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a b s t r a c t

Methylcyclohexane ring contraction is used here to assess the effects of acid strength and metal-acid site
proximity on turnover rates and selectivities for bifunctional catalysts consisting of Keggin type polyox-
ometalates (POM) with different central atoms that act as Brønsted acids. Bifunctional catalysts with
metal sites that fully equilibrate cycloalkanes and cycloalkenes give methylcyclohexene conversion rate
constants that decreased exponentially with increasing deprotonation energy, a rigorous descriptor of
acid strength, consistent with the ion-pair character of transition states that mediate the kinetically-
relevant ring contraction of bound methylcyclohexoxide intermediates. The measured rates of formation
of each alkylcyclopentane isomer, however, do not reflect their intrinsic formation kinetics, because of
fast diffusion-enhanced interconversions within acid domains; thus, isomer selectivities cannot be used
to infer, even indirectly, the strength of acid sites, as often proposed in previous studies. Selectivities
reflect instead diffusional effects that become more severe as the number and strength of acid sites
and the size and diffusive resistances increase within these acid domains, which shift, in turn, the prod-
ucts formed from relative abundances dictated by kinetics to those prescribed by thermodynamics. A rig-
orous accounting of these diffusional effects using a kinetic-transport model leads to ratios of intrinsic
rate constants for the formation of the different alkylcyclopentane isomers that do not depend on acid
strength, because all isomerization routes are mediated by bicyclo[3.1.0]hexyl cation transition states
similar in the amount and location of charge and that therefore benefit to the same extent from the more
stable conjugate anions characteristic of stronger acids.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

The contraction of methylcyclohexane rings to form alkylcy-
clopentanes on bifunctional catalysts consisting of Brønsted acid
and metal functions is often used as a probe of acid strength and
of the effects of confinement within amorphous and crystalline
solid acids [1–4], and it is also of industrial importance because
such chemistry is paramount for the effective conversion of ethyl-
benzene to xylene isomers [5,6]. Yet, connections between reactiv-
ity, selectivity, and acid strength remain empirical because of the
challenges inherent in assessing the number and strength of acid
sites and their consequential distances from the metal function,
and the identity and reversibility of the elementary steps that
mediate such reactions. These hurdles are overcome here by using
Brønsted acids with known structure and acid strength, measuring
acid site densities during catalysis, dispersing a metal function that
maintains cycloalkane-cycloalkene equilibria, and rigorous mecha-
nistic interpretation of measured rates and selectivities.

Tungsten polyoxometalate (POM) clusters with Keggin struc-
tures and charge-balancing protons (H8�nXn+W12O40) are Brønsted
acids with uniform and well-defined atomic connectivity and
diverse chemical composition (Xn+ = P5+, Si4+, Al3+, Co2+) [7]. Their
acid strength and the reactivity of their protons depend on their
central atoms, because of their concomitant effects on the number
of protons and on the stability of the conjugate anion [8]. Deproto-
nation energies (DPE) reflect the energy required for heterolytic
cleavage of a proton from the conjugate base, thus providing a rig-
orous measure of acid strength accessible to calculation by density
functional theory (DFT) for solids with known structures, such as
Keggin POM clusters (1087–1143 kJ mol�1 for H8�nXn+W12O40;
X = P, Si, Al, or Co in order of increasing DPE) [8,9].

Our recent studies have shown that first-order rate constants
for the isomerization of acyclic alkenes [10] and for the dehydra-
tion of alkanols [7,11,12] (per accessible H+) decrease exponen-
tially with increasing DPE (decreasing acid strength) for Keggin
POM clusters with different central atoms (P, Si, Al, Co); such
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trends reflect the stability of ion-pair transition states (TS), which
benefits from more stable conjugate anions. The sensitivity of
alkene isomerization rate constants to DPE is similar for different
hexene isomer reactants [10], because the amount and location
of the positive charge are similar among the transition states that
mediate such reactions. Consequently, alkene isomerization selec-
tivities are insensitive to acid strength, because they solely reflect
the stability of the protonated gaseous analogs of each isomeriza-
tion of TS. The isomerization selectivities observed, however, do
not only reflect such intrinsic selectivities, because of the ubiqui-
tous role of fast secondary alkene interconversions that occur
locally within porous acid domains before alkenes convert to alka-
nes either via hydrogen transfer at acid sites or via reactions with
H2 at metal sites in bifunctional catalysts [10].

Here, ring contraction rate constants (per H+) for methylcyclo-
hexane ring contraction are examined through mechanistic inter-
pretations of rate and selectivity data combined with titrations of
accessible protons during catalysis. Measured selectivities differ
from their intrinsic values because of diffusion-enhanced intercon-
versions among alkylcyclopentene products within acid domains.
Such diffusional enhancements are stronger on catalysts with
stronger and/or more abundant acid sites and in acid domains of
larger size or smaller diffusion coefficients. Furthermore, experi-
mental results indicate that rate constants for the formation of
each primary alkylcyclopentane isomer increase exponentially
with decreasing DPE values to the same extent, leading to intrinsic
selectivities that do not depend on acid strength. These data show,
once again, that ion-pair transition states of similar charge are
affected similarly by the stability of the conjugate anion. Thus,
measured selectivities (even at differential conversions) cannot
be taken as evidence for acid strength [1,2,13,14]; the preferential
formation of the products formed in more demanding isomeriza-
tion routes does not reflect a concomitant preference for such reac-
tions on stronger acids or in microporous acids. Instead, such
trends arise from intrapellet gradients of product alkenes that
become more severe on more reactive protons (stronger acids) or
within porous media in which molecules diffuse more slowly or
over greater distances. In the most severe cases, diffusion-
enhanced interconversions move selectivities away from those
determined by the relative rates at which primary isomer products
are formed and toward their thermodynamic values.
2. Experimental methods

2.1. Catalyst preparation

Detailed catalyst synthesis procedures have been reported else-
where [10]. H3PW12O40 (Sigma-Aldrich; Reagent Grade; CAS
#12501-23-4), H4SiW12O40 (Aldrich; >99.9%; CAS #12027-43-9),
H5AlW12O40 (prepared according to [15]), and H6CoW12O40 (pre-
pared according to [16,17]) were supported on amorphous SiO2

(Cab-O-Sil HS-5; 310 m2 g�1; 1.5 cm3 g�1 pore volume) at loadings
of 0.04 and 0.20 POM (nm2-SiO2)�1 using incipient wetness
impregnation methods. SiO2-supported POM clusters will be
denoted herein as ‘‘HnXW/SiO2”, where n is the proton stoichiom-
etry. 31P-MAS-NMR spectra showed that their dispersion onto the
SiO2 support and their use in catalysis retained the essential fea-
tures of the NMR spectra of intact H3PW12O40 Keggin structures
[10]. Transmission electron micrographs showed that POM clusters
are present as isolated clusters with a minority of two-dimensional
aggregates at these POM surface densities (0.033–0.067 POM
(nm2-SiO2)�1) [10].

Pt/Al2O3 (1.5 wt% Pt) was prepared by incipient wetness
impregnation of treated c-Al2O3 (Sasol SBa-200; 193 m2 g�1,
0.57 cm3 g�1 pore volume; treated in dry air (UHP Praxair;
0.5 cm3 g�1 s�1) at 923 K for 18 ks) with aqueous H2PtCl6 solutions
(Aldrich; CAS #16941-12-1) [10]. The Pt dispersion (90%) was
determined by H2 chemisorption at 313 K (Quantasorb analyzer;
Quantachrome Corp.) using a 1:1 H:Pt stoichiometry [10]. Pt/
Al2O3 and HnXW/SiO2 (X = P, Si, Al, or Co) catalysts were mixed
as intimate aggregates (<20 lm) using a mortar and pestle; these
fine powders were pressed into wafers and then crushed and
sieved to retain 125–180 lm aggregates. The composition of these
mixtures is reported as the ratio of surface Pt-atoms (from H2

chemisorption) to H+ in POM clusters (from titrations with 2,6-
di-tert-butylpyridine during catalysis; Section 2.2).

