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1. Introduction
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Heterogenisation of homogeneous catalysts onto solid supports represents a potential strategy to make
the homogeneous catalytic function recyclable and reuseable. Yet, it is usually the case that immobilised
catalysts have much lower catalytic activity than their homogeneous counterpart. In addition, the
presence of a solid interface introduces a higher degree of complexity by modulating solid/fluid
interactions, which can often influence adsorption properties of solvents and reactive species and,
ultimately, catalytic activity. In this work, the influence of support and solvent in the H-transfer reduction
of propionaldehyde over AlOPr)3—SiO,, AlO'Pr)s-TiO, and AlQ'Pr)s—ALOsz heterogenised catalysts
has been studied. Reaction studies are coupled with both NMR relaxation measurements as well as
molecular dynamics (MD) simulations in order to unravel surface and solvation effects during the reaction.
The results show that, whilst the choice of the support does not influence significantly catalytic activity,
reactions carried out in solvents with high affinity for the catalyst surface, or able to hinder access to active
sites due to solvation effects, have a lower activity. MD calculations provide key insights into bulk solvation
effects involved in such reactions, which are thought to play an important role in determining the catalytic
behaviour. The activity of the heterogenised catalysts was found to be comparable with that of the homoge-
neous Al(O'Pr)s catalysts for all supports used, showing that for the type of reaction studied immobilisation of
the homogeneous catalyst onto