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Olefin Ring-closing Metathesis under Spatial Confinement:
Morphology—Transport Relationships

c

Ulrich Tallarek,*™ Janika Hochstrasser,” Felix Ziegler,” Xiaohui Huang,'® Christian Kiibel,”?

and Michael R. Buchmeiser™

Spatial confinement effects on hindered transport in mesopo-
rous silica particles are quantified using reconstructions of their
morphology obtained by electron tomography as geometrical
models in direct diffusion simulations for passive, finite-size
tracers. We monitor accessible porosity and effective diffusion
coefficients resulting from steric and hydrodynamic interactions
between tracers and pore space confinement as a function of
A=dyace/Amesor the ratio of tracer to mean mesopore size. For
A=0, pointlike tracers reproduce the true diffusive tortuosities.

1. Introduction

The restricted access to and hindered diffusion within meso-
porous materials are key transport phenomena of many
technological and environmental processes. It includes the
immobilization of bulky species (molecular catalysts, enzymes,
polyhedra, and clusters) on the internal surface of a material,!"
the transport of substrates to and products from the catalyti-
cally active sites,” or the controlled release of drugs, macro-
molecules, and cells.”’ For example, the partial size-exclusion of
solutes from the mesopore space of a material during surface
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For A>0, derived hindrance factors quantify the extent to
which diffusion through the materials is hindered compared
with free diffusion in the bulk liquid. Morphology-transport
relationships are then discussed with respect to the immobiliza-
tion, formation, and transport of key molecular species in the
ring-closing metathesis of an a,m-diene to macro(mono)cycliza-
tion product and oligomer, with a 2"-generation Hoveyda-
Grubbs type catalyst immobilized inside the mesopores of the
particles.

functionalization diminishes its mass loadability and reduces
the active surface area, and when the interfacial kinetics are
fast, hindered diffusion to and from the active surface sites
becomes limiting to the process performance.” Therefore, the
impact of restricted access and hindered diffusion, the result of
steric and hydrodynamic interactions between solutes and the
confinement, should be quantitatively known to unravel the
complex interrelationships between morphology, transport, and
reaction and thereby allow for a better tuning of efficiency,
yield, and selectivity. This is particularly important for multifunc-
tional catalysts designed to achieve higher catalytic activity or
enantioselectivity, because transport under confinement trig-
gers synergistic effects between different functionalities immo-
bilized on the same surface.”

Hindrance to diffusion of passive, finite-size tracer molecules
(or solutes) within and through a mesopore network is
commonly expressed by the local and global hindrance factors
K4(4) and H(1) as a function of 1 =d,./dmesor the ratio of the
hydrodynamic diameter of the tracers (dy,.) and the mean

mesopore diameter (d,es):®

Deff.H (ﬂ’)

H() = =5

= Ka(A)e(2) )

The effective diffusion coefficient Dy(4) in Eq. (1) character-
izes the global process of diffusion into and through the
mesopore network (subscript H) and H(1) is the global
hindrance factor relating De¢u(4) to D, the diffusion coefficient
for free diffusion in the bulk liquid. In contrast, K4(1) = Deg(1)/
D,, denotes the local hindrance factor representing effective
diffusion locally within the mesopore network (subscript K). £(1)
in Eq.(1) characterizes the accessible mesoporosity as a
function of 1. Accordingly, D (1) = Degn(A)/€A).

Hindered diffusion behaviour expressed by Eq. (1) and the
underlying morphology-transport relationships can be eluci-
dated by a combination of experimental approaches.” For
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example, pulsed field-gradient nuclear magnetic resonance
(PFG-NMR) has been widely applied to study effective diffusion
coefficients in mesoporous materials used in heterogeneous
catalysis.”! The ensemble-tracking offered by PFG-NMR can be
complemented by single-molecule tracking data from spectro-
scopic techniques that allow to monitor trajectories of single
molecules and localize their position of sorption and reaction,”
or even track diffusion in a pore while imaging the pore itself
and thus quantify diffusion at the single-pore level' IR
microimaging, on the other hand, has been implemented to
determine effectiveness factors of catalyst particles in a single
measurement by recording the evolution of substrate and
product concentration profiles emerging from the direct inter-
play of diffusion and reaction."”

However, utilizing spatial confinement effects in the best
possible way implies that the three-dimensional morphology of
the mesopore space under consideration is known, for example,
by reconstruction via electron tomography"? (becoming in-
creasingly popular as part of multiscale characterization
studies™), and transferred into geometrical models that are
subsequently used in direct, i.e., pore-scale simulations of
diffusion, sorption, and reaction. This approach provides a
comprehensive picture regarding the spatiotemporal dynamics
of relevant physicochemical phenomena under explicit consid-
eration of the three-dimensional morphology of a material,
reflecting its individual preparation history. Further, diffusion
can be simulated independently from processes coupled in
experiments, such as sorption and reaction, by using passive
tracers that neither interact with the material surface nor with
one another. It allows to quantitatively resolve key aspects of
diffusive transport in porous media, such as the effect of
increasing tracer size on hindrance to diffusion. In addition,
transport properties can be related to morphological character-
istics, for example, to the porosity and connectivity of the
accessible pore space, which leads in a straightforward manner
to the morphology-transport relationships reflected by the local
hindrance factor K,4(A) and the accessible porosity function &(4)
in Eq. (1).

