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Abstract

Aldol condensation is a key C-C coupling reaction for upgrading of biomass-derived
oxygenates to fuels and chemicals. Here, we investigate the effects of added water on the
condensation of cyclopentanone (CPO) on hydrophobized MgO catalysts. We have found that
the role of water strongly depends on the degree of hydrophobic functionalization of the MgO
surface. That is, on a non-functionalized (hydrophilic) high-surface-area MgO catalyst, the rate
decreases with the addition of water, mostly due to active site blockage. By contrast, on MgO
hydrophobized via silylation with octadecyltrichlorosilane (OTS), the rate actually increases
with added water. A concomitant change in kinetics is observed from the pristine (hydrophilic)
MgO to the hydrophobized sample. Specifically, on the hydrophilic sample, the reaction is
first-order, as expected if the rate-limiting step is the formation of an enolate intermediate via
a-H abstraction at a basic site, as widely reported in previous literature. By contrast, on the
hydrophobized sample the reaction becomes second-order, indicating a shift in rate-limiting
step to the bimolecular C-C coupling. On pristine MgO, acid-base pairs are fully available on
the surface, with the acid site polarizing the C=0O group in the second cyclopentanone
(electrophile) and making the attack by the enolate very favorable. It is proposed here that
grafted OTS molecules interfere between active sites, making the adsorbate-adsorbate
interaction on the surface less likely and reducing the rate of C-C coupling. Both isotope effect
experiments and ab initio molecular dynamics simulations of cyclopentanone adsorption at the
MgO/OTS interface further support this argument. Therefore, the promotional role of water
seems to be the assistance of the C-C bond-forming step. It is proposed that, at low
concentrations, water can help the second molecule (electrophile) be polarized from a remote

Mg?* site through a chain of H-bonded molecules.

Keywords
aldol condensation; cyclopentanone; magnesium oxide, silane functionalization;

rate-limiting steps, a-H abstraction, C-C coupling, water promotion
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1. Introduction

Staged thermal pyrolysis is one of the most promising approaches to decompose
biomass into separate streams, more amenable for subsequent catalytic upgrading to fuels and
chemicals.!"® Furanic compounds obtained from thermal decomposition in the medium range
are particularly suited for C-C coupling upgrading.?’-! Furfural — a representative molecule
of this stage — is unstable and may easily polymerize and form humins. Then, it would be a
good strategy to convert furfural to more stable cyclopentanone via a two-step metal-catalyzed
aqueous hydrogenation/isomerization known as the Piancatelli ring rearrangement.!'!
Subsequently, cyclopentanone can readily undergo aldol condensations to generate a,p-

unsaturated dimeric ketones, followed by hydrodeoxygenation into fuel-range molecules.!?!3

It is well known that aldol condensation is effectively catalyzed by solid bases (e.g.
MgO) under water-free conditions.'#'¢ To improve its surface area, MgO can be prepared via
the nitrate-citrate combustion method, which renders a material with a high density of basic
sites.!”-!® However, in the liquid phase this material deactivates rapidly due to accumulation of
over-condensates and water produced in situ. In a recent study,'® we emphasized that water is
ubiquitous in biomass upgrading processes, and consequently we developed a method to
improve the resistance of these catalysts to water. We found that deactivation is greatly reduced
by functionalizing the surface with an alkylsilane (e.g. OTS) on both pure MgO and an MgO-
SiO, solid mixture. Despite exhibiting a much lower basic density and lower TOF, the
functionalized MgO catalysts showed ability to operate for many hours with practically no
deactivation. As the hydrophobic OTS molecules inhibit the formation of an in situ water layer
on MgO surface, a sizeable amount of active sites remained accessible for cyclopentanone to
generate enolates, essentially indefinitely. In addition, OTS-functionalized MgO remarkably
resisted the attack by added water.

Rate-enhancing by the presence of water is a less common phenomenon that has been
observed in some reactions, such as the Fischer-Tropsch synthesis (FTS). For example, a study

of Co-catalyzed FTS?? has shown that water co-fed in the vapor phase hinders chain termination
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via H-abstraction at internal positions of alkyl chains and secondary olefin isomerization.
Moreover, Shi et al?! have found that the presence of a condensed aqueous phase further
improves the FTS catalytic activity and the Cs-C,y fraction over Ru/CNT-Al,03;-MgO by
mediating H-shuttling and facilitating CO cleavage. In addition to FTS, hydrogenation in the
presence of liquid water also results in enhanced conversion with respect to the reaction in
organic solvents. For example, hydrogenation of ketones on Ru is enhanced in aqueous phase
by a direct involvement of water.?> That is, water stabilization of chemisorbed species
(reactants, intermediates and transition states) via H-bonding networks can effectively
accelerate rate-limiting steps.?>2*  Other rate-enhancement examples involve improved
solvation?>2¢ and selective oxidation of surface species.?’° However, despite some additional
examples of rate-enhancement by water,>'-3> rate-inhibition is far more usual,3** with

competitive adsorption and site blockage as the most common observation. 46

In our previous study,!® a drastic drop in activity was observed following the exposure
of the non-functionalized MgO catalyst to 2 mL of external water, which was in excess of the
amount needed to form an aqueous liquid phase. We concluded that pure MgO lost most of its
active sites due to the formation of inactive layers of Mg(OH),. By contrast, the OTS-
functionalized MgO sample retained most of its initial activity for several hours in the presence
of excess amounts of water.*”*® In this case, water formed droplets away from the catalyst
surface rather than a layer covering the surface, which greatly delayed deactivation. In other
words, functionalization with organosilanes did not eliminate water susceptibility but instead
alleviated this issue to prolong material stability. No rate improvements were observed in that

study due to the excess amount of water used in the experiments.

