at much lower pressures, thus leading to the smaller slopes of
C3n/C2n ratios with conversion for larger alkenes. The effects of
temperature on the slopes of C3n/C2n trends with conversion
(Fig. 10) are very small, apparently as a result of a fortuitous cance-
lation of the effects of temperature on the various terms in Eq. (20).

The skeletal isomers and regioisomers of the dimers first
formed in CAC coupling events can rearrange before desorption
or via subsequent sojourns mediated by readsorption. Such dimer
readsorption events dictate the extent to which isomer distribu-
tions will vary with changes in reactant conversion and bed
residence time. Previous studies of ethene reactions showed that
1-butene is the sole primary product at 248 K and that 2-butene
isomers form only via secondary isomerization reactions mediated
by 1-butene readsorption [28].

Fig. 11 shows the ratios of C6 isomer products to trans-2-hexene
(for ethene, Fig. 11a) and trans-4-methyl-2-pentene (for propene,
Fig. 11b), the most prevalent isomers formed in each case as a
function of ethene (as a secondary product of ethene-butene mole-
cules) or propene (as the propene dimer formed) reactant conver-
sions at 248 K in the presence of ethene or propene as intrapore
liquids on small-pore Ni-Al-MCM-41 catalysts with 0.2 and 5.0
Ni2+:H0

+ ratios. C6 isomer ratios are similar for both Ni2+:H0
+ for both

alkene reactants, indicating the exclusive involvement of (Ni-OH)+

sites in C6 isomerization reactions at 248 K. Linear hexenes are pre-
dominant C6 isomers formed in ethene reactions from the reac-
tions of 1-butene (the primary dimer) [28] with ethene in
secondary reactions mediated by 1-butene readsorption along



Fig. 11. Molar ratio of C6 isomers for ethene (Fig. 11a) and propene (Fig. 11b) reactants as a function of reactant conversion at 248 K on small-pore Ni-Al-MCM-41 samples
containing Ni2+:H0

+ ratios of 0.2 and 5.0. C6 isomer ratios measured during ethene and propene dimerization in the presence of intrapore liquids (Pi/Pi,sat = 0.7–0.9). C6 isomers
shown for 2-methyl-2-pentene (2M2P), trans-4-methyl-2-pentene (4M2P (t)), cis-4-methyl-2-pentene (4M2P (c)), cis-3-methyl-2-pentene (3M2P (c)), trans-3-methyl-2-
pentene (3M2P (t)), 1-hexene (1H), 2-methyl-1-pentene (2M1P), cis-2-hexene (2H (c)), trans-2-hexene (2H (t)), cis/trans-3-hexene (3H (c/t)), 3-methyl-1-pentene (3M1P), 4-
methyl-1-pentene (4M1P). 3M1P/4M1P and 1H/2M1P are shown as lumped because they cannot be distinguished via gas-chromatography.

I. Agirrezabal-Telleria, E. Iglesia / Journal of Catalysis 389 (2020) 690–705 703
the catalyst bed. C6 isomer ratios increase with conversion before
stabilizing at ca. 7% conversion. The initial increase reflects the
monotonic increase in C6 alkene concentration with conversion,
which enables their readsorption and isomerization; at higher con-
versions, the products reach their equilibrium distributions and
become independent of conversion, leading to isomerization
approach to equilibrium values (gC6) near unity for most linear
isomers (248 K; Table 5, thermodynamic data obtained from
[63]). Such gC6 values reflect fast C6 isomerization reactions on
Table 5
Measured molar ratios of C6 isomers for ethene and propene reactants at 6% conversion on
and the corresponding equilibrium ratios obtained from [63]. 2H (t) trans-2-hexene and
together because the chromatographic column used in this study (described in Section 2.3

C6 isomer Measured for ethane
C6 isomer/2H (t)

Equilibrium
C6 isomer/2H

Linear isomers
1-hexene

2-methyl-1-pentene
3.38 5.1

cis-2-hexene 0.31 0.27
trans-2-hexene reference reference
cis-3-hexene

trans-3-hexene
0.89 0.50

Monomethyl isomers
3-methyl-1-pentene

4-methyl-1-pentene
0.07 0.04

2-methyl-2-pentene n.d.a 83.00
cis-3-methyl-2-pentene 0.19 24.0
trans-3-methyl-2-pentene 0.43 46.00
cis-4-methyl-2-pentene n.d.a 1.30
trans-4-methyl-2-pentene n.d.a 4.50

Ethyl and dimethyl isomers n.d.a

2-ethyl-1-butene n.d.a n.d.a

2,3-Dimethyl-1-butene n.d.a n.d.a

3,3-Dimethyl-1-butene n.d.a n.d.a

2,3-Dimethyl-2-butene n.d.a n.d.a

a Isomer not detected.
(Ni-OH)+ sites, unlike linear C4 isomerization reactions that occur
less likely because of their more facile desorption than bound C6

isomers, leading to lower approach to equilibrium values for C4 iso-
merization (gC4 ~ 0.1) during ethene dimerization at 248 K [28].

trans-4-methyl-2-Pentene is the most abundant hexene isomer
formed from propene reactants and the ratios of all other isomers
to this predominant isomer are insensitive to propene conversion
on Ni-Al-MCM-41 and similar for samples with 0.2 and 5.0 Ni2+:
H0

+ at 248 K (Fig. 11b). Only linear and monomethyl hexenes are
small-pore Ni-Al-MCM-41 (Ni2+:H0
+ = 5.0) in the presence of intrapore liquids at 248 K

4M2P (t) is trans-4-methyl-2-pentene. 1-hexene and 2-methyl-1-pentene are shows
) does not allow their separation.