We recently presented a three-step methodology compris-
ing (i) the physical reconstruction of the mesopore space by
electron tomography, (ii) morphological analysis of the recon-
structed mesopore space regarding, for example, its pore
network connectivity and the presence of dead ends, con-
strictions, and closed pores, and (iii) direct numerical simulation
of tracer diffusion in the reconstructed mesopore space with
systematic variation of the fundamental parameter 4 to derive
expressions for the hindrance to diffusion in ordered and
random mesoporous silicas." These studies provided two main
conclusions. First, expressions for hindered diffusion decrease
more strongly with increasing A4 than predicted by the
equations of Renkin™ and Dechadilok and Deen.*™ Those
equations were derived for diffusion of spherical particles in a
cylindrical pore by resolving the problem of enhanced drag
from the hydrodynamic Stokes-friction effect. It appears unsur-
prising that three-dimensional networks of pores with varying
shape, size, and connectivity close off at lower 1 due to bottle-
necking at smaller pore openings than a single, straight
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cylinder. Morphology-transport relationships of a material are
its signature, reflecting individual morphological features as the
consequence of its often highly specific preparation history.™?
Second, ordered mesoporous silicas enable more selective
access to the mesopore space (closing off sharper with larger
tracer size) than random mesoporous silicas.* From that
perspective the main benefit of the studied ordered silicas
(SBA-15 and KIT-6) is a narrow pore size distribution that, in
turn, increases the size-selectivity of a process. On the other
hand, ordered silicas did not provide faster diffusion than the
random silicas. Morphological analysis has shown that diffusion
in a pore space with a narrow pore size distribution becomes
highly sensitive to local nonuniformities in pore shape, size, and
connectivity. Thus, hindered diffusion observed on a macro-
scopic scale depends critically on local aspects of pore
interconnectivity and the actual deviations from idealized pore
geometries. This sensitivity to details of the pore space suggests
that structural properties as manifested in XRD patterns and a
narrow pore size distribution are unreliable predictors of the
transport dynamics and that quantitative measures of morpho-
logical and transport properties require physical reconstruction
of the mesoporous materials."*

Motivated by these results, we initiated further research on
potential benefits of ordered vs. random pore structures and
narrow vs. wide pore size distributions for the transport
properties of mesoporous silica materials employed as support
structures in heterogeneous catalysis. An additional goal was to
establish a continuous-flow microreactor platform to comple-
ment the insight coming from simulations and for comparison
with batch experiments. In this work, we present our first results
on the morphology-transport-functionality relationships for
spherical silica particles with a mean particle size of ~5 um and
mean nominal mesopore sizes of 6 and 10 nm employed in the
ring-closing metathesis (RCM) of an o,m-diene with a 2™-
generation Hoveyda-Grubbs type catalyst selectively immobi-
lized inside their mesopores. While catalyst immobilization
generally aims at improved catalyst stability, its separation from
the reaction mixture, and reuse of the catalyst, and many
approaches are available today for immobilization of Grubbs-
type catalysts on organic and inorganic supports,"® another
highly attractive feature of catalyst immobilization in meso-
pores of different size and shape is the confinement effect and
its impact on catalyst selectivity.®'” This has been highlighted
with a biomimetic approach that employs a biological concept
to reduce the drawbacks related to macrocyclization."® The
concept is based on pore size-selective immobilization of a
ruthenium-based olefin metathesis catalyst inside the pores of a
support. If the pore diameter is tuned such that only one
substrate molecule can approach the catalyst inside a pore at a
given time, then macro(mono)cyclization (MMC) will prevail and
oligomerization (O) should be suppressed. With this approach,
the ratio between MMC product and all undesired O products
resulting from acyclic diene metathesis polymerization (ADMET)
could be increased from 0.55, corresponding to 35% MMC
product obtained with the homogeneous catalyst, up to 1.49,
corresponding to 60% MMC product."® Importantly, a relation-
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ship between the MMC/O ratio and the substrate-to-pore-size
ratio has been established in that work.

Here, we build on our accumulated experience with the
reconstruction-simulation approach as applied to mesoporous
silicas™ and the experimental results achieved with the
biomimetic approach to fine-tune spatial confinement effects
for increased macrocyclization selectivity."® We start with
illustrating the individual steps necessary to establish morphol-
ogy-transport relationships for the silica particles, which — due
to their different pore size distributions and mean mesopore
sizes at conserved particle size - reveal different solute-size
selective transport properties. Confinement effects on hindered
transport are quantified by using the reconstructed pore space
morphologies as geometrical models in diffusion simulations
with finite-size tracer molecules. Accessible porosity and
effective diffusion coefficients are recorded systematically as a
function of 4, the ratio between the hydrodynamic diameter of
the tracers and the mean mesopore diameter. These relation-
ships, general functions of 4 for the investigated materials, are
then specifically discussed in view of the transport properties of
the homogeneous catalyst (relevant for its immobilization
inside the mesopores), substrate molecules (relevant for catalyst
accessibility in the pores), as well as the MMC and O products
(relevant for their formation via competitive olefin metathesis
pathways).

Table 1. Structural properties of the silica powder samples.