In this contribution, we report that by exposing both MgO and its OTS-modified
versions to varying amounts of water significant different trends are observed. Specifically, we
have found find that on the hydrophilic MgO, the reaction is first-order as expected if the rate-
limiting step is the formation of an enolate intermediate via a-H abstraction at a basic site, while
on the hydrophobized sample the reaction becomes second-order, indicating a shift in rate-
limiting step to the bimolecular C-C coupling. It is proposed here that grafted OTS molecules

interfere between active sites, making the adsorbate-adsorbate interaction on the surface less
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likely and reducing the rate of C-C coupling. Ab initio molecular dynamics simulations of
cyclopentanone adsorption at the MgO/OTS interface further support this argument. Therefore,
the promotional role of water, only observed on the functionalized samples, seems to be the

assistance of the C-C bond-forming step.
2. Experimental

2.1.  Synthesis of catalytic materials
2.1.1. MgO-NC

MgO-NC was synthesized via nitrate-citrate combustion, the method described
elsewhere.!® Briefly, 25.6 g of Mg(NO3),.6H,0 (Aldrich, 99.9%, 0.1 mol) was mixed with 30
mL of water and stirred vigorously for 15 mins at 80°C. Then, a 20-mL water solution
containing 19.2 g of citric acid (Aldrich, 99.5%, 0.1 mol) was added into the mixture. The
resulting solution was continuously heated and stirred until half of the liquid vaporized, leaving
a viscous gel. This gel was calcined overnight under static air at 550°C to obtain a high-surface-

area MgO solid named MgO-NC (for nitrate-citrate combustion).
2.1.2.  Octadecyltrichlorosilane-functionalized MgO

The as-prepared MgO-NC was then hydrophobized, starting with the dropwise
addition of 0.45 mL of water onto 1 g of MgO-NC. The wetted material was suspended in a
1:50 v/v OTS-toluene solution.!”# The suspension was shaken vigorously for 10 mins, stirred
overnight at room temperature, centrifuged and washed thrice with ethanol. The separated solid
was dried overnight at 110°C to yield the OTS-functionalized MgO, in which OTS molecules
displaced silanol groups to generate a hydrophobic surface. Materials synthesized from this
method were generalized as MgO(x)-OTS(y). Such denotation means a catalyst nominally

containing x wt.% of MgO and y wt.% of OTS.
2.1.3.  Removal of the alkyl chains of MgO-OTS by oxidation

The as-prepared MgO(70)-OTS(30) was calcined under a temperature program for
complete combustion of octadecyl groups. In details, a calculated amount of MgO(70)-

OTS(30) was placed in the middle of a glass tube. Both ends of the tube were packed with glass
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wool. The tube was then horizontally connected to a furnace and applied with a 40-sccm air
flow at room temperature. MgO(70)-OTS(30) was first heated to 300°C under a ramp rate of
1°C.min"!. The temperature was stabilized at 300°C for 1 hour before increased to 450°C under
the same ramp rate. The sample was maintained at 450°C for 4 hours, then cooled down
overnight and finally collected. The obtained solid was denoted as MgO(70)-OTS(30) PC. PC
here stands for post-calcination, as this solid was prepared through thermal removal of the alkyl

chains of MgO(70)-OTS(30).
2.2.  Characterization
2.2.1.  Surface density of functional groups (OTS per nm?)

To quantify the surface density of OTS functionalities in terms of molecules per nm?
the following data were obtained from TGA and BET measurements. First, the total content of
OTS in the functionalized MgO sample was determined by thermogravimetric analysis (TGA).
In this measurement, a known amount of functionalized sample was analyzed by heating under
flow of an Ar-air mixture in a linear ramp of 2°C.min"! starting at 40°C described elsewhere.!”
The specific surface areas for the various samples were obtained on a Micromeritics 2010
instrument. Assuming complete hydrolysis of the chloro-groups in OTS and simplifying the

analysis considering only monodentate anchoring, we calculate:

M¢¢H37Si(OH),0-
_ nors*Na  MWc iy siom,o-

xNA

AMgONC  MMeONC*SBET MgO-NC

or

M¢,¢H37Si(OH),0-
MWC18H37Si(OH)2O-

xNA

- 4H3,8i(0H),0- ZSpET Meo-NC
where x is the number of molecules of OTS (actually C,gH3;S1(OH),0-), anchored per
unit area of MgO-NC in MgO(70)-OTS(30); mc, gn,-sion),o- 1s the TGA-based content of OTS
in MgO(70)-OTS(30) [g.g catalyst']; mygonc is the TGA-based content of MgO-NC in
MgO(70)-OTS(30) [g.g catalyst!].
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2.2.2. CO,-TPD

The densities of basic sites for MgO(70)-OTS(30), MgO(70)-OTS(30) PC and
MgO(85)-OTS(15) were quantified via temperature-programmed desorption (TPD) of adsorbed
CO; following the method described elsewhere.’® The CO,-TPD of MgO-NC reported before!”
was used as a reference. Analogous to the method described elsewhere,!® 100 mg of catalyst
was heated to 200°C in the TPD system with a heating ramp of 10°C.min"!, under He flow rate
of 30 mL.min"!' and then cooled down to room temperature. A CO, flow rate of 30 mL.min"!
was passed through the sample for 30 mins, followed by a 2-hour purge with He to remove any
physisorbed CO,. The TPD was performed under the same He flow rate by heating to 600°C

with a heating ramp of 10°C.min"'.