(t)
Measured for propene
C6 isomer/4M2P (t)

Equilibrium C6 isomer/4M2P (t)

0.02 0.57

0.03 0.03
0.25 0.23
0.08 0.09

0.14 0.10

0.01 18.30
0.18 5.80
0.08 10.20
0.12 0.16
reference reference

n.d.a n.d.a

n.d.a n.d.a

n.d.a n.d.a

n.d.a n.d.a
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detected as propene dimerization products (Table 5). These iso-
mers are not formed at the ratios predicted from the thermody-
namics of their gaseous forms. The invariance of C6 isomers with
conversion indicates that they can form via rearrangements of
dimer TS structures or of bound dimers before desorption and that
their desorption is essentially irreversible; these dimers do not sig-
nificantly readsorb and isomerize along the catalyst bed, indicative
of isomerization steps that are much faster than subsequent CAC
coupling events. These data cannot inform about whether these
isomers form directly at CAC coupling TS structures or via fast
rearrangements before dimer desorption, but their relative concen-
trations do not reflect the thermodynamics of the interconversion
among these isomers (Table 5); they reflect instead their relative
abundance as bound species weighed by the desorption rate con-
stants of each bound isomer. We surmise that the acid-base char-
acter of (Ni-OH)+ sites, leading to concerted effects from O- and H-
atoms, can lead to such C6 products in the first alkene surface
sojourn.

The C6 isomers differ when they are formed from butene-ethene
and propene-propene CAC coupling reactions (Table 5). These dif-
ferences seem to reflect the extent to which interactions of these
two pairs with acid-base moieties at (Ni-OH)+ sites change the
electron density at the various C-atoms in the two molecules
involved, in order to create nucleophilic (electron rich) and elec-
trophilic (electron-deficient) C-atoms that determine the positions
at the new CAC bond forms. These trends, as well as the unique
reactivity of (Ni-OH)+ species in CAC coupling reactions, are being
explored through theoretical treatments that we expect will be the
subject of a later report.
4. Conclusions

This work reports mechanistic insights on the consequences of
intrapore alkene liquids on the reactivity and stability of active Ni
species during C2-C4 alkene dimerization reactions on Ni-Al-MCM-
41 catalysts at subambient temperatures. This work extends previ-
ous findings for intrapore ethene liquids, which stabilize active Ni
species via the preferential solvation of late transition states (TS)
that mediate dimer desorption steps, to larger alkene reactants
(C3-C4), which also form intrapore liquids that confer stability via
analogous solvation effects even though these larger alkenes react
faster and produce oligomers that bind stronger than ethene reac-
tants. Such intrapore alkene liquids lead to unprecedented catalyst
mean lives (>600 h) at 248 K in comparison to reported Ni-based
metal-organic frameworks or aluminosilicates operating at higher
temperatures.

Stable dimerization rates are obtained on Ni-Al-MCM-41 cata-
lysts containing small or large mesopores when alkene pressures
are adjusted to those required for capillary condensation, as deter-
mined by alkene pore filling models. Such stabilization effects are
facilitated by weak van der Waals interactions between dimer des-
orption TS and the surrounding intrapore liquid phase, irrespective
of whether such liquids consist of pure alkenes or of unreactive
alkanes mixed with their alkene reactant counterparts, suggesting
the non-specificity of the interactions responsible for such
solvation.

Such stability allows accurate inquiries into the elucidation of
the active Ni species responsible for dimerization catalysis. Such
inquiries are achieved by systematic variations of Ni loading via
Ni2+ cation exchange within isolated H+ positions in parent Al-
MCM-41 aluminosilicates and via Ni atom deposition after all ini-
tial H+ sites are titrated. Dimerization rates (per Ni) do not vary
with Ni content until all H+ sites are exchanged by (Ni-OH)+ sites,
identified as the most plausible active species given the isolated
nature of the H+ precursors. A marked per Ni rate decrease is
observed for Ni loadings above exchange stoichiometry, indicative
of the presence of NiO moieties without any catalytic activity.

Stable rates also allow accurate mechanistic assessments of the
elementary steps that mediate dimerization reactions in the pres-
ence of intrapore liquids. Transition state theory formalisms appro-
priate for thermodynamically non-ideal conditions together with
the effects of alkene size on second-order dimerization rate con-
stants and alkene monomer adsorption constants enable the iden-
tification of the kinetically relevant TS as occurring late along
reaction coordinates and resembling the dimer products in the sur-
rounding liquid.

The presence of intrapore non-ideal liquids shows marked con-
sequences on the solvation of bound dimer desorption TS struc-
tures. Such solvation effects are predominantly evident during
the first alkene surface sojourn, resulting in much higher dimer
selectivities at 248 K (>90%) than at higher temperatures, and
demonstrate the relevance of dimer adsorption-desorption steps
on selectivity. Dimer selectivities decrease as the concentration
of unbound dimer products increases, a consequence of secondary
dimer readsorption and chain-growth events. The distributions of
C6 isomers from ethene and propene reactants, formed in sec-
ondary and primary reaction events, respectively, provide addi-
tional evidence for the irreversibility of dimer desorption steps.
Propene dimers rearrange into equilibrated mixtures of C6 isomers
even before desorbing from the catalyst surface mediated by acid-
base interactions from the O–H moiety within active (Ni-OH)+

species.
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