Parameter® Si60 Si100
V,[em*g™"] 0.82 1.19
Sger [(M?g 7] 793 417
dpeso [NM] 5.9 13.0
Eintra [—] 0.63 0.72

[al

Total pore volume (V,), specific surface area (Sg+), and mode mesopore
diameter (d,.,,) derived from nitrogen physisorption analysis; intraparticle
porosity (€,,) calculated by &,,=V, / (V,+d5 "), where dq is the density of
amorphous silica (2.13 gem™).

2. Results and Discussion
2.1. Properties of the bulk mesoporous silica samples

Structural properties of the silica particles with nominal
mesopore diameters of 60 and 100 A (the two materials are
accordingly denoted as Si60 and Si100 further on) obtained by
nitrogen physisorption measurements are summarized in
Table 1.

The nitrogen physisorption isotherms of the mesoporous
silicas in Figure 1A can be assigned to type IV(a) isotherms with
H2(a) hysteresis loops.'” Derived pore size distributions in
Figure 1B have relative standard deviations of 59% (Si60) and
38% (Si100). These are typical values for random mesoporous
silicas used, for example, in liquid chromatography, where pore
size distributions with relative standard deviations of 30-50%
and higher are found, often with a tail towards larger pore
sizes."™<? The mean pore size is 5.9 nm for Si60 and 13.0 nm
for Si100 (corresponding here to the mode of each distribution).
These values were subsequently used to calculate 1=d,./
dpeso- Cumulative pore volumes shown in Figure 1C confirm the
existence of micropores in Si60 (see inset). However, the
amount of micropores is negligible compared to the main pore
volume starting with pores of diameters above 2 nm. For Si100,
the smallest pore size is 6 nm. Finally, the intraparticle porosities
&nwa (intraparticle void volume fractions) are 63% and 72 % for
Si60 and Si100, respectively. The higher porosity of the Si100
material can be rationalized with its preparation history based
on a pore widening of small-pore silica (hydrothermal treat-
ment), which also leaches some of the solid, resulting in wider
pores and a somewhat higher porosity.

2.2. Three-dimensional reconstruction of mesopore space
morphologies

For statistical reasons, four reconstructions were prepared in
total from each silica material using electron tomography. Two
of the reconstructions are shown in Figure 2, and the complete
set of the (eight) reconstructions as well as their dimensions are
summarized in the Supporting Information (Figure S1 and
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Figure 1. Nitrogen physisorption isotherms (A), pore size distributions (B), and cumulative pore volumes (C) for the two silica powder samples.
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Figure 2. Selected reconstructions of the Si60 (A) and Si100 (B) mesoporous silicas (see Figure S1, Supporting Information, for the complete set of

reconstructions).

Table S1). Reconstructions highlighted in Figure 2 and Figure S1
clearly visualize the different geometrical properties of Si60 and
Si100 materials with respect to their mean pore size. Average
void volume fractions, i.e., the fractions of void voxels in the
two sets of reconstructions, are 60.1% for Si60 and 69.1% for
Si100, values that are very similar to the porosities based on
nitrogen physisorption analysis (&, in Table 1). The reconstruc-
tions slightly underestimate the nitrogen sorption data (by
~4%), possibly due to some smaller pores or pore necks that
escape proper identification as void during the reconstruction
procedure. For both silicas, we observe a highly interconnected,
random mesopore network confined by solid (impenetrable)
silica walls.

2.3. Morphology-transport relationships: Accessible porosity
and hindered diffusion

Direct (pore-scale) simulations of hindered diffusion are con-
ducted for pointlike and finite-size tracers that move through
the pore space of the reconstructions driven by random

»

Yadlic
Il void

] solid

Brownian motion. The pore space accessible to an ensemble of
pointlike tracers equals the entire void volume of a reconstruc-
tion. However, due to their steric interactions with the pore
walls, finite-size tracers have access to only parts of that
volume, depending on A =d,.c/dmesor the ratio of the hydro-
dynamic diameter of the tracers (dy,.,) and the mean mesopore
diameter (d,..s,)- To model the accessible porosity for finite-size
tracers, the reconstructions (serving as geometrical models in
the simulations) are subjected to a dilation procedure illustrated
by Figure 3."*?" The reduction of accessible pore space for
finite-size tracers can be accounted for by eroding the pore
space accessible to pointlike tracers with a structuring element
of size d,...- Accordingly, a layer of solid is added to the silica
walls (Figure 3A and 3B), where the layer-thickness equals half
the diameter of the finite-size tracer (Figure 3C). By this
procedure, the steric interaction between the center (point) of
the finite-size tracer and the hard silica wall is modelled, i.e.,
the center of a hard spherical tracer particle of diameter d, is
excluded from a region of thickness d,./2 at the wall. The
remaining porosity corresponds to the volume accessible to a
tracer of size d,,.. In other words, the void space accessible to

d

tracer

Il added solid

Figure 3. Schematic illustration of the dilation procedure. Solid phase (white) in the binary image stack (A) is dilated by a layer of additional solid (red) with
thickness '/, dycer (B). This represents the region adjacent to the pore walls, from which the center of a spherical, finite-size tracer of size dy,c is excluded (C).
The situation is equivalent to using pointlike tracers in the remaining (black) pore space.
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the center of a finite-size tracer becomes identical to the void
space accessible to a pointlike tracer if the pore size reduced by
Aipacer-