2.3. Catalytic measurements

2.3.1. Reactor operating conditions and analysis methods

Aldol condensation of cyclopentanone (CPO) was conducted under N, atmosphere
following the same reaction system and procedure as described before.!® Briefly, for each run,
a cyclohexane solvent-catalyst mixture was first introduced into a 100-mL Parr reactor. The
system was then purged with N,, compressed to 300 psig and heated to 200°C. The feed —
consisting of CPO, toluene (internal standard) and a designated water volume — was placed into
a 30-mL feeding cylinder, pressurized to 800 psig and injected to the reactor when the set
temperature was stabilized. The stirring speed remained at 750 rpm, but the reaction time varied
among catalysts and was intentionally chosen to measure initial rates with conversions below
20%. These low conversions guaranteed that externally added water was significantly in excess
relative to the in situ produced water. The post-reaction suspension was cooled down in an ice

bath and centrifuged for 10 mins. The separated liquid was then analyzed by GC-FID.
2.1.3. Quantification of active sites under reaction conditions

Apart from CO,-TPD, active sites of MgO catalysts were quantified via titration with
propanoic acid, acting as a deactivating site titrant, following a recently described method,>! in

which propanoic acid was added to irreversibly block TiO, acid-base site pairs during acetone
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self-condensation. This controlled site blockage helps quantifying the number of active sites
on the catalyst surface. The operating temperature and initial cyclopentanone concentration
were respectively fixed at 150°C and 1.8 M, while the mass of each catalyst and reaction time
were adjusted for initial rate measurements. Propanoic acid was assumed to irreversibly block
acid-base site pairs via monodentate mode; that is, one mole of acid was irreversibly adsorbed
on one mole of Mg-O pairs. As the amount of propanoic acid in the feed was increased a
corresponding suppression in aldol condensation rate was observed. Extrapolating the linear
decline with acid uptake to zero rate (x-intercept) allows to determine the density of active sites,

acid-base pairs titrated by propanoic acid, according to the expression:

AV . . X 150°C
propanoic acid adsorbed ppropanoic acid

MWpropanoic acid X Weatalyst
2.1.4. Water addition to the reaction mixture

For each MgO catalyst, a series of reactions were conducted at 200°C with increasing
volumes of added water. Different amounts of water — 200 puL, 355 pL, 700 uL, 1000 pL and
1500 uL — were injected to the reactor to investigate the effects of water on catalytic activity.
With a total reactor volume of 100 mL and 50 mL of reaction mixture, it can be calculated (See
Supporting Information A) that addition of 355 pL results in the saturation of the gas phase
with water vapor at 200°C. That is, with the first two injections, water remained in the vapor

phase, while with the other injections a liquid aqueous phase was expected to form. \

2.2. Computational simulations

Ab initio molecular dynamics (AIMD) simulations were performed using Vienna ab
initio simulation package (VASP).>> The ion—electron interaction was described through the
projector-augmented wave (PAW) approach.>3>* For the structural optimization, the exchange
and correlation energy was represented using the Perdew-Burke-Ernzerhof (PBE) functional of
the generalized gradient approximation (GGA).>> The van der Waals interaction has been taken
into account through the Grimme’s DFT-D3 semi-empirical method.’® The supercell contained

4 layers of (2x2) MgO (100) surface, with the bottom two layers fixed at the bulk positions.
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There were 2 OTS in the supercell corresponding to an OTS density of 2.9 per nm?. The
Brillouin zone was sampled using k-point of (2x2x1) centered at I'. A 300 eV cutoff for the
plane-wave basis set was used in the AIMD simulations, while 400 eV was used for DFT
calculation of cyclopentanone adsorption at the interface. The AIMD simulations were

performed at 300K in canonical ensembles. The time step was set to 0.5 fs.