2.2. Ring contraction rate measurements and titrations of protons with
2,6-di-tert-butylpyridine during catalysis

Reaction rates and selectivities were measured on samples
(0.040–0.103 g) packed within a stainless steel tubular reactor
(3/8 in. O.D.) with plug-flow hydrodynamics. Reactor temperatures
were measured with two K-type thermocouples (Omega; ±0.2 K),
one held against the external reactor wall and the other held
within a 1/16 in. stainless steel sheath aligned axially along the
bed; temperatures were controlled using a resistively-heated fur-
nace and PID control strategies (Watlow Series 982 controller).
Transfer lines were kept at 423 K to prevent condensation of reac-
tants, products, and titrants. A backpressure regulator was used to
control pressure (Equilibar, model EB1LF2). Physical mixtures of
Pt/Al2O3 and HnXW/SiO2 were treated in flowing H2 (Praxair
UHP) at 2 bar (0.16 cm3 s�1 at STP) by heating to 473 K at
0.083 K s�1 and holding for 4 ks before catalytic measurements.
Liquid methylcyclohexane (MCH; Sigma-Aldrich; >99%) was used
without further purification and vaporized at 523 K into a flowing
H2 (UHP Praxair) stream using a liquid syringe pump (Cole-Palmer
74900 Series). Molar MCH and H2 flow rates were set using elec-
tronic mass flow controllers to maintain a given (MCH/H2) molar
ratio and low MCH conversions (<10%).

Reactants and products in the reactor effluent were separated
chromatographically (HP-1 column; 0.32 mm ID � 50 m, 1.05 lm
film; Agilent) and detected using flame ionization (Agilent 6890 N
GC). The predominant products detected were as follows:
ethylcyclopentane (ECP), cis-1,3-dimethylcyclopentane (c13DMCP),
trans-1,3-dimethylcyclopentane (t13DMCP), trans-1,2-
dimethylcyclopentane (t12DMCP), 1,1-dimethylcyclopentane
(11DMCP), several acyclic heptane isomers, and methylcyclopen-
tane. cis-1,2-Dimethylcyclopentane (c12DMCP) and MCH did not
elute separately from the column; therefore, c12DMCP formation
rates were calculated from its equilibrium constant with t12DMCP
at 473 K [18]. 13DMCP chemical isomers (c13DMCP and t13DMCP)
were detected at a nearly constant ratio ([c13DMCP]/[ t13DMCP]
= 1.071 ± 0.008), leading us to assume similar equilibration for cis
and trans 12DMCP. The c12DMCP and t12DMCP isomers (and the
c13DMCP and t13DMCP isomers) are treated as a 12DMCP (and
13DMCP) lumped products. The concentration of any product
(t12DMCP, c12DMCP, and ECP) present as trace impurities
(<0.0013 mol%) in MCH reactants was subtracted from those
detected in the effluent in determining product formation rates.
The rates of formation of each product were also corrected for their
approach to equilibrium for the reactions that form them fromMCH
using the following:

rforward ¼ rnet 1� PP

Pmch

� �
1

Kmch;P

� ��1

ð1Þ

in which (PP/Pmch) is the ratio of product and MCH pressures in the
effluent and Kmch,P is their equilibrium constant at 473 K, derived
from reported thermodynamic data [18,19]. Catalyst deactivation
(half-lives between 14 and 72 ks) was observed on all catalysts dur-
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ing kinetic experiments. Rates measured periodically at a standard
condition (4 kPa MCH and 235 kPa H2) were used to correct all rate
data for any intervening deactivation.

Titrations during catalysis were performed by dissolving 2,6-di-
tert-butylpyridine (DTBP, Aldrich; >97%; CAS #585-48-8) in liquid
MCH reactants (between 7.7 � 10�6 and 1.1 � 10�3 mol%) and
vaporizing this mixture into flowing H2 stream (UHP Praxair) at
523 K to give DTBP pressures between 0.03 and 4.4 Pa. Ring con-
traction rates and DTBP uptakes were determined using the chro-
matographic protocols described above. The number of DTBP
titrants required to suppress MCH conversion rates reflects the
number of H+ present in POM/SiO2 samples during catalysis [20].
The complete suppression of reaction rates would confirm that
these isomerization reactions occur exclusively on Brønsted acid
sites without detectable contributions from any Lewis acid sites
present in the samples.

Symbols and notations used herein are summarized in Appen-
dix A following the main text.
3. Results and discussion

3.1. Elementary steps, rates, and product selectivities for
methylcyclohexane ring contraction

Methylcyclohexane (MCH) ring contraction rates and selectivi-
ties were measured on silica-supported POM clusters (HnXW/
SiO2) with different central atoms (X = P, Si, Al, and Co) present
as bifunctional physical mixtures with Pt/Al2O3. MCH ring contrac-
tion reactions predominately formed ECP, 12DMCP, and 13DMCP
at all conditions and on all catalysts (>98% carbon selectivity), with
only trace amounts of 11DMCP isomers observed (<1% carbon
selectivity at short residence times). Ring contraction rates (per
mass of catalyst) were much higher on bifunctional mixtures con-
taining HnXW/SiO2 than on monofunctional Pt/Al2O3 or HnXW/SiO2

catalysts (by factors >100), indicating that ring contraction occurs
on acid sites but requires the intervening formation of methylcy-
clohexene isomers on the metal function, consistent with previous
results for the isomerization of other saturated hydrocarbons
[10,21,22].

Titration with 2,6-di-tert-butylpyridine (DTBP) during reaction
gave rates that decreased monotonically with increasing DTBP
uptakes on all catalysts; these rates ultimately reached unde-
tectable levels after all protons were titrated and uptakes reached
constant values (shown for H4SiW/SiO2 in Fig. SI-1; supporting
information (SI)). Thus, MCH ring contraction occurs only on
Brønsted acid sites, and DTBP titrates all protons in HnXW/SiO2

co-catalysts. Ring contraction turnover rates are reported here on
the basis of the number of H+ titrated by DTBP in each sample
(Table 1).

MCH ring contraction rates on bifunctional mixtures containing
HnXW/SiO2 and Pt/Al2O3 are limited by the ring isomerization of
methylcyclohexenes (MCH=) on Brønsted acid sites when
hydrogenation-dehydrogenation equilibrium [23] is maintained
by the metal function at the external boundaries of the acid
Table 1
Number of accessible H+ per POM clusters measured by chemical titration of prot
HnXW/SiO2-Pt/Al2O3 (X = P, Si, Al, Co) mixtures.

Catalyst POM content (wt%) POM areal density (POM (nm2-SiO2)�1) Acc

H3PW12O40 10 0.067 1.6
H4SiW12O40 5 0.034 2.6
H5AlW12O40 5 0.033 2.5
H6CoW12O40 5 0.039 0.22

a Assuming a 1:1 DTBP:H+ adsorption stoichiometry.
b 4 kPa methylcyclohexane, 218 kPa H2, 473 K.
domains (defined as proton-containing regions devoid of metal
sites), and MCH= consumption rates are slow enough to preclude
MCH= concentration gradients within these acid domains. Catalyst
deactivation during MCH ring isomerization kinetic experiments
prevented direct comparisons of experimental data among bifunc-
tional mixtures with different initial H+ densities within acid
domains and (PtS/H+) ratios, the unequivocal confirmation of
kinetic control [24]. First-order rate constants for MCH= ring con-
traction (per H+), however, were more than ten-fold smaller than
those for 2-methylpentene isomerization (per H+) on these same
catalysts ([10]). The latter values did not depend on either (PtS/
H+) ratios ((PtS/H+) = 6.2–22.9 for H3PW/SiO2-Pt/Al2O3 mixtures)
or H+ densities (0.006 and 0.070 H+ (nm3-SiO2)�1 for H3PW/SiO2-
Pt/Al2O3 mixtures), thus establishing the kinetic origins of those
measured rate constants. Therefore, the initial (Pts/H+) ratio ((PtS/
H+)0 = 5.4) and proton density (0.022 H+ (nm3-SiO2)�1) for the
H3PW/SiO2-Pt/Al2O3 mixture, and those for the mixtures contain-
ing the other POM acids (<0.022 H+ (nm3-SiO2)�1 and (PtS/
H+)0 > 1.7), which have lower MCH ring contraction turnover rates
(per H+) than H3PW (Fig. 1), are considered to be sufficient to main-
tain alkane-alkene dehydrogenation-hydrogenation equilibrium
during MCH reactions outside acid domains and to avoid corrup-
tions of measured ring contraction turnover rates by transport
restrictions.

Fig. 1 shows MCH ring contraction turnover rates (per H+) as a
function of (MCH/H2) inlet molar ratios on HnXW/SiO2-Pt/Al2O3

mixtures with P, Si, Al, and Co central atoms ((Pts/H+) = 1.7–38).
MCH ring contraction turnover rates increased with increasing
(MCH/H2) ratios, linearly at first and then more gradually at higher
reactant ratios; these rates did not depend on H2 pressures (191–
442 kPa H2) for each given (MCH/H2) ratio on any of the HnXW/
SiO2-Pt/Al2O3 mixtures (Fig. 1). These data are consistent with
the full equilibration of methylcyclohexane and all methylcyclo-
hexene isomers on Pt sites and with ring contraction rates that
depend only on the concentration of these MCH= species, as shown
next by the interpretation of measured rates in terms of a sequence
of plausible ring contraction elementary steps.

Scheme 1 shows a sequence of elementary steps and the overall
MCH ring contraction stoichiometric reactions on metal-acid mix-
tures at conditions of MCH-H2-MCH= equilibration on the Pt func-
tion for all methylcyclohexene regioisomers (Scheme 1, Step 1
shown for the case of 1-methylcyclohexene reactant isomers); at
these conditions, MCH= concentrations depend only on (MCH/H2)
ratios and their respective equilibrium constants (Kd,mch). Methyl-
cyclohexenes diffuse into acid domains (Scheme 1, Step 2) where
they equilibrate with H+ to form the corresponding alkoxides in
quasi-equilibrated steps (Scheme 1, Step 3). Methylcyclohexoxides
with different attachment points equilibrate via rapid hydride
shifts in alkoxides [21,25]. These alkoxides then isomerize to ethyl-
cyclopentoxides or dimethylcyclopentoxides via ring contraction
elementary steps (Scheme 1). Steps 4a-c illustrates the specific
formation of the ethylcyclopent-2-oxide, 1,2-dimethylcyclopent-
3-oxide, and 1,3-dimethylcyclopent-2-oxide isomers.

We propose here, based on DFT treatments [26], that these
steps are mediated by ion-pair transition states containing
ons with 2,6-di-tert-butylpyridinea during methylcyclohexane isomerizationb on

essible H+ (per POM) H+ Volumetric density (H+ (nm3-SiO2)�1) Pts/H+ ratio

0.022 5.4
0.018 3.3
0.020 1.7
0.002 38



Fig. 1. (a) Methylcyclohexane ring contraction turnover rate as functions of the (MCH/H2) ratio and H2 pressure (shown at the inset for a MCH/H2 ratio of 0.02) on a H4SiW/
SiO2 mixture with Pt/Al2O3 (PtS/H+ = 3.3, 0.018 H+ (nm3-SiO2)�1) and (b) as functions of the (MCH/H2) ratio on Pt/Al2O3 mixtures with H3PW/SiO2 (PtS/H+ = 5.4, 0.022 H+ (nm3-
SiO2)�1; j), H4SiW/SiO2 (PtS/H+ = 3.3, 0.018 H+ (nm3-SiO2)�1; d), H5AlW/SiO2 (PtS/H+ = 1.7, 0.020 H+ (nm3-SiO2)�1; r), and H6CoW/SiO2 (PtS/H+ = 38, 0.002 H+ (nm3-SiO2)�1;
N) (reaction conditions: 473 K, 191–442 kPa H2). Dashed lines represent the regression of the data to the functional form of Eq. (2).

Scheme 1. Elementary steps and chemical reactions involved in methylcyclohexane ring contraction on metal-acid mixtures that establish methylcyclohexane/
methylcyclohexene equilibrium. Chemical reactions are shown for the (de)hydrogenation on metal sites (Pt/Al2O3) and elementary steps for acid-catalyzed routes on HnXW/
SiO2 (X = P, Si, Al, Co). Bonds to the Brønsted active site are denoted as ‘‘⁄” in molecular structures.
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Table 2
Methylcyclohexane ring contraction rate constants (krcKp,mch and krc) and protonation
equilibrium constants (Kp,mch) measured on HnXW12O40/SiO2-Pt/Al2O3 (X = P, Si, Al,
Co) mixtures (473 K).

Catalyst krcKp,mch
a,d krc

b,d Kp,mch
c,d

H3PW12O40 216 ± 3 59 ± 3 3.7 ± 0.2
H4SiW12O40 88 ± 1 33 ± 1 2.7 ± 0.1
H5AlW12O40 42 ± 2 12 ± 1 3.4 ± 0.4
H6CoW12O40 13.9 ± 0.3 4.3 ± 0.3 3.3 ± 0.3

a molec. (H+ ks Pa)�1.
b molec. (H+ ks)�1.
c Pa�1.
d Errors represent the 95% confidence intervals of the parameters in the lin-

earized form Eq. (2) obtained from the method of least-squares.

Fig. 2. Measured ethylcyclopentane (d), 1,3-dimethylcyclopentane (N), and 1,2-
dimethylcyclopentane (r) selectivities as functions of space velocity for different
H+ densities (0.005, 0.007 and 0.012 [H+] (nm3-SiO2)�1) on H4SiW/SiO2-Pt/Al2O3

(PtS/[H+]0 = 3.3) at differential MCH conversions (<2.1%), [MCH]/[H2] ratios below
0.026, total reactant flow rates between 3.5 and 7.0 mmol ks�1, pressures between
220 and 500 kPa, and 473 K. The dashed lines are the average selectivity for each
product at each acid domain H+ density.
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corner-protonated bicyclo[3.1.0]hexyl cations, in which CAC bonds
cleave and form in concerted steps, consistent with TS structures
previously proposed by others for ring contractions of
gaseous cyclohexyl [27,28], methylcyclohexyl [29], and 1,2-
dimethylcyclohexylium [30] cations and of cyclohexene catalyzed
by zeolitic acids [31]. Cyclopentoxide products deprotonate via
b-hydrogen transfer to POM oxygen atoms in quasi-equilibrated
steps to form the respective gaseous alkylcyclopentene isomers
(Scheme 1, Steps 5a-c shown for ethylcyclopent-1-ene, 1,2-
dimethylcyclopent-2-ene, and 1,3-dimethylcyclopent-1-ene iso-
mers, respectively); these isomers can readsorb on H+ sites as they
diffuse through acid domains to re-form alkoxides that can, in turn,
undergo secondary isomerizations to form other alkylcyclopentox-
ides and alkyl cyclopentenes. Step 6a (Scheme 1) illustrates these
reactions for ethylcyclohex-2-oxide and 1,2-dimethylcyclopent-
3-oxide interconversions and Step 6b shows the steps for 1,2-
dimethylcyclopent-3-oxide and 1,3-dimethylcyclopent-2-oxide
interconversions. Gaseous alkylcyclopentene isomers that exit an
acid domain (Scheme 1, Step 7a-c shown for ethylcyclopent-1-
ene, 1,2-dimethylcyclopent-2-ene, and 1,3-dimethylcyclopent-1-
ene, respectively) rapidly hydrogenate on Pt sites and equilibrate
with their respective cycloalkane isomers (Scheme 1, Step 8a-c
for ECP, 12DMCP, and 13DMCP formation, respectively). Alkene
(and alkoxide) regioisomers with the same carbon backbone are
treated here as lumped chemical pseudo-species because of their
equilibrated interconversions [26]. The lumped cycloalkenes with
a given backbone are denoted here by a superscript ‘‘ = ” and their
respective alkoxides by ‘‘⁄”, in both cases without specifying the
location of the surface attachment or of the C@C bond (e.g., MCH,
MCH=, and MCH⁄ for methylcyclohexane, methylcyclohexene
isomers, and methylcyclohexoxide isomers; see Nomenclature).

Pseudo-steady-state concentrations of alkoxides and quasi-
equilibration between MCH= isomers and their MCH⁄ counterparts,
taken together with Langmuir adsorption kinetics and MCH⁄ and
H+ as the most abundant surface intermediates (MASI), give an
equation for MCH ring contraction rates to form all alkylcyclopen-
tene isomers:

rrc
½Hþ� ¼

krcKp;mchKd;mch
½MCH�
½H2 �

� �
1þ Kp;mchKd;mch

½MCH�
½H2 �

� � ð2Þ

where

krc ¼ krc;ecp þ krc;12 þ krc;13 ð3Þ

represents the sum of rate constants for MCH⁄ ring contraction to
form each skeletal isomer (each consisting of isomers with
equilibrium double-bond locations and cis-trans configurations).
Here, [H+] is the total number of protons, Kp,mch is the equilibrium
constant for MCH⁄ formation from MCH= (illustrated for
methylcyclohex-1-oxide in Scheme 1), and krc,P is the rate constant
for MCH⁄ ring contraction to form a given product (krc,ecp, krc,12, and
krc,13 for ECP=, 12DMCP=, and 13DMCP= formation, respectively).
The first two terms in the denominator reflect the relative coverages
of MCH⁄ and unoccupied H+; the terms corresponding to bound
alkylcyclopentoxides are much smaller at the low prevalent
concentration of gaseous products. The dashed curves in Fig. 1
represent the regression of these rate data to the functional form
of Eq. (2) with the reported thermodynamics for MCH-MCH=

equilibration (Kd,mch = 5.0 Pa at 473 K referenced to the lumped
chemical pseudo-species, MCH= [32–35]); the regressed krc
and Kp,mch values and their product are shown in Table 2 for all
HnXW/SiO2 acids. These parameters accurately describe all rate
data, as shown by their small uncertainty intervals (Table 2) and
the dashed lines in Fig. 1.
Product selectivities are defined here as the formation rate of a
given product ‘‘P” (rrc,P) divided by the combined rate of MCH con-
version to all products (rrc):

Sm;P ¼ rrc;p
rrc

ð4Þ

(‘‘P” = ecp, 12, or 13 for ECP, 12DMCP, and 13DMCP). Fig. 2
shows ECP, 13DMCP, and 12DMCP selectivities as a function of
space velocity (defined as moles MCH (ks [H+])�1) for different H+

densities (densities varied by allowing deactivation to occur) on
H4SiW/SiO2-Pt/Al2O3 at differential MCH conversions (<2.1%). A
decrease in H+ density led to higher ECP selectivities and lower
12DMCP and 13DMCP selectivities, even though changes in con-
version induced by varying space velocity (for a given H+ density)



Fig. 3. Measured ethylcyclopentane (d), 1,3-dimethylcyclopentane (N), and 1,2-dimethylcyclopentane (r) selectivities as functions of (a) methylcyclohexane conversion and
(b) measured ring contraction rate per volume of catalyst normalized to the molar concentration of MCH= (K in Eq. (5)) for different total reactant molar flow rates (2.5, 3.5,
7.0 and 10.4 mmol ks�1) on H4SiW/SiO2-Pt/Al2O3 (PtS/[H+]0 = 3.3, 0.018 [H+]0 (nm3-SiO2)�1) at several [MCH]/[H2] ratios (0.01–0.10) and system pressures (220–500 kPa) at
473 K. The dashed lines in (b) are best fits of selectivity data measured on all catalysts (Fig. 4) to the functional form of Eq. (13).
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did not influence selectivities. Fig. 3a shows ECP, 13DMCP, and
12DMCP selectivities as a function of MCH conversion at different
reactant molar flow rates on H4SiW/SiO2-Pt/Al2O3. MCH conver-
sions at each molar flow rate were smaller at longer times, because
of more extensive deactivation, and at higher [MCH]/[H2] molar
ratios, because acid sites become preferentially covered by [MCH⁄],
thus inhibiting secondary interconversions. Such changes in MCH
conversion (at each given total molar flow rate) increased ECP
selectivity and decreased 12DMCP and 13DMCP selectivities; they
resulted in selectivity curves that depended only on MCH conver-
sion for each product at each total molar flow rate.

The strong effects of H+ densities on selectivities, taken together
with selectivity values that are insensitive to space velocities
(Fig. 2), indicate that measured selectivities depend primarily on
MCH conversion within each acid domain (a function of H+ density
and site coverage) and not, at a given H+ density and MCH= pres-
sure, on its overall conversion along the bed (a function of space
velocity). Therefore, the observed differences in measured selectiv-
ities (at a given MCH conversion; Fig. 3a) for different reactant flow
rates reflect different reaction times, which determine the number
of remaining active sites, or the prevalent MCH= pressure, which
set the fraction of these sites covered by MCH⁄ (Kp,mch[MCH=])
and thus unavailable for the binding and isomerization of products.
Clearly, differences in measured selectivities among catalysts that
convert different fractions of MCH within each acid domain cannot
be taken as evidence (even at a given MCH conversion) for the rel-
ative rates of formation of ring contraction product formed directly
from MCH= as primary products.

The role of secondary reactions driven by concentration gradi-
ents of alkylcyclopentenes within acid domains makes ring con-
traction rates per volume of silica support divided by MCH=

concentrations (calculated from the [MCH]/[H2] ratio and Kd,mch):

K ¼ rrc
Vcat ½MCH¼� ; ð5Þ

instead of MCH conversion, the appropriate benchmark for compar-
ing selectivities among catalysts, because the extent of these sec-
ondary interconversions depends on the reactivity and coverage
of acid sites (like MCH conversion), but not on reactant flow rates
(unlike MCH conversion). Fig. 3b depicts the same data as in
Fig. 3a, but as a function of K instead of MCH conversion. All selec-
tivity ratios become single-valued functions of K and unaffected by
MCH conversion, [MCH]/[H2] ratio, or MCH and H2 pressures. These
selectivities are also independent of the central atom in HnXW/SiO2-
Pt/Al2O3 mixtures (P, Si, Al, and Co central atoms; (Pts/H+) = 1.7–38)
for a given K value (Fig. 4), despite the very different reactivities
and acid strengths of these catalysts.

These data are consistent with diffusion-enhanced secondary
interconversions of primary alkylcyclopentene isomers (Scheme 1,
Steps 5 and 6 shown for 12DMCP= and ECP= interconversion)
occurring within acid domains. These reactions are driven by
intra-domain concentration gradients and occur before primary
isomers can convert to their alkylcyclopentane analogs via hydro-
gen transfer locally at acid sites or via hydrogenation on Pt clusters
present at the outer boundary of the acid domain (Scheme 1, Steps
7 and 8).

These diffusion-enhanced interconversions interfere with accu-
rate assessments of intrinsic ring contraction selectivities (Src,P;
‘‘P” = ecp, 12, or 13 for ECP, 12DMCP, and 13DMCP). These intrinsic
values rigorously reflect the ratio of the rate constants for the
direct conversion of MCH= intermediates to each alkylcyclopentene
isomer (krc,PKp,mch) during one surface sojourn to their combined
values as reflected in total MCH= conversion rates (krcKp,mch):

Src;P ¼ krc;P
krc

; ð6Þ

It is such ratios that reflect the relative stabilities of the transi-
tion states that mediate each of these isomerization elementary
events. In what follows, we relate measured selectivities shown
in Figs. 3 and 4 to volumetric MCH conversion rates (K) by using
diffusion–reaction treatments that also provide a method for
extracting intrinsic (i.e., primary) selectivities to each ring contrac-
tion product and a predictive framework to describe selectivities
observed in the practice of ring contraction catalysis.

The extent of secondary isomerization within acid domains
determines, in part, the observed product selectivities. Their con-
tributions depend on the volumetric density of protons within acid
domains (qa), on the proclivity of protons for catalyzing the iso-
merization of each alkylcyclopentene molecule (e.g. kecp?12Kp,ecp

for ECP=), and on the size and diffusive properties of the acid aggre-



Fig. 4. Measured selectivities to (a) ethylcyclopentane, (b) 1,2-dimethylcyclopentane, and (c) 1,3-dimethylcyclopentane among ring contraction products from
methylcyclohexane reactants (Sm,ecp, Sm,12, and Sm,13, respectively) as functions of the measured ring contraction rate per volume of catalyst normalized to the molar
concentration of MCH= (K, Eq. (5)) on Pt/Al2O3 mixtures with H3PW/SiO2 (PtS/H+ = 5.4, 0.022 H+ (nm3-SiO2)�1; j), H4SiW/SiO2 (PtS/H+ = 3.3, 0.018 H+ (nm3-SiO2)�1; d),
H5AlW/SiO2 (PtS/H+ = 1.7, 0.020 H+ (nm3-SiO2)�1; r), and H6CoW/SiO2 (PtS/H+ = 38, 0.002 H+ (nm3-SiO2)�1; N) (reaction conditions: 473 K, 191 – 442 kPa H2). Dotted lines are
best fits of the data to the functional form of Eq. (13). Shaded regions reflect the range of selectivities accessible to each of the products by changing K.
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gates present in these bifunctional catalysts. The latter two proper-
ties of these aggregates determine the extent to which protons
(where primary alkylcyclopentenes form) communicate with
metal clusters (where they become less reactive by converting to
alkylcyclopentanes), thus controlling the characteristic lifetimes
of reactive alkylcyclopentene isomers before their conversion to
less reactive alkylcyclopentanes. Such ‘‘site proximity” effects are
seldom enforced or in fact rigorously known in the bound extru-
dates used in the practice of bifunctional metal–acid catalysis or
even in impregnated bifunctional domains containing both acid
and metal functions.

A more rigorous treatment of such diffusional constraints and of
alkylcyclopentene isomer concentrations within acid domains
requires diffusion–reaction formalisms that identify the relevant
dimensionless parameters, in this case, the Thiele modulus (U).
This parameter is defined for the ECP= consumption (Uecp) path-
ways described in Scheme 1 as follows:

U2
ecp ¼

qaR
2

Decp

kecp!12Kp;ecp

1þ Kp;mchKd;mch
½MCH�
½H2 �

� �
0
@

1
A ð7Þ

where R is the characteristic distance that defines the diffusion
length within acid domains and Decp is the effective ECP= diffusivity
within these acid domains. This treatment assumes the equilibra-
tion of MCH-H2-MCH= and MCH=-MCH⁄, as well as of alkylcy-
clopentenes with their respective alkoxides. It also considers the
surface reactions that convert MCH⁄ to C5 ring alkoxides to be irre-
versible during a single visit to the active site and the isomerization
of ECP⁄ to 13DMCP⁄ to occur only after the intervening conversion
to one of the other alkoxide isomers because isomerizations events
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shift alkyl groups along backbones by one carbon at a time
[10,21,25]. The Thiele moduli for 13DMCP= and 12DMCP= consump-
tion via secondary reactions are related to that for ECP= consump-
tion by the following:

U2
13

U2
ecp

¼ Decp

D13

k13!12Kp;13

kecp!12Kp;ecp

� �
¼ Decp

D13

K13;ecp

recp
ð8Þ

U2
12

U2
ecp

¼ Decp

D12

ðk12!ecp þ k12!13ÞKp;12

kecp!12Kp;ecp

� �
¼ Decp

D12

1þ recp

recp

� �
K12;ecp ð9Þ

Here, K13,ecp and K12,ecp are the equilibrium constants for
13DMCP=-ECP= and 12DMCP=-ECP= interconversions, D13 and D12

are the effective diffusivities for 13DMCP= and 12DMCP= within
the mesoporous acid domains, and recp is the ratio of the rate con-
stants for the surface elementary steps that convert 12DMCP⁄ to
ECP⁄ and to 13DMCP⁄ alkoxide isomers:

recp ¼ k12!ecp

k12!13
: ð10Þ

The Thiele moduli in Eqs. (7)–(9), and thus the alkylcyclopen-
tene isomerization rate constants, cannot be determined directly
from measured rates and selectivities, because of the ubiquitous
diffusional corruptions of measured selectivities. Substituting Eq.
(2) into Eq. (5) leads to an equation for methylcyclohexane ring
contraction rates (to all alkylcyclopentanes) per acid domain vol-
ume divided by the MCH= concentration of (K); the resulting
equation:

K ¼ krcKp;mch

1þ Kp;mchKd;mch
½MCH�
½H2 �

� �qa ð11Þ

that is consistent with mechanism depicted in Scheme 1. Substitut-
ing Eq. (11) into Eq. (7) shows that for a given catalyst, the Thiele
modulus for ECP= consumption (Uecp; Eq. (7)) is proportional to
K1/2:
f2� ¼ 1
2

1þ ð1þ recpÞ
recp

K12;ecp þ K13;ecp

recp

� �

� 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð1þ recpÞ

recp
K12;ecp

� �2

þ K13;ecp

recp

� �2

þ 2
K12;ecp

recp

K13;ecp

recp
þ recp � ð1þ K13;12 þ K13;ecpÞ

� �s
ð16Þ
Uecp ¼ K
R2

Decp

kecp!12Kp;ecp

krcKp;mch

� � !1=2

¼ K1=2a1=2
ecp : ð12Þ

The constant of proportionality in Eq. (12) (aecp) depends on the
characteristic time for ECP= diffusion within the mesoporous acid
aggregates (R2/Decp) and on the ratio of the rate constant for ECP=

isomerization to 12DMCP= (kecp?12Kp,ecp) to that for MCH= ring con-
traction to all products (krcKp,mch); it is independent of the volumet-
ric density of H+ within the acid domains, of the MCH or H2

pressures, and of the relative magnitude of the two terms in the
denominator of Eq. (2) (or Eq. (11)).

Next, we combine a kinetic treatment based on the elementary
steps in Scheme 1 with the diffusion–reaction construct used to
derive Eqs. (7)–(12) and their respective Thiele moduli to develop
selectivity expressions for each of the alkylcyclopentene products.
In what follows, equilibrium is assumed to prevail amongMCH-H2-
MCH= gaseous molecules at the outer edge of acid domains, among
all gaseous MCH= isomers and their respective MCH⁄ alkoxides, and
among all gaseous alkylcyclopentene isomers and their respective
alkoxides. MCH⁄ ring contraction steps are assumed to be irre-
versible and no direct ECP⁄-13DMCP⁄ interconversion routes are
taken into account; all alkylcyclopentenes are assumed to have
the same diffusivity within the porous acid domains (a valid
assumption in Knudsen or bulk diffusion regimes amongmolecules
of the same mass [36]).

A kinetic-transport model based on these assumptions leads to
selectivities (Sm,P) for each alkylcyclopentane isomer (derivation in
Section SI.2., SI) given by the following:

Sm;P ¼ Src;P þ DSPð1� gþÞ þHPðg� � gþÞ ð13Þ
where

DSP ¼ KP;ecp

1þ K12;ecp þ K13;ecp
� Src;P ð14Þ

is the mole fraction of a given product ‘‘P” among the equilibrated
pool of alkylcyclopentene products minus its intrinsic (kinetic)
selectivity, HP is a constant that is unique to each product ‘‘P”
and reflects the changes in selectivity due to secondary influences
(i.e. when g+ is not equal to g�; see Eqs. (15)–(18)), and g+ and g�
are the effectiveness factors that describe the magnitude of the dif-
fusional enhancements of secondary isomerization reactions within
acid domains. The values of g+ and g� in Eq. (13) are the same for all
products and depend onUecp (Eq. (7)) and f+ or f� (Eq. (16)) through
the following:

gþ ¼ 3ðfþUecp cothðfþUecpÞ � 1Þ
f2þU

2
ecp

and

g� ¼ 3ðf�Uecp cothðf�UecpÞ � 1Þ
f2�U

2
ecp

ð15Þ

for the case of quasi-spherical acid domains, which can be general-
ized to other shapes according to their associated shape factors [37].
The parameters f+ and f� in Eq. (15) depend only on recp, K13,ecp and
K12,ecp:
Eq. (13) depends on two effectiveness factors (g+ and g�)
because secondary isomerization reactions occur via two distinct
routes: 12DMCP⁄-ECP⁄ and 12DMCP⁄-13DMCP⁄ interconversions
(Scheme 1, Step 6a and 6b). The choice of the modulus for ECP=

(Uecp) in Eq. (15), instead of those for 12DMCP= or 13DMCP=, is
arbitrary, because all moduli merely differ by a constant factor
(Eqs. (8) and (9)); the alternate use of U12 or U13 would change
the form and values of f+ and f�, but not those for g+ or g�. The
HP term in Eq. (13) influences selectivities for intermediate g
values (Eq. (12)) and its magnitude depends on recp, K13,ecp, and
K12,ecp, and on DSP for two of the three ring contraction products
(the third given by difference). In the case of ECP= this relation is
as follows:

Hecp ¼ f2� � K13;ecp

recp

� �recp DS13 f2þ � K13;ecp
recp

� �
� DSecpðf2þ � 1Þ

1� K13;ecp
recp

� �
ðf2þ � f2�Þ

ð17Þ
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The HP value for 13DMCP= is proportional to that for ECP=:

H13

Hecp
¼ f2� � 1

recp f2� � K13;ecp
recp

� � ð18Þ

while that for 12DMCP= (H12) is simply given by their sum (H12 = �
(Hecp +H13)). Eqs. (13)–(18) predict that observed selectivities (at
differential conditions) depend on the intrinsic selectivities for ring
contraction products (Src,P), but also on the thermodynamic and
kinetic constants for alkylcyclopentene interconversions and on
the characteristic diffusion time within acid domains (R2/D).

Eqs. (11) and (12) also indicate that measured total volumetric
rates of MCH conversion divided by [MCH=] concentrations
(defined asK in Eq. (5)) reflect the activity per acid domain volume
and the kinetic constants for interconversion of alkylcy-
clopentenes. The dashed curves in Fig. 3b and the dotted curves
in Fig. 4a–c depict the regressed fits of the selectivity data in
Fig. 4 at all MCH and H2 pressures on the HnXW/SiO2-Pt/Al2O3 cat-
alyst mixtures with P, Si, Co and Al central atoms to the functional
form of Eq. (13). In such a regression, the six independent param-
eters in Eqs. (12)–(18) (Src,ecp/Src,12, Src,13/Src,12, K13,ecp, K12,ecp, aecp,
and recp) are kept the same for all POM compositions and are listed
in Table 3. The shaded regions in Fig. 4(a–c) reflect the range of
accessible selectivities prescribed by Eq. (13) (given that effective-
ness factors range from 0 to 1) for each product according to the
values of the fitted parameters in Table 3. These accessible selectiv-
ities are bound by extrema defined by thermodynamics and by
intrinsic kinetics, as we discuss below.

The regressed values of (Src,ecp/Src,12) and (Src,13/Src,12) (Table 3)
indicate that the non-branching ECP product is the predominant
primary products of MCH= isomerization (Src,ecp = 0.76;
Src,12 = 0.18; Src,13 = 0.06), suggesting that the TS that mediates ECP⁄

formation is more stable than those involved in 12DMCP⁄ and
13DMCP⁄ formation from MCH⁄. These results are consistent with
non-branching C6 alkene isomerization events also being more
facile than those that lengthen or shorten their backbone [10,25]
and with non-branching TS having more substituted and, conse-
quently more stable, cyclopropyl structures than branching TS
[2,26,38]. The fitted values of K12,ecp and K13,ecp are near unity
(0.70 and 0.58, respectively; Table 3) indicating the concentrations
of lumped cycloalkenes with a given backbone (either ECP,
12DMCP, or 13DMCP backbones) and equilibrated alkene regioiso-
mers are similar at equilibrium. Values of recp near unity
(recp = 0.90) are indicative of similar TS free energies for 12DMCP⁄-
ECP⁄ and 12DMCP⁄-13DMCP⁄ interconversions [26].

Diffusion through porous solids consisting of quasi-spherical
packings within domains occurs with effective Knudsen diffusivi-
ties (DeA) that depend on the void fraction (/), tortuosity factor
(s), and surface area per unit volume (av) of these solids [39]:

DeA ¼ 4
3

/2

sav
8�RT
pMA

� �1=2

ð19Þ
Table 3
Values of the parameters from Eqs. (12)–(18) determined by regression of all the data
in Fig. 4(a–c) to the functional form of Eq. (13).

aecp 30.8 ms
recp 0.90
K12,ecp 0.70
K13,ecp 0.58
Src,ecp/Src,12 4.20
Src,13/ Src,12 0.31

ECP= 12DMCP= 13DMCP=

Intrinsic selectivity (Src,P) 0.76 0.18 0.06
Thermodynamic selectivity (Src,P + DSP) 0.28 0.35 0.37
HP 0.40 0.04 �0.44
where MA is the molecular weight of the diffusing molecule. Here,
we surmise that acid domains retain the approximate diameter of
the POM/SiO2 aggregates mixed with Pt/Al2O3 (�20 lm). The SiO2

support has a surface area per volume of 0.21 nm�1 and a void frac-
tion of 0.4; the tortuosity factor for spherical packings with this void
fraction is �3 [40]. For these values, Eq. (19) gives an ECP= charac-
teristic diffusion time (0.6 ms; R2/Decp, Eq. (12)) much smaller than
regressed aecp values (Eq. (12)) (30.8 ms); according to Eq. (12), this
corresponds to rate constants for ECP= conversion to 12DMCP=

(kecp?12Kp,ecp) that are � 50 times larger than those for MCH= con-
version to all ring contraction products (krcKp,mch). Diffusional
effects influence selectivities, but not MCH ring contraction rates,
because ECP=, 12DMCP=, and 13DMCP= have much shorter charac-
teristic times for isomerization reactions ((kR?PKp,R)�1) than MCH=

((krcKp,mch)�1), but similar characteristic diffusion times (R2/D) as a
result of the similar mass of the diffusing molecules. Consequently,
the Thiele moduli for the consumption of ECP=, 12DMCP=, and
13DMCP= via secondary reactions are much larger than that for
the primary ring contraction reactions of MCH=.

The data in Fig. 4 suggest that for a given acid domain size, pro-
ton density, and diffusive properties, acid strength influences the
measured selectivities, but not those for the formation of each pri-
mary product (i.e. the intrinsic selectivity). Acid strength affects
the rate constants for the surface elementary steps that intercon-
vert 12DMCP⁄, ECP⁄, and 13DMCP⁄ to the same extent (i.e. recp in
Eq. (10) is the same for all POM acids), but in doing so leads to lar-
ger Thiele moduli on stronger acids (Uecp, Eq. (7)). As a result stron-
ger acids cause greater diffusional enhancements of secondary
interconversions (given by g+ and g�; Eq. (15)), even though the
relative rates of alkylcyclopentoxide formation and of their sec-
ondary interconversions are not sensitive to acid strength. The
form of Eq. (12) and the data in Fig. 4 show that larger Uecp values
bring products closer to the relative abundance prescribed by ther-
modynamics. Asymptotic selectivities for small Uecp values reflect
instead the intrinsic rates of MCH= ring contraction to form each
product in a single sojourn at a proton. These trends and conclu-
sions remain valid irrespective of which specific parameters lead
to a change in the value of Uecp. These parameters include the dis-
tance between metal and acid sites (because metal sites define the
boundary of acid domains) (R), the difficulty in traversing the inter-
vening path between metal and acid functions (Decp), and the num-
ber of protons that reside within that path (qa). Diffusional
enhancements of secondary interconversions become weaker as
MCH= concentrations increase and protons approach saturation
coverages of methylcyclopentoxides (Kp,mch[MCH=]), because effec-
tive rate constants (rrc/[MCH=]) are lower at saturation than in the
first-order kinetic regime. This is not directly evident from our
treatment, because it focuses on the first-order kinetic regime
where MCH= and its products react on sparsely occupied protons
to allow closed-form solutions.

We note that these diffusion-enhanced secondary interconver-
sions have led to the inaccurate attribution of differences in selec-
tivities among catalysts to acid strength effects and to the incorrect
conclusions that (i) more demanding reactions are kinetically
favored on stronger acids and (ii) microporous acids contain pro-
tons of greater acid strength than mesoporous aluminosilicates.
In fact, the rates of formation of all alkylcyclopentene isomers
(and isohexene isomers [10]) are similarly affected by acid
strength. Stronger acids and confinement effects both increase
the magnitude of all isomerization rate constants, thus increasing
the contributions from secondary interconversions through their
effects on Thiele moduli; such interconversions always bring selec-
tivities closer to their thermodynamic values, causing the isomers
formed in more kinetically-demanding reactions to form at the
expense of those formed in the more facile steps. Microporous
solids additionally impose stronger diffusional barriers; thus,



Fig. 5. Measured methylcyclohexene ring contraction rate constants to form all
isomers (krcKp,mch; d) and equilibrium constants for MCH= protonation to MCH⁄ (Kp,

mch; j) using methylcyclohexane reactants for HnXW/SiO2(X = P, Si, Al, Co) (473 K)
mixtures with Pt/Al2O3 as a function of their deprotonation energies. The upper
dashed line is the regressed linear fit of the measured krcKp,mch values and the lower
dashed line is the average of the four Kp,mch values.
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Thiele moduli are larger and the extent of secondary interconver-
sions is even more significant.

Such effects of confinement and acid strength merely reflect the
predominant initial formation of the ‘‘facile” isomer and the
diffusion-enhanced secondary interconversions that move
products in the direction of their thermodynamic prevalence. The
phenomenological use of selectivity in probe reactions to assess
the acid strength of materials, even at differential conversion, is
therefore inappropriate without considering the ancillary com-
plexities of diffusional constraints; in fact, the sought-after kinetic
selectivities are insensitive to acid strength and, in the absence of
specific transition state stabilization, also to confinement effects.
Such measurements provide a scale to assess acid strength only
when these diffusional effects are absent, which seems seldom
the case for bifunctional isomerization reactions, as shown here
for cycloalkanes (and in [10] for acyclic alkanes), or when their
effects are rigorously described by kinetic-transport models, such
as that reported in this study, but not previously used in the
analysis of isomerization selectivities. In Section 3.2 we show
how the acid strength effects on the rate constants for the
formation of each primary MCH= conversion product can be deter-
mined from measured selectivities using these kinetic-transform
models.
Scheme 2. Reaction coordinate diagram depicting the free energies of MCH= and
MCH⁄ regioisomer groups and the free energies of the ring contraction transition
states accessible to MCH⁄. Free-energy barriers for krcKp,mch (DG�

rc,app) and krc (DG�
rc)

and the free-energy difference for Kp,mch (DGp,mch) are also shown.
3.2. Acid strength effects on methylcyclohexene ring contraction rates

The ability to extract intrinsic rate constants for individual
MCH⁄ isomerization steps from measured selectivities using the
kinetic-transport formalisms described here allows a rigorous
assessment of the effects of acid strength on each of the rate con-
stants for these elementary steps by using POM clusters with dif-
ferent central atoms and DPE values and known numbers of
accessible protons.

Fig. 5 shows krcKp,mch and Kp,mch values on each POM/SiO2-Pt/
Al2O3 mixture (regressed from the data in Fig. 1 to the functional
form of Eq. (2)) as a function of their DPE values [7]. POM clusters
with higher-valent central atoms (and fewer protons) exhibit smal-
ler DPE values, because their lower electron density leads to more
stable conjugate anions. Values of krcKp,mch increase exponentially
with decreasing DPE values (Fig. 5), indicative of stronger acid
sites, because ion-pairs at relevant ring contraction transition
states for all isomerization steps (see Section 3.2) benefit from
the more stable conjugate anions in the stronger acids. In contrast,
Kp,mch values are essentially insensitive to DPE because methylcy-
clohexoxides are similarly charged as unoccupied protons and
are thus not affected by the stability of conjugate anions [26].

Scheme 2 depicts the reaction coordinate for MCH= ring con-
traction on Brønsted acid sites and the individual free energy terms
that account for the measured activation free energy barriers for
the lumped kinetic parameter (krcKp,mch). In the formalism of tran-
sition state theory, free-energy barriers for krcKp,mch (DG�

app in
Scheme 2) include the free energies required (i) to protonate the
lumped (and equilibrated) gaseous MCH= isomers to form MCH⁄

lumped alkoxide species, in which attachment positions to the O-
atoms are also in equilibrium (DGp,mch in Scheme 2) and (ii) to rear-
range MCH⁄ species to form the ensemble of TS structures that
mediate ring contraction events from an equilibrated mixture of
adsorbed MCH⁄ alkoxides (DG�

rc in Scheme 2). The krcKp,mch value,
in turn, reflects the combined additive contributions of the rate
constants to form ring contraction products (

P
Pkrc;PKP;mch; Eq.

(3)); as a result, DG�
app reflects the combined contributions of the

free energies of all ring contraction TS structures (G�
mchMP in

Scheme 2) relative to those for lumped gaseous MCH= isomers
and to an uncovered H+ (Gmch in Scheme 2) averaged exponentially
because of the exponential dependence of rate constants on free
energies:

DGz
app ¼ �RT ln

X
P

exp
�ðGz

mch$P � GmchÞ
RT

 ! !

¼ �RT ln
X
P

exp
�DGz

app;P

RT

 ! !
ð20Þ



Scheme 3. Thermochemical cycle for formation of the ring contraction transition state leading to ethylcyclopentene on POM acid catalysts.
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The observed exponential effects of DPE on krcKp,mch can then be
interpreted by taking derivatives using Eq. (20):

�RT
dðlnðkrcKp;mchÞÞ

dðDPEÞ ¼ dðDGz
appÞ

dðDPEÞ ¼
X
P

Src;P
dðDGz

app;PÞ
dðDPEÞ ð21Þ

in which DG�
app,P is the apparent free-energy barrier to form the

specific transition state responsible for the formation of the ring
contraction product ‘‘P” and Src,P is the intrinsic primary selectivity
to form product ‘‘P” from MCH=.

The right side of Eq. (21) shows that measured d(DG�
app)/d(DPE)

values reflect the selectivity-weighed mean value of the deriva-
tives in Eq. (21) for each ring contraction product P. Ring contrac-
tion TS structures are similar on POM clusters with different
central atom [10,21,26]; consequently, d(DG�

app)/d(DPE) values pre-
dominantly reflect concomitant effects of DPE on activation ener-
gies, because of their similar activation entropies [7,21] and Eq.
(21) becomes the following:

�RT
dðlnðkrcKp;mchÞÞ

dðDPEÞ ¼ dðEappÞ
dðDPEÞ ¼

X
P

Src;P
dðEapp;PÞ
dðDPEÞ ð22Þ

Here, Eapp and Eapp,P are the respective apparent activation bar-
riers for krcKp,mch and the krc,PKp,mch terms for each product ‘‘P”. The
linear dependence of ln(krcKp,mch) on DPE (Fig. 5) demonstrates that
d(Eapp)/d(DPE) is a constant for the range of DPE values in Fig. 5,
making its value insensitive to acid strength for POM clusters dif-
fering significantly in reactivity (krcKp,mch; 15-fold). Measured d
(Eapp)/d(DPE) values (0.19; Fig. 5) are much smaller than unity,
indicating that Eapp increases less than the accompanying changes
in DPE and that ring contraction transition states partially attenu-
ate the effects of changes in DPE on activation barriers. The form of
Eq. (22) requires that the stability of all ring contraction TS
depends similarly on DPE (with d(Eapp,P)/d(DPE) = 0.19 for all prod-
ucts) for d(Eapp)/d(DPE) values not to sense the significant changes
in DPE among these POM clusters. As a result, intrinsic ring con-
traction selectivities (Src,P) cannot depend on DPE (and acid
strength), consistent with measured selectivities that are accu-
rately described using the same intrinsic selectivities for all POM
(dashed curves; Fig. 4).

Born-Haber thermochemical cycles provide instructive con-
structs that allow activation barriers for acid catalysis [41] to be
dissected into those for hypothetical steps that independently
sense properties of the catalyst (e.g., DPE) and of the molecules
(e.g. proton affinities of gaseous species) [10,21,42–44]. Specifi-
cally, activation barriers for MCH= conversion to ECP= include
hypothetical steps (Scheme 3) that (i) deprotonate the POM cluster
(DPE); (ii) react a gaseous H+ with MCH=(g) to form a gaseous ana-
log of the cation at the TS (Egas,ecp); and (iii) allow the gaseous TS
analog to interact with the POM conjugate anion to form the ion-
pair transition state for ring contraction (Eint,ecp):

Eapp;ecp ¼ DPEþ Egas;ecp þ Eint;ecp ð23Þ
Thus, DPE effects on Eapp,ecp reflect solely the effects of DPE on
Eint,ecp, which are determined, in turn, by the extent to which the
interactions of the TS cation with the conjugate anion recover
the energy required to deprotonate the POM acids. Such interac-
tions recover a large fraction of the ionic component of DPE values
(the classical electrostatic interactions as ions move relative to one
another), but a much smaller fraction of covalent component in
DPE (any reorganization, structural or electronic, induced by the
proximity of two species at their equilibrium distances) [45].

The replacement of Eapp,P in Eq. (22) with the analog of Eq. (23)
for each ring contraction product P leads to a relation between krc-
Kp,mch values and DPE:

dðEappÞ
dðDPEÞ ¼ 1þ

X
P

Src;P
dðEint;PÞ
dðDPEÞ ð24Þ

The individual d(Egas,P)/d(DPE) term for each product P is absent
because Egas,P is a property of gaseous species (Eq. (19)). In
Section 3.1, we showed that intrinsic MCH= ring contraction
selectivities (Src,P in Eq. (24)) did not depend on DPE. The
ln(krcKp,mch) values depend linearly on DPE (Fig. 5), confirming that
neither d(Eapp)/d(DPE) nor any of the terms in the summation of
Eq. (24) depend on DPE. We conclude, as inferred earlier, that
Eint,P values and MCH= ring contraction TS energies for all products
depend similarly on DPE. Eq. (24) then becomes the following:

dðEappÞ
dðDPEÞ ¼ 1þ dðEint;PÞ

dðDPEÞ ð25Þ

The d(ln(krcKp,mch))/d(DPE) value from the data in Fig. 5 (at
473 K) corresponds to a d(Eint,P)/d(DPE) value of �0.8, indicating
that each ring contraction TS recovers 80% of difference in DPE
among these acids. Their absolute values are smaller than unity
because the small and highly localized charges in gaseous protons
lead to stronger interactions with POM conjugate anions than
those for TS gaseous analogs. The similar effects of DPE on the sta-
bility of ion-pairs that mediate the different ring contraction
events indicate that the charge is similarly distributed throughout
their respective organic cations.

4. Conclusions

The effects of acid strength on reactivity and of acid strength
and site proximity on selectivity are demonstrated using methyl-
cyclohexane ring contraction reactions on well-defined solid
Brønsted acids in mixtures with Pt/Al2O3 co-catalysts. When pre-
sent in sufficient amounts, metal sites equilibrate dehydrogena-
tion/hydrogenation reactions of reactant and product alkanes/
alkenes and provide a low and constant concentration of alkenes
outside of all acid domains. Measured rate data were interpreted
mechanistically in order to determine rate constants for the total
rate of methylcyclohexene ring contraction (krcKp,mch) normalized
to the number of reactive H+ on Keggin POM clusters. These rate
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constants reflect the stabilities of ion-pair transition states, which
mediate kinetically-relevant methylcycloalkoxide ring contraction
steps, relative to an equilibrated lump of gaseous reactant methyl-
cyclohexenes and unoccupied acid sites. Activation barriers for ring
contraction reactions to all products increase with increasing DPE
on Keggin POM because cationic organic fragments at all ring con-
traction transition states recover only a portion of the additional
energy required to deprotonate weaker acids.

Measured ring contraction selectivities at differential methylcy-
clohexane conversions depend only on the total ring contraction
rate per volume of catalyst divided by [MCH=] (a surrogate for
the density and activity of acid sites in acid domains) on Keggin
POM clusters supported on mesoporous SiO2. This reflects intrinsic
ring contraction selectivities for branched and un-branched prod-
ucts and those for secondary isomerizations that interconvert ring
contraction products that are independent of acid strength.
Changes in acid strength affect measured ring contraction selectiv-
ities only when such changes also change the value of the Thiele
Appendix A. Nomenclature

Symbol Unit Definition

12DMCP=, 13DMCP=,
ECP=, MCH=

– Lumped chemical pseu
carbon skeleton and on

12DMCP⁄, 13DMCP⁄,
ECP⁄, MCH⁄

– Lumped chemical pseu
carbon skeleton and on

av nm�1 Surface area per unit v
DP m2/s Effective diffusivity of p

respectively) in the me
DPE kJ mol�1 Energy required to dep
Eapp kJ mol�1 Apparent activation ba
Eapp,P kJ mol�1 Apparent activation ba
Egas,P kJ mol�1 Energy required to reac

at the TS that mediates
Eint,P kJ mol�1 Energy associated with

mediates the formation
when forming the ion-

Gmch kJ mol�1 Free energy of the MCH
G�
mchMP kJ mol�1 Free energy of the TS m

(Scheme 2)
Kd;mch Pa Equilibrium constant fo
Kp;mch Pa�1 Equilibrium constant fo
Kp;P Pa�1 Equilibrium constant fo

12DMCP= to 12DMCP⁄,
KP;P0 – Equilibrium constant fo

‘‘P” = ecp, 12, or 13 for
kP!P0 molec. (H+ ks)�1 Rate constant for ‘‘P” is

12DMCP⁄, and 13DMCP
krc molec. (H+ ks)�1 Rate constant for MCH
krc;P molec. (H+ ks)�1 Rate constant for MCH
MA kg mol�1 Molecular weight of sp
R m Characteristic length o
�R kg m2 mol�1 K�1 s�2 Ideal gas constant
rrc molec. (H+ ks)�1 Rate of MCH ring contr
rrc;P molec. (H+ ks)�1 Rate of MCH ring contr
Sm;P – Measured selectivity to
Src;P – Intrinsic MCH⁄ ring con
Vcat m3 Total volume of the aci
aecp ms Ratio of the Thiele mod
DG�

app kJ mol�1 Free-energy barrier for
DG�

rc kJ mol�1 Free-energy barrier for
DGp,mch kJ mol�1 Free-energy difference
moduli for ECP= consumption (Uecp) and, concomitantly, the extent
of secondary isomerization reactions among ring contraction prod-
ucts within acid domains, not by changing the relative rates of
alkylcyclopentoxide formation from methylcyclohexene at acid
sites. At low values of Uecp, measured selectivities approach those
predicted by the intrinsic rates of alkylcyclopentoxide formation
from methylcyclohexene, and at high values, measured selectivi-
ties approach those predicted for an equilibrated mixture of alkyl-
cyclopentene products. Such effects are expected for any change in
catalyst property that changes Uecp. Consequently, increasing site
proximity among metal and acid sites, which decreases the charac-
teristic length of the acid domain; decreasing density of acid sites
in the acid domain; increasing the diffusivity of products in the cat-
alyst support, decreasing the fraction of uncovered acid sites cov-
ered; or decreasing the acid strength of the catalyst will all shift
measured selectivities in the same direction: toward those pre-
dicted by the intrinsic rates of alkylcyclopentoxide formation from
methylcyclohexene.
do-species made up of alkene regioisomers that share the same
ly differ in the position of the double bond
do-species made up of alkoxide regioisomers that share the same
ly differ in the position of the surface attachment
olume of a solid
roduct ‘‘P” (‘‘P” = ecp, 12, or 13 for ECP=, 12DMCP=, and 13DMCP=,
soporous acid aggregate (here silica)
rotonate an acid (Scheme 3)
rrier for krcKp,mch

rrier for the krc,PKp,mch term for product ‘‘P” (Scheme 3)
t a gaseous H+ with MCH= to form a gaseous analog of the cation
the formation of ring contraction product ‘‘P” (Scheme 3)
the interaction of the gaseous analog of the cation at the TS that
of ring contraction product ‘‘P” with the POM conjugate anion

pair TS (Scheme 3)
= regioisomer group and an uncovered acid site (Scheme 2)
ediating the formation of ring contraction product ‘‘P”

r MCH dehydrogenation to MCH=

r MCH= protonation to MCH⁄

r product ‘‘P” protonation. (‘‘P” = ecp, 12, or 13 for ECP= to ECP⁄,
and 13DMCP= to 13DMCP⁄, respectively)
r the equilibration of product ‘‘P” and product ‘‘P” (‘‘P” or
ECP=, 12DMCP=, and 13DMCP=, respectively)
omerization to product ‘‘P” (‘‘P” or ‘‘P” = ecp, 12, or 13 for ECP⁄,
⁄, respectively)

⁄ ring contraction to all products
⁄ ring contraction to product ‘‘P”
ecies A
f acid domains

action to all alkylcyclopentane isomers
action to product ‘‘P”
product ‘‘P”
traction selectivity to product ‘‘P”
d catalyst
ulus for ECP= consumption to K
krcKp,mch (Scheme 2)
krc (Scheme 2)
for Kp,mch (Scheme 2)



Appendix A (continued)

Symbol Unit Definition

fþ and f� – Constants that relate the Thiele modulus for ECP= consumption to those for all secondary
isomerization reactions. The values of these constants depend explicitly on recp and Seq,P

gþ and g� – Effectiveness factors that describe the extent of secondary isomerization reactions
within acid domains

s – The void fraction of a solid
HP – A constant unique to product ‘‘P” that affects selectivities to product ‘‘P” when g+ and g�

are between extremes
/ – Tortuosity factor of a solid
K ms�1 Rate of MCH ring contraction to all alkylcyclopentane isomers per volume of acid

catalyst divided by the concentration of MCH=

qa H+ (nm3-SiO2)�1 Volumetric density of Brønsted acid sites in acid domains
recp – Ratio of the rate constant for 12DMCP⁄ isomerization to ECP⁄ over that for 12DMCP⁄

isomerization to 13DMCP⁄

U2
P

– Thiele modulus for consumption of product ‘‘P” via secondary isomerization reactions
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