The void volume fractions (accessible porosities) resulting
for finite-size tracers of different diameter d,,., are shown in
Figure 4A for both sets of reconstructed silicas. Error bars
represent 95% confidence intervals for the four reconstructions
of each set. Pointlike tracers (d,..,=0) experience an average
porosity of £=0.601 in Si60 and &=0.691 in Si100. These
values are (expectedly) identical to the average porosities
calculated from the fractions of void voxels in the four
reconstructions for each silica. It confirms that the pointlike
tracers have access to every voxel in a reconstruction. Due to
the smaller mean pore size the accessible porosity declines
faster with increasing d,., for Si60 than for Si100 (Figure 4A).
Effective diffusion coefficients simulated for finite-size tracers in
the available pore spaces are shown in Figure 4B (normalized
by D, the diffusion coefficients for pointlike tracers in the
reconstructions). As expected, the mobility of larger tracers is
reduced compared to pointlike tracers and decreases more
quickly for Si60 than for Si100. In both materials, diffusion is
hindered by the intrinsic confinement including the tortuosity
and constrictivity of the pores.

Figure 5 (top row) highlights pore constrictions in both
materials (red circles), which become closed, i.e., inaccessible
pathways for larger tracers (bottom row) due to their enhanced
steric interaction with the pore walls. Also the zoomed regions
(green frames) highlight the substantial decrease of accessible
porosity and the expected increased hindrance to diffusion for
different tracer sizes (top row: pointlike tracers, bottom row:
dyscer=1.4nm and 1.9 nm), as illustrated here by the dilation
procedure. Finally, the green cylinders in Figure 5 with the
respective mean diameter d,., (from each silica) indicate
consistency between the physisorption-based analysis and pore
sizes found in the physical reconstructions.

7
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Figure 4. Accessible porosity (A) and simulated effective diffusion coefficient (B)

as a function of tracer size d,

To quantify the hindrance to diffusion in both silicas in a
dimensionless form, the accessible porosity, normalized by &,=¢
(A=0), and the simulated effective diffusion coefficient, normal-
ized by Dy=D.¢(4=0), were plotted as a function of A =d,,../
dmesor the ratio between tracer size and mean mesopore
diameter. The resulting data sets are summarized in Figure 6
and the following second-order polynomial fits are obtained for
the porosity (Figure 6A):

@ =1-2.021+086i2 (Si60) @
0
@ =1-2561+ 1494 (5i100) )

0

For the effective diffusion coefficients, we receive the
following third-order polynomial fits (Figure 6B):

—Defg(’l) =1—1.094 —2.544% +3.17>  (Si60) 4

0

Deffbim =1-0.891—5642>+7.422°> (Si100) (5)
0

With Egs. (2)-(5) we can construct the global hindrance
factor H(A) for the two materials (cf. Eq. (1)). Because K4(A) = Dggx
(A)/Dy, =D (A)/Dyty (Where 7, denotes the diffusive tortuosity
of the pointlike tracers), we obtain for Si60:

H(4) = Kq(A)e(A) =
?(1 —3.114 + 0.524% + 7.36/° — 8.581* + 2.731°)
0

And for Si100 we receive:

d [nm]

tracer

for Si60 and Si100. Diffusion coefficients are

‘tracer

normalized by Dy=Df(dyacer = 0), the diffusion coefficient obtained in the limiting case of dy....;=0. The gray-shaded regions will become relevant to the

discussion in Section 2.4.
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Figure 5. (Top row) Front view on two original reconstructions of Si60 (A) and Si100 (B) and after application of the dilation procedure (bottom row). Red
circles highlight constrictions that are open for pointlike tracers (top row, d....=0), but closed for finite-size tracers (bottom row, dy,...=1.4 nm and 1.9 nm).
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Figure 6. Dependence of the accessible porosity (A) and effective diffusive mobility (B) in physical reconstructions of the two mesoporous silicas on 4, the
ratio of tracer size to mean mesopore diameter. Data are normalized by the corresponding values for pointlike tracers, £,=£(4 =0) and Dy=D(A =0) =D,/7,

(with 7o, the diffusive tortuosity of the pointlike tracers).

H(A) = Ks(A)e(2) =

201 -3.450— 1.8722 +20.50° — 27.41° + 11.11°) @)
0
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Inserting the respective values of & and t,, i.e., accessible
porosity and diffusive tortuosity for pointlike tracers (g,=0.601
and 7,=1.69 for Si60, £=0.691 and t,=1.41 for Si100) into
Egs. (6) and (7) allows to quantify hindered diffusion of finite-
size, passive tracers into and through both silicas for any A-
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value. With the panels in Figure 6, the global hindrance factor H
(A) =Deg14(1)/D,, is obtained by multiplying the £(4)/g,-value at a
A of interest in Figure 6A with the corresponding value for D
(A)/Dy in Figure 6B, the result of which represents the value
given by the bracket expression in Eq. (6) or Eq.(7), and then
multiplying the value with &/, for a particular material.