The MgO catalyst in the calculations of activation barriers for CPO aldol condensation
was modeled with a close-packed 3 x 3 MgO(100) slab, with four layers and 15 A vacuum in
the z-direction. The bottom two layers were fixed at their bulk position while the top two layers
were allowed to relax in all optimizations. The 4 x 4 x 1 Monkhorst-pack k-point mesh was
used to sample the first Brillouin zone. For each reaction path, the transition state search was
performed using the dimer method,>’ with the initial guesses for the transition state structure

and the reaction trajectory obtained through the nudged elastic band (NEB) method.>®
3. Results and Discussion

3.1. Catalyst Characterization

3.1.1. Thermogravimetric Analysis (TGA)

The TGA in Figure 1 shows two distinct mass losses from MgO(70)-OTS(30). The first
loss, from 40°C to 200°C, is ascribed to the desorption of physisorbed water. The second one,
from 250°C to around 400°C, results from the oxidation of the octadecyl groups in air. From
quantification of evolved CO, and H,O in this region and assuming that (i) Cl ligands have been
fully hydrolyzed to OH and (ii) Si is retained on the surface during TGA, one can determine the
original loading of OTS MgO(70)-OTS(30). The calculated value — approximately 12 wt.%
(see Supporting Information B) — is lower than the nominal 30 wt.% placed in contact with
MgO substrate during the impregnation. Clearly, a significant fraction of the OTS added to
MgO-NC is not effectively anchored on the surface of MgO and is removed by the post-
synthesis washes in ethanol and centrifugation. Nevertheless, the remaining alkylsilane
molecules remain firmly anchored to the surface and are able to tolerate moderately high

temperatures without decomposition, particularly in the absence of air.

ACS Paragon Plus Environment 10

Page 10 of 37



Page 11 of 37

oNOYTULT D WN =

Figure 1.

3.1.2.

ACS Catal

ysis

100 - - 3.00E-11
90
80 4 \ - 2.50E-11
o 70 1 - 2.00E-11
S 60 -
@
5 50 - 1.50E-11
£ 40 A
2 L -
a0 | H,0 1.00E-11
20 1 - 5.00E-12
10 co
PA ol 1 £
0 . . : : . . ; 0.00E+00
0 100 200 300 400 500 600 700 800

TGA and concurrent mass spectra of CO, and H,O evolved from MgO(70)-OTS(30) during thermal

Surface Area and Porosity

Temperature (°C)

oxidation.

Table 1. Surface area, pore size and pore volume of various MgO catalysts.

MS Signal

Seer Pore size Pore volume
Catalyst
2 -1 3 -1
m.g nm cm .g
MgO-NC!? 97 9.4 0.22
MgO(70)-0OTS(30)!° 51 3.8 0.04
MgO(70)-OTS(30) PC 61 13.1 0.19

MgO(70)-OTS(30) PC samples obtained by N, adsorption.

Using the values of OTS content in the MgO(70)-OTS(30) sample (as determined by
TGA) and the BET surface area of MgO-NC into the equation in Section 2.2.1, we obtain
approximately 3 molecules of OTS per nm? of MgO-NC, or as defined above x =3 nm2. This

OTS density is later used in the AIMD simulations, as discussed below. We can anticipate that
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this high areal density of functional groups may impose steric constraints to the reaction. In
fact, as shown below, we have found that these constraints may considerably limit the site-to-

site access and therefore hinder the rate of bimolecular C-C coupling step.

If a uniform layer of anchored OTS on the surface of MgO is formed, one would expect
that the average thickness of the OTS layer would be the difference between the radius of the
pristine sample (4.7 nm) and that of the functionalized sample (1.9 nm). In fact, the resulting
thickness (2.8 nm) is in good agreement with that estimated by Wang et al.>® for the growth of
ultrasmooth OTS layers on flat SiO, surfaces, 2.6 + 0.2 nm.

By oxidatively removing the OTS functional groups from the MgO(70)-OTS(30)
sample via temperature-programmed calcination, most of the pore volume and a fraction of the
surface area of the original MgO-NC sample were recovered. That is, in the MgO(70)-OTS(30)
PC sample the pores that were partially filled with the organic layers in the MgO(70)-OTS(30)
were reopened as the alkyl chains of OTS were oxidized to gaseous CO, and H,O, while the
inorganic Si#* cations remained chemically bonded to the MgO. This process is not reversible
enough to regain all of the surface area of the original MgO and most importantly, as shown
below, it significantly reduces its activity by neutralizing the most basic sites on the surface.
However, as also inferred below from kinetic measurements, the steric constraints posed by the

alkyl groups are readily removed.

12
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3.1.3.  CO,-TPD for quantification of density and strength of basic sites
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37 Figure 2. CO,-TPD on directly OTS-functionalized MgO catalysts.

39 To quantify the density of basic sites on the as-prepared MgO catalysts, we used the
41 conventional TPD of adsorbed CO,, as shown in Figure 2a. The conventional MgO-NC
43 exhibits two desorption peaks centered at 460 and 370 °C, typically ascribed to sites of strong
and medium basicity. By contrast, the functionalized MgO(70)-OTS(30) shows a single peak
46 centered at 320°C, which might be attributed to medium basic strength, with a clear removal of

48 the high-temperature desorption peak, ascribed to strong basic sites.

50 A similar elimination of the high-temperature desorption peak upon functionalization

52 was previously observed on MgO@mSiO,-OTS samples.!® The fact that the same changes

>9 13
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upon functionalization are observed with samples of different porosities and surface areas
supports the notion that the disappearance of the high-temperature peak upon OTS grafting is
due to the removal of the strongest basic sites, rather than to changes in physical structure (pore
and surface area), which many times affect position of TPD peaks by transport and readsorption
effects and may lead to erroneous conclusions.®® In this case, it is reasonable to expect that if
the pore size decreases with functionalization one would expect a delay in desorption if mass
transport effects were dominant. However, the shift is in the other direction, which suggests
that TPD is indeed probing basicity. Moreover, one can expect that the sites that more readily
react with OTS during functionalization are those of higher basicity, for example those with
lower coordination number, which are shown to disappear on the TPD of the functionalized
sample. Therefore, it is reasonable to conclude that the active sites remaining on MgO(70)-
OTS(30) are of weaker basicity than those on the parent MgO-NC.

Figure 2b compares the CO, TPDs of two additional samples with that of the
functionalized MgO(70)-OTS(30). One of them, MgO(85)-OTS(15), contains a lower density
of functional groups and the TPD indicates that the grafted amount is enough to neutralize all
the strong basic sites, but less of the medium basicity, which were partially removed on the
sample with higher OTS content. The other sample is the original MgO(70)-OTS(30) that has
been dealkylated by calcination in air at 450°C, indicated as a post-calcined sample, MgO(70)-
OTS(30) PC. Interestingly, this sample still shows a peak centered at 320°C, but broader. Since
the high temperature peak is not recovered one can conclude that SiO, fragments remain
chemisorbed on the strongest basic sites. Nevertheless, there is a noticeable increase in the total
density of sites due the removal of the octadecyl groups, which might have been blocking

accessible sites on the MgO(70)-OTS(30) sample.

3.2, Quantification of active sites under reaction conditions by titration
The active Mg-O sites were quantified via isothermal titration with propanoic acid,
following Wang et al.,’' who demonstrated that propanoic acid strongly blocks acid-base site

pairs on TiO, during acetone condensation and allows a quantitative estimation of the total

14
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number of these sites. In these measurements, we obtained initial rates of the self-condensation
of CPO at 150°C, with varying amounts of propanoic acid in the feed. The amount of acid
irreversibly adsorbed by MgO was calculated from the difference between the concentration in
the feed and after exposure to the catalyst. The measured rate decreased proportionally to the
amount of titrant propanoic acid adsorbed. Extrapolation to zero rate gives an estimate of the

density of acid—base site pairs responsible for the CPO condensation activity.

Table 2. Intrinsic initial activities of CPO condensation on various MgO catalysts at 150°C.

Intrinsic initial activity
Catalyst
mmol.gLh!
MgO-NC 123
MgO(70)-OTS(30) PC 13
MgO(70)-0OTS(30) 5

Table 2 summarizes intrinsic activities of the MgO catalysts obtained in the batch
reactor at 150°C without addition of any propanoic acid. The rate per gram roughly follows the
changes in surface area and overall density of basic sites obtained from CO,-TPD. However,
as shown below, the activity per site will be much higher for the non-functionalized MgO-NC
catalyst, which has the strongest basicity.

Propanoic acid titration curves for the three samples, MgO-NC, MgO(70)-OTS(30)
and MgO(70)-OTS(30) PC are shown in Figure 3. Since no traces of propanoic acid were
detected by GC-FID analysis in any of the runs, we can safely conclude that it was irreversibly
adsorbed on basic sites at all concentrations. The linearity of the data points corresponding to
the runs on MgO(70)-OTS(30) and MgO(70)-OTS(30) PC would indicate that these catalysts
have uniform active sites. From the extrapolations to zero rate, we can estimate densities of
active sites of 295 and 330 pmol.g! for MgO(70)-OTS(30) and MgO(70)-OTS(30) PC,
respectively, two values that agree remarkably well with the basic site densities obtained by

CO,-TPD (Table 3).
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Figure 3. Propanoic acid-controlled aldol condensation rates on various MgO catalysts. Reaction conditions:
Ccpoo= 1.8 M, 150°C; 0.50 g of MgO-NC — 30 mins; 0.50 g of MgO(70)-OTS(30) — 4 hours; 0.325 g of
MgO(70)-OTS(30) PC — 2 hours.

Contrary to the uniformly linear trend observed for the functionalized catalysts, the
titration curve of MgO-NC shows two decreasing trends. The first linear drop extrapolates to
a site density of 375 umol.g"!. Beyond this density, it seems to be another contribution of sites
for which the decreasing slope is much lower. This overall non-linearity could be ascribed to
presence of active sites with different basic strength, which is consistent with the CO,-TPD
result that shows at least two different types of sites. If that is the case, the first extrapolation
would correspond to the density of strong basic sites and the second one to sites of medium
strength. The approximate values obtained for each type (375 and 107 umol.g!) are in
reasonable agreement with the values obtained by TPD (317 and 102 umol.g™").
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1

2

3 . . .

4 Table 3. Densities of basic sites on various MgO-based catalysts.

5

6 CO,-TPD Propanoic acid titration

7

8 Catalyst Strong sites Medium sites Strong sites Medium sites

9

10 . i . .

11 umol.g! umol.g! umol.g! umol.g!