2.4. Implications for molecular transport and selectivity in
olefin metathesis

With the available relationships between pore space accessi-
bility, effective diffusion, and tracer size for the two mesoporous
silicas, Eqgs. (2)-(7), we can now discuss consequences for the
immobilization, formation, and transport of the key mole-
cules 1-4 shown in Figure 7. Using hydrodynamic diameters dy
in bulk solution determined via DOSY-NMR measurements (see
Experimental Section), we first identify corresponding values of
A=d,/d, and then calculate accessible porosity £(1) as well as
the local and global hindrance factors Ky(4) and H(1) for all
species 1-4. These data are summarized in Table 2 for Si60 and
Si100.

We begin our discussion with the immobilization of the
catalyst 1 inside the mesopores of the silica particles, where the
trimethoxysilyl tether (Figure 7) serves for covalent bonding to
the surface silanol groups. Importantly, already this first step
(catalyst immobilization) is a pore size-selective process. Caused

by a hydrodynamic diameter of d,=1.08 nm in benzene
(solvent used for immobilization), the catalyst may be actually
size-excluded from a significant number of pores. In Si60, 1
experiences an effective porosity of &(1)=0.395. This corre-
sponds to only ~66% of the porosity seen by the pointlike
tracers (g,=0.601). In contrast, the porosity of the catalyst in
Si100 (0.554) still represents 80% of the void space accessible
to pointlike tracers (£,=0.691). Therefore, we predict a signifi-
cantly lower loading with 1 for the Si60 than for the Si100
particles. In addition, diffusion of 1 into and through the pore
space of Si60 is only half as fast as for Si100, as shown by the H
(A)-values in Table 2. For example, the H(1) of 0.172 for Si60
means that the effective diffusion coefficient of 1, characterizing
its global process of diffusion into (entering) and through
(translocation) the mesopores, is only 0.172xD,, (cf. Eq. (1)),
where D,, denotes the free diffusion coefficient of 1 in the bulk
solution. This implies that correspondingly more time should be
reserved in protocols for catalyst immobilization in Si60 than in
Si100. In general, these times should also consider (together
with the diffusive hindrance factors) the actual size of the
particles that shall be uniformly modified to accurately fine-
tune the overall immobilization step.

While the partial size-exclusion of the catalyst from the
mesopore space of the silica particles during immobilization
reduces their loadability and thus their active surface area, it
should not affect the availability of immobilized catalyst by
substrate 2 during the RCM experiments (in absolute toluene as

OMe
MeO/,,S|_
i —\
y Ci
Ru=
!
O

- L

O m-1—
m/\M)J\OW s
° ADMET l‘
RCM Q
4
A 0o CDP |T
m |2o
ROMP
8
3

Figure 7. 2"-generation Hoveyda-Grubbs type catalyst 1 immobilized inside the mesopores of the silica particles and olefin metathesis pathways for the a,w-
vinylic prolactone 2 (substrate) to MMC product 3 and oligomer 4. RCM: ring-closing metathesis, ADMET: acyclic diene metathesis, ROMP: ring-opening

metathesis polymerization, CDP: cyclodepolymerization.
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Table 2. Transport properties of catalyst 1, substrate 2, macro(mono)cyclization product 3, and oligomer 4 (cf. Figure 7) in bulk solution and in the
mesoporous silicas.
Material Parameter® 1 2 3 4
Si60 dy [nm] 1.08 1.01 0.87 1.49
A =d/dreso 0.18 0.17 0.15 0.25
&A) 0.395 0.407 0.432 0.327
Ky(4) 0.435 0.447 0.470 0.364
H() 0.172 0.182 0.203 0.119
Si100 dy [nm] 1.08 1.01 0.87 1.49
A =dy/dreso 0.083 0.078 0.067 0.115
&) 0.554 0.562 0.579 0.505
Ky(A) 0.628 0.634 0.646 0.590
H(A) 0.348 0.357 0.374 0.298
[a] Hydrodynamic diameter d,, in bulk solution (deuterated benzene for 1, deuterated toluene for 2-4) from DOSY-NMR diffusion measurements using the
Stokes-Einstein equation; accessible porosity £(1), local and global hindrance factors Ky(4) and H(1) calculated by Egs. (2), (3), (6), and (7) with £,=0.601 and
7,=1.69 for Si60 and £,=0.691 and 7,=1.41 for Si100.

solvent). As seen in Table 2, the substrate is slightly smaller
than the catalyst (1.01 vs. 1.08 nm) and should therefore
experience no difficulties to reach all catalyst groups that could
be immobilized on a silica surface. This is confirmed by the very
similar accessible porosities €(4) for 1 and 2 in the two silicas
(Table 2). Also for the targeted MMC product 3, still smaller
than the substrate (0.87 vs. 1.01 nm), moving away from the
catalyst (where it is formed) and out of the particles should be
unproblematic. The situation changes, however, for the oligom-
er 4 that forms by ADMET in sufficiently large pores."® Due to
steric reasons, 4 in Figure 7 (and Table 2) mostly represents the
dimer. With d,=1.49 nm, 4 is ~70% larger than 3 and has, with
£(4)=0.327 in Si60 (0.505 in Si100), access to only ~76% (87 %)
of the pore space seen by the MMC product 3. Expectedly, also
local diffusion of 4 within the mesopores (reflected by the Ky(4)-
values in Table 2) is slower than for 3 and, as with the accessible
porosity, the mobility difference increases with the increasing
confinement (decreasing dp.;,) from Si100 to Si60: For Si100
(Si60), the local hindrance factor of 4 is 0.590 (0.364) and has
thus dropped to ~91% (~77 %) of the corresponding value for
3.

The enhanced confinement effect on the accessible porosity
and effective diffusivity can be clearly recognized in Figure 4.
The gray-shaded region in each panel indicates the range of
hydrodynamic diameters d,; of the key molecular species (cf.
Figure 7 and Table2) involved in the RCM of interest.
Importantly, porosity and diffusivity data for Si60 in Figure 4 are
not just below those for Si100, but also their slopes are steeper.
That is, the sensitivity of the increased spatial confinement to
the size of the diffusing tracers is enhanced, as confirmed by
the data in Table 2. On the other hand, it should be realized
that the better size-selectivity of Si60 comes at the price of a
reduced mobility (adversely affecting conversion). For example,
the H(A)-value characterizing diffusion of substrate 2 into and
through Si60 (0.182) has dropped to almost 50% of the value
for Si100 (0.357). As a consequence, adequate supply of 2 may
not be maintained. Depending on particle size and catalyst
reactivity, this can severely increase the risk of diffusion
limitations."”
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Figure 8 illustrates the important effect of accessible/
excluded pore volumes associated with increasing tracer size
(data based on Figure 4A for Si60). The representations,
obtained for pairs of neighbored d,,.values (cf. Figure 4A),
highlight pore volumes that become inaccessible when the
tracer size is increased from dy,cer1 tO yacer,r The top row
visualizes accessible pore networks for a two-dimensional slice
through Si60 (green and red: accessible t0 dyueeri, green:
accessible to dy,e,), while the bottom row extracts three-
dimensional pore volumes that are inaccessible to tracers of
Size dy,cer, (in €ach panel). Interestingly, tracer sizes in Figure 8C
represent (approximately) the hydrodynamic diameters of
substrate 2 and product 4, so that the excluded pore volume
visualized in the bottom panel of Figure 8C identifies pores, in
which 2 selectively reacts to the MMC product 3 via direct RCM.
Due to its size, 4 can neither be formed in these pores nor enter
(and diffuse through) them. Figure 8 therefore reveals that the
diffusion networks for 2 and 3 are rather similar, but still
significantly different (regarding pore volume, network con-
nectivity, and tortuosity) from the transport pathways of 4.

A conclusion from the previous analysis is that it should be
possible to locally trap oligomer 4 in pore environments, which
enable catalyst 1 and substrate 2 to enter but prevent the
larger oligomer molecules from leaving. The existence of such
regions is confirmed with Figure 9, which highlights (light blue)
two examples of pore space in Si60 that can only be entered
and left through constrictions (black circles). As indicated in the
figure, these constrictions are wide enough for 1 (during
immobilization) and 2 (during RCM) but too narrow for 4.
Consequently, it is possible that oligomer forms locally due to
ADMET and then becomes sterically trapped. On the other
hand, this occasional event does not comprise a dead end in
the synthetic pathway of 4. Because of equilibrium RCM, which
can convert the oligomer into MMC product through cyclo-
depolymerization (Figure 7),*? and the reversibility of ADMET
(particularly in a compact microreactor without efficient loss of
ethylene as the olefinic coproduct), organic matter stored
locally in the oligomer may not be trapped forever, but can be
released via further reactions of 4 resulting in sufficiently small
molecules. The dynamics of the coupled reactions highlighted

288 © 2020 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 8. Accessibility of pores in Si60 to tracers of different size. Red pores indicate regions that become inaccessible when steric interaction between tracers
and solid silica increases from dyace.1 0 dyacero- The top row highlights accessible pores for dy ey and dyacer, in @ single slice through the reconstruction, while
the bottom row visualizes the size-exclusion volumes in cubic boxes with dimensions of 46° nm’.

® Substrate
@ Trapped oligomer
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Figure 9. Local trapping of oligomer 4 in Si60. Highlighted in light blue are pore regions from which oligomer (formed locally within these regions) cannot
escape by diffusion, because pore necks (black circles) are too narrow. On the other hand, these constrictions are wide enough to allow the passage of
catalyst 1 (during immobilization), substrate 2 (during RCM), and MMC product 3. Oligomer formed outside these regions (indicated in yellow) can move

freely through the remaining pore system.

in Figure 7 becomes particularly important when high substrate
concentrations move into the focus due to the increasing
significance of ADMET.

3. Conclusions

Presented Egs. (2)-(7) quantify hindered accessibility and
diffusion in realistic geometrical models of random mesoporous
silicas intended for subsequent application as support in the
RCM of substrate 2, with catalyst 1 selectively immobilized
inside their mesopores. Using the individual values for &, and 7,
in Egs. (6) and (7), i.e., £§=0.601 and 7,=1.69 for Si60 (d e, =
59nm) and &=0.691 and 7,=1.41 for Si100 (dyec =13 NM),
the two expressions quantify the hindrance to diffusion through

ChemCatChem 2021, 13, 281-292 www.chemcatchem.org

the respective silica material as experienced by finite-size,
passive tracers for A =dyace/dmeso (ratio between tracer size and
mean mesopore diameter) up to ~0.7 (Si60) and ~0.6 (Si100).
Within these ranges, Egs.(2)-(7) can be generally used to
predict transport properties for the employed silica particles.
Ideally, the relationships are known before a material is used as
support in a specific application. The elaborate reconstruction-
simulation approach underlying the establishment of this
knowledge is justified considering that the highly detailed
information provided can become a decisive factor to boost
performance in a process that depends on efficient and/or
selective transport of finite-size solutes.

The quantitative morphology-transport relationships have
been adapted to discuss pore space accessibility and hindered
diffusion with respect to the immobilization, formation, and
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transport of key molecular species 1-4 in the RCM of the a,»-
vinylic prolactone 2 to MMC product 3 and oligomer 4, with
catalyst 1 selectively immobilized inside the mesopores of the
silica particles. This analysis has shown that already the
immobilization step requires careful consideration of size-
exclusion effects (on the achievable loading of the particles
with the catalyst) and diffusive hindrance factors (governing the
timescale of uniform immobilization throughout the particles).
The next important consideration was the substrate size.
Substrate 2 is slightly smaller than the catalyst, so that it can
access all catalytic centers inside the mesopores. If substrate
molecules were larger than the catalyst during immobilization,
a fraction of the catalytic centers would be unavailable for the
metathesis pathways. Based on molecular size, direct macro-
cyclization of the substrate 2 to the MMC product 3 is favored
over oligomerization to 4 in both studied silicas, as reflected by
the differences in accessible porosities and diffusive hindrance
factors for 3 and 4 (Table 2). This preference is more distinctive
for Si60 than for Si100, which is recognized in the steeper
slopes of the accessible porosity and hindered diffusivity curves
for Si60 in the range of tracer sizes relevant to 3 and 4 (gray-
shaded regions in Figure 4). However, improved size-selectivity
is accompanied by reduced mobility and there appears to be a
fine line between the antagonistic effects on selectivity and
conversion induced by the confinement. As a particular feature
of the confinement, we identified by direct image analysis pore
regions in the silica that could trap (locally formed) oligomer
due to size-selective passage resulting from constrictions. To
what extent this trapped matter will be detected after an
experiment depends on the timescale of the experiment and
the dynamics of further reactions of the oligomer.

Importantly, the derived morphology-transport relationships
can be applied to other catalysts, substrates, and products in
straightforward manner to assess transport resistances and
transport selectivities. For that purpose, the hydrodynamic
diameters of key molecular species (required for 1 in Egs. (2)-
(7)) can be estimated in the solvent of interest using DOSY-
NMR. Together with complementary experimental data on
conversion and selectivity, the deduced information will help to
unravel complex reaction pathways and to better understand
mechanistic aspects of olefin metathesis, as addressed in
Figure 7. Furthermore, if also relevant reaction kinetic data are
available, the morphology-based hindered diffusion coefficients
will improve relationships between effectiveness factor and
Thiele modulus and thereby the predictions on microreactor
operation (diffusion vs. reaction control) and the proper
selection of the particle size.

Currently, we use the silica particles in RCM experiments in
a continuous-flow microreactor setup that allows to assign
conversion and selectivity to well-defined reaction times and,
thus, to analyze multiple reaction times and temperatures fully
automated in a single flow experiment. The combined approach
to morphology-transport-functionality relationships will pave
the way to fast and systematic screenings of catalyst activity,
conversion, and selectivity in dependence of spatial confine-
ment effects, in particular, with a straightforward variation of
the mesoporous support, type and loading of catalyst, type and
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concentration of substrate, solvent, reaction time, and temper-
ature. Results will be reported in due course.

Experimental Section

Material characterization: Nitrogen physisorption measurements
were carried out at 77K on a Thermo Scientific Surfer gas
adsorption porosimeter (Thermo Fisher Scientific, Waltham, MA).
Prior to the measurements, the samples were evacuated for 10 h at
250°C. Total pore volumes (V,) were obtained with the Gurvich rule
at a relative pressure of p/p,=0.95, specific surface areas (Sge) were
determined by means of the Brunauer-Emmett-Teller equation in
the range of 0.05<p/p,<0.3. Pore size distributions were derived
from the adsorption branches of the physisorption isotherms using
the non-local density functional theory (NLDFT) method with a
cylindrical pore model.”*

Electron tomography: Scanning transmission electron microscopy
(STEM) tomography was employed to obtain physical reconstruc-
tions of two silicas.'”? For preparation, powder samples were
ground in a mortar and subsequently dusted over a holey Cu grid
(Quantifoil Micro Tools, Jena, Germany). Au fiducial markers were
added to the sample crumbs from aqueous solution. Electron
tomographic data were collected using an image-corrected Titan
80-300 transmission electron microscope (FEl, Hilsboro, OR) at an
acceleration voltage of 300 kV. The microscope was operated in
STEM mode with a nominal beam diameter of 0.2 nm. STEM tilt-
series were recorded over a range of +76° (Si60) and from —76° to
70° (Si100) in increments of 2° with a high-angle annular dark-field
collector. Images were then aligned in IMOD 4.7 by means of the
Au reference markers.”” The average alignment error was < 1 pixel.
After applying a sufficient number of iterations (100 for Si60 and 25
for Si100) of the SIRT-algorithm to the aligned image series using
the Xplore3D software package (version 3.0, FEI), the reconstruc-
tions were denoised by employing the Imagel) plugins Filters/
Median 3D and Enhance Local Contrast (CLAHE).”**® Final recon-
structions were received after applying 10 iterations of DART using
FiJi software and the ImageJ plugin TomoJ.”” For each sample, four
cuboids were prepared as final reconstructions, covering different
regions within the crumbs that were used for electron tomography.
Image stacks had a voxel size of 0.23° nm? for Si60 and 0.32°> nm?
for Si100 (Figure S1, Supporting Information) and served as geo-
metrical models for morphological analysis and the pore-scale
simulations of hindered diffusion.

Diffusion simulations: A random-walk particle-tracking (RWPT)
method was employed to simulate diffusive transport through the
pore volumes of the eight reconstructions (cf. Figure S1).%® The
method is based on the equivalence of the diffusion equation
(where D denotes the diffusion coefficient and ¢ concentration)

ac(r,t)

_ 2
5 =DV D) @)

and the stochastic differential equation describing the random walk
of a tracer, presented in discrete form as

r(t+ ot) =r(t) + Ar = r(t) + avV6Ddt 9)

In Eq. (9), r(t) denotes tracer position at time t, ot is the elementary
time step of the random walk, and & is a vector with random
orientation in space and a length governed by a Gaussian
distribution with zero mean and unity variance. Initially, a large
number of N=10° passive (nonadsorbing, nonreacting) tracers was
distributed randomly and uniformly in the entire void space of a
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reconstruction. At the external faces of a reconstruction, the tracer
displacement was handled by a mirror-boundary condition, which
has been validated before and assumes that tracers crossing an
external face of a reconstruction continue their motion in the mirror
image of the original domain."* It enables complete sampling of
the accessible pore space by the tracer ensemble at any time and
therefore reflects spatially averaged morphological properties of a
reconstruction along with their impact on diffusive transport.
During each time step 6t (small enough that the mean diffusive
displacement did not exceed Ah/10, where Ah is the spatial
resolution of a reconstruction), the displacement of every tracer by
random diffusive motion was determined according to Eq.(9). A
multiple-rejection boundary condition at the surface was used to
model passive interaction of the tracers with the impermeable pore
walls:® when a tracer hit the impermeable wall during an iteration,
the displacement was rejected and recalculated until tracer position
was in the void space. The accuracy of the employed RWPT-
approach including the described boundary conditions has been
confirmed by comparing diffusion coefficients simulated in regular
arrays of spheres®” with values determined by the analytical
approach.B" After each time step, all tracer positions were
monitored and used to calculate a time-dependent diffusion
coefficient D(t) from

1 d
D(t) = zna 2 [Ar(8)]? (10)

where Ar{t) represents the displacement of the ith tracer after time
t. The targeted effective, i.e., time-independent diffusion coeffi-
cients Dy (locally within the mesopore network of a reconstruc-
tion, subscript K) were determined from the asymptotes of the
transient diffusion curves observed in the long-time limit, as
illustrated in Figure S2 (Supporting Information).

In contrast to pointlike tracers, which can access the entire void
space in a reconstruction, the void space accessible to finite-size
tracers is smaller due to their steric interaction with the imperme-
able pore walls. Considering the case of diffusion in a cylindrical
pore, the center of a hard spherical tracer particle of diameter d, .
is excluded from an annular region of thickness d,../2 at the wall,
i.e.,, the void space accessible to the center of a finite-size tracer
becomes identical to the void space accessible to a pointlike tracer
if the pore diameter is reduced by dg,.. An extension of this
isomorphism concept to random porous media has been
proposed.?” According to this approach, the reduction of accessible
pore space for finite-size tracers can be accounted for by eroding
pore space accessible to pointlike tracers with a structuring element
of size dy,e (as illustrated in Figure 3).'***3 We implemented this
mathematical morphology operation to generate accessible meso-
pore space in the eight reconstructions (cf. Figure S1) for di,ce-
values from 0 to 4.14 nm in 0.46-nm steps (Si60) and from 0 to
7.68 nm in 0.64-nm steps (Si100).

By adapting this approach for the RWPT-simulations, accessible
porosity £(4) and effective diffusion coefficient within a reconstruc-
tion D.g«(4) were determined for different tracer sizes as a function
Of 1 =dyacer/drmesor the ratio between tracer size and mean mesopore
diameter (cf. Figures 4 and 6). With the A-dependent values of the
local hindrance factor, Ky(d)=D.x(1)/D,, the associated global
hindrance factor H(4) could be derived (cf. Egs. (6) and (7)) through
the accessible porosity €(4), determined as the void volume fraction
of an eroded pore space at this 1. The program realization of the
RWPT-algorithm was implemented as a parallel code in C language
using the Message Passing Interface (MPI) standard on a super-
computing platform at the Philipps-Universitdt Marburg (Marburg,
Germany).

ChemCatChem 2021, 13, 281-292 www.chemcatchem.org

Diffusion measurements: Diffusion coefficients in bulk solution
(deuterated benzene for 1, deuterated toluene for 2-4) were
determined via DOSY-NMR carried out at 298 K on a Bruker Avance
Il 400 spectrometer. For these measurements, homogeneous
catalyst 1 and a mixture of substrate 2, MMC product 3, and
oligomer 4 have been prepared as described previously."® Hydro-
dynamic diameters d,, (cf. Table 2) were then calculated from these
diffusion coefficients in bulk solution by application of the Stokes-
Einstein equation.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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