12

13 MgO-NC 317 102 375 107

14

15 MgO(70)-OTS(30) - 305 - 295

16

17 MgO(85)-0TS(15) - 375 - -

18

19 MgO(70)-OTS(30) PC - 354 - 330

20

21

22

23 3.3.  Effect of water addition on specific reaction rates

24

;2 Figure 4 illustrates the contrasting behavior of the functionalized catalysts to that of
27 the non-functionalized MgO-NC. In the absence of added water, not only they exhibit a very
28 ) . . . . . )
29 different specific rate, but also a distinct TOF, consistent with the presence of sites of varying
2(1) basicity. Moreover, the effect of water addition is dramatically different for the functionalized
32 compared to the non-functionalized catalyst. For MgO-NC, the rate drops sharply and
33

34 consistently with increasing amount of added water, regardless of the state of water (vapor or
36 liquid). This inhibition is ascribed to an active site blocking by water chemisorption competing
2373 with cyclopentanone at low water contents, and to the nucleation of a diffusion-limiting water
39 film covering the surface as the amount of added water increases. Also, at high water contents,
40

41 formation of an inactive Mg(OH), layer leads to irreversible catalyst deactivation, observed in
o this catalyst.” By contrast, for the functionalized MgO(85)-OTS(15) and MgO(70)-OTS(30)
Zg catalysts, the activity increases with the presence of water vapor in the system until the partial
46 pressure of water is high enough to start condensation at the reaction conditions. At this point
47 .. . . .

48 the activity starts decreasing for all catalysts, which as described above may be due to the
:g formation of a water film on the surface that causes mass transfer limitations. For the MgO(85)-
51 OTS(15) catalyst, the observed rate-enhancement from no water added to 0.355 mL added is
52

53 42% and for the MgO(70)-OTS(30) sample is 140%.

54

55

56

57

58

59
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«+— Vapor > Liquid water >
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Figure 4. Effect of water addition on the catalytic performance of various MgO catalysts (a) Initial rate per gram

of catalyst, (b) Initial rate per active site (TOF). Reaction conditions: Ccpo o = 1.8 M, 200°C.
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1
2
3 .
4 3.4.  Effect of the alkyl chain on the role of water
5
6 To investigate whether the promoting effect of water is related to the elimination of
7
8 the most active basic sites by the functionalization or the presence of the hydrophobic moieties,
?O we quantified the effect of water addition onto the post-calcined sample MgO(70)-OTS(30) PC.
1 As mentioned above, this sample keeps the most basic (active) sites blocked as the original
12
13 functionalized sample, but its alkyl groups have been removed.
14
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Figure 5. Effect of water addition on the catalytic performance post-calcined dealkylated MgO(70)-OTS(30) PC
catalyst compared to the same sample before calcination and the non-functionalized MgO-NC. (a) Initial rate per

gram of catalyst, (b) Initial rate per active site (TOF). Reaction conditions: Ccpoo = 1.8 M, 200°C.

As shown in Figure 5, the activity of this sample decreases with the addition of water
vapor, similar to the non-functionalized MgO-NC but contrary to the originally functionalized
MgO(70)-OTS(30), which showed a clear enhancement in activity. This difference suggests

that the promotion by water is related to the alkyl chains of the organosilane agent.

3.5.  Reaction kinetics analysis

When working on a batch reactor, it is essential to decouple catalyst deactivation from
the kinetics in the analysis of time evolution of concentration. The most effective method is
measuring initial rates at varying initial concentrations. Therefore, separate 1-hour runs were
conducted for each initial CPO concentration over MgO(70)-OTS(30) and MgO(70)-OTS(30)
PC catalysts at 200°C. Initial rates over MgO-NC at 150°C, obtained on the same reaction

system have been reported in previous work.!®
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Figure 6. Initial rates of cyclopentanone (CPO) conversion over various MgO-based catalysts as a function of
CPO concentration. Reaction conditions: 50 mL of total feed; MgO: 0.25 g - 150°C - 20 min reaction; MgO(70)-
OTS(30): 0.50 g - 200°C - 1 hour reaction; MgO(70)-OTS(30) PC: 0.325 g - 200°C - 1 hour reaction.

Inset: Expanded low CPO concentration region, emphasizing the differences in initial slopes.

Figure 6 compares initial rates over the three different MgO-based catalysts as a
function of CPO initial concentration. The most important differences are observed in the low-
concentration region (see inset). Clearly, the data for the non-functionalized MgO-NC and
dealkylated MgO(70)-OTS(30) PC catalyst shows a first-order dependence (linear) while that
of the functionalized MgO(70)-OTS(30) shows a second-order dependence (parabolic).
Beyond 1.8 M the rates for all samples start plateauing as the surface coverage increases, typical
of a Langmuir-Hinshelwood (L-H) kinetics. That is, the presence of the OTS alkyl groups on
the surface not only improves the material stability in liquid water!® but also changes the
reaction kinetics due to a surface phenomenon that is discussed below.

Among the elementary steps of the solid base-catalyzed aldol-condensation
mechanism, either the a-H abstraction®! or the C-C coupling®' has been proposed to be rate-
limiting. While the former (also referred as deprotonation, enolate formation or a-H activation)
responds to a first-order surface kinetics, the latter is intrinsically a second-order phenomenon.
This step can follow either a bimolecular Langmuir-Hinshelwood (L-H) model between two
surface species or an Eley-Rideal (E-R) model between an adsorbed enolate and an electrophile
in the bulk.!® In the Supporting Information C we include the details of the kinetics analysis,
in which we tested the different models for each of the cases, either assuming first-order L-H

(deprotonation), second-order L-H, or second-order E-R (C-C coupling) as rate-limiting steps.

Both, non-linear regressions and regressions using linearized L-H or E-R equations
were used to compare the goodness of the fitting (See Supporting Information D). The
analysis shows that for the non-functionalized MgO-NC catalyst the rate-limiting step is

deprotonation following a first-order L-H model.

21
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These kinetics results, obtained over the bare MgO catalyst, are in good agreement
with the activation barriers for the two elementary steps of CPO aldol condensation calculated
by DFT on the MgO(100) surface. As shown in Figure 7, starting with two CPO molecules
adsorbed on a Lewis acid site (MgO), the barrier for the H-abstraction step that generates the
enolate intermediate is 60 kJ/mol. This barrier is significantly higher than the one for the second
step (C-C coupling). In this second step the enolate formed after H-abstraction attacks the other
CPO molecule, which is adsorbed on an adjacent site and acts as the electrophile in the reaction.
That is, the DFT calculations predict that the first-order H-abstraction step is rate-limiting, in

good accord with the observed kinetics behavior.

60

[OX]* + H*
-10

[C +H* +

Figure 7. Energies of DFT-calculated reactant, transition state and product structures for the self-aldol
condensation of cyclopentanone on a MgO(100) surface. In the first step, one of two cyclopentanone molecules
adsorbed on adjacent Mg cations undergoes alpha H-abstraction by a basic site (oxygen). In the second step, the

resulting enolate attacks the second cyclopentanone molecule, forming a new C-C bond.

22
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By contrast, for the functionalized MgO(70)-OTS(30) catalyst, the best fitting
corresponds to a second-order L-H model, which indicates that the surface C-C coupling is rate-
limiting in this case. That is, the presence of the functional groups may put a steric constrain
limiting the accessibility of the enolate to the carbonyl group of the adsorbed CPO, polarized
by the Lewis acid site. In fact, it was further observed that when the alkyl chains of OTS
molecules were removed, the resulting MgO(70)-OTS(30) PC catalyst behave very similarly to
the non-functionalized MgO-NC. That is, the kinetics became again first-order L-H, indicating
that the H-abstraction went back to be the rate-limiting step. Clearly, the cause for this switch
in rate-limiting step can be traced to the presence of the alkyl groups on the surface, which play

a steric constrain in the C-C coupling step.

3.5.1.  Density Functional Theory simulation of cyclopentanone chemisorption on OTS-

functionalized MgO

(a)

(b)
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Figure 8. DFT calculations of the adsorption of CPO on OTS-functionalized MgO. (a) Atomic structure of the
hybrid interface, with Mg, O, Si, C, and H colored pink, red, blue, cyan, and white, respectively. The OTS
density in this simulation is about 3 molecules per nm?, as observed experimentally. (b) Side view of the unit
cell to show the adsorption configuration of CPO at the interface. (¢) Top view of the unit cell. The carbon chain

in the OTS has been omitted to show the densely packed interface.

We can rationalize this finding as follows. On the non-functionalized MgO catalyst,
the C-C coupling is very effectively catalyzed by acid-base pairs,’! in which the basic site is
responsible for the a-H abstraction that generates the enolate while the acid site acts as a
polarizing agent that enhances the electrophilicity of the C in the carbonyl of the electrophile.
As a result, the rate-limiting step is the first-order deprotonation. The functionalization of the
surface has two effects that inhibit the reaction. First, it preferentially removes the sites of
strongest basicity, but more importantly for the MgO(70)-OTS(30) catalyst, it places a steric
constraint making the C-C coupling between adjacent sites much less feasible. As a result, the
overall rate drops and the C-C coupling becomes rate-limiting. In perfect agreement with this
idea, when the functionalized sample is calcined, we observe that as the steric constraint is
removed, the rate-limiting step is again the first-order deprotonation. However, since the most
basic sites have been removed and not recovered after calcination, the overall TOF is lower than

in the original non-functionalized catalyst.

Figure 8 shows the atomic structure of cyclopentanone adsorption at the OTS/MgO
interface. The AIMD simulations were performed first to equilibrate the structures of the
OTS/MgO over 30 ps at room temperature, and then a cyclopentanone molecule was introduced
using one of the snapshots taken from the AIMD simulation. The OTS is anchored to the MgO
surface through Si-O-Mg covalent bonds. In this case, we assume one silanol still remains per
OTS at the interface. Figure 8c depicts an adsorbed cyclopentanone molecule along with 2
OTS anchors over an 8 A x 8 A unit cell, being equivalent to 3 OTS anchors per nm?, as
observed experimentally (see Section 3.1.2). Because of this high density of OTS on the MgO

surface, adsorption of two cyclopentanone molecules in the close proximity is hindered, as

24
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discussed above, which is crucial in determining the reaction kinetics and the observed changes
in rate-limiting step.

We can now rationalize the contrasting responses of the functionalized and non-

oNOYTULT D WN =

9 functionalized catalysts to the addition of water on the basis of the observed kinetics and the
1 representation of the functionalized surface, as revealed by the DFT simulations. The effect of
water on the non-functionalized MgO is clearly detrimental for activity, at all concentrations.
14 The observed kinetics and high TOF observed on this catalyst indicate that the bimolecular C-
16 C coupling step is very favorable on the available acid-base pair sites, and the overall rate is
18 limited by the initial deprotonation step, which is favored by strong basic sites. Then, the
detrimental effect of water may simply be due to the blocking of active sites, which is common

21 in many reactions.
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3.5.2.  Mechanistic aspects of the water-assisted C-C coupling

<j\t’+
N6 H
/ Oo.’ !

(_}1 H/Oo

°o'0-0'0

Figure 9. Schematic water-assisted C-C coupling as an elementary step of the nucleophilic addition mechanism

of CPO self-aldol condensation.

What is less common is the significant enhancement in activity observed on the
functionalized catalysts by the presence of water. Such enhancement must be traced to a
phenomenon that accelerates the rate-limiting step, which in this case is the C-C coupling. As
mentioned above, the reason for the reduced rate in the C-C coupling step is the presence of
alkyl groups, which put a steric barrier between the surface enolate and the other CPO molecule
acting as the electrophile. While the first CPO can still access the surface and get deprotonated
by basic sites on MgO(70)-OTS(30), it becomes difficult for the resulting enolate to find
adjacent surface-bound CPO molecules to attack. As illustrated in Figure 8, the alkyl groups
of OTS also block the access of a neutral CPO molecule to an Mg?* Lewis acid site, which
normally would act as an enhancer of catalytic activity via polarization of the C=O bond.
Particularly, the anionic o-C of a deprotonated cyclopentanone targets the carbonyl C of a
neutral cyclopentanone molecule to form a new C-C bond. The more polar the neutral
cyclopentanone C=0O bond, the more electropositive the carbonyl C is to accelerate the
nucleophilic attack of the a-C. As a consequence, C-C coupling replaces deprotonation as the
rate-limiting step on MgO(70)-OTS(30).

From all of this, we must conclude that the presence of water somehow overcomes this

steric constraint facilitating the rate-limiting C-C coupling. One may propose that clusters of
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water molecules may nucleate around a Lewis acid site and extent the polarizing effect of this
site to reach the carbonyl group of a CPO molecule next to the enolate, facilitating in this way
the C-C coupling. As proposed in the schematic representation of Figure 9, external water can
bridge the polarizing effect of a remote Lewis site via H-bonding to the carbonyl O of the CPO
molecule. This polarization helps shifting the electron density in the carbonyl, rendering the C
sufficiently electropositive to interact with the anionic a-C. From this perspective, water
effectively shuttles the polarizing effect of remote Lewis sites onto the CPO molecules

accessible to the surface enolate and accelerates the rate-limiting C-C coupling.
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Figure 10. Initial rates of cyclopentanone (CPO) conversion over MgO(70)-OTS(30) as a function of CPO
concentration - with and without externally added water. Reaction conditions: 50 mL of total feed, 0.50 g of
MgO(70)-0OTS(30), 200°C, 1 hour. Inset: Expanded low CPO concentration region, emphasizing the differences

in initial slopes.

As shown in Figure 10 and Figure S4, the rate can be well described by a second-
order L-H model, which shows that C-C coupling remains being rate-limiting after water
addition, but with an enhanced overall rate. The as-described water-induced rate-enhancement

holds until a water film is formed over the surface, causing a drop in activity.
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3.6.  Kinetic isotope effect by adding D,0 instead of H,O
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Figure 11. Effect of water addition - H,O (red symbols); D,O (green symbols) on the catalytic performance of

non-functionalized and OTS-functionalized MgO catalysts. Reaction conditions: Ccpo o= 1.8 M, 200°C.

Figure 11 displays changes in reaction rates when D,0 is added to the system instead

of HO. A small, but consistent, isotope effect is observed on the OTS-functionalized MgO but

almost no effect on the non-functionalized MgO-NC. As mentioned in Section 3.5.2, the rate-

limiting step on the former is C-C coupling, which is positively affected by water. While the

exact mechanism of polarization via H-bonding is beyond the scope of this studys, it is clear that

there is an effect of the nature of the water molecules, which is less pronounced with the heavier

D atoms than with H. Meanwhile, on the non-functionalized MgO-NC, the rate-limiting step

is deprotonation, which is negatively affected by water via blocking of active sites. In that sense

H,0 and D,0 are comparable inhibitors.

4. Conclusions

The main conclusions of the study are the following:

ACS Paragon Plus Environment
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As previously shown, functionalizing MgO with octadecyltrichlorosilane (OTS)
improves the stability of this catalyst for aldol condensation of cyclopentanone, but at
the same time it changes the rate-limiting step. That is, while on the non-functionalized
MgO the reaction follows a first-order L-H model with o-H abstraction as rate-limiting
step, it becomes second-order L-H, limited by C-C coupling and exhibits a lower TOF.
The decreased catalytic activity of the MgO-OTS sample compared to MgO-NC can be
partially recovered by adding moderate amounts of water to the reaction system. The
promotional effect of external water relates to the alkyl chains of the organosilane agent.
It is proposed that water assists the rate-limiting C-C coupling step by helping polarizing
the C=0 bond of the cyclopentanone molecule that acts as the electrophile. A chain of
water molecules can form a bridge between an Mg?" acid site and a cyclopentanone
electrophile near the surface cyclopentenolate. In other words, a cyclopentanone
molecule in the organic solvent can become indirectly polarized by the Mg?* bridging

the steric constraints imposed by the alkyl groups of the organosilane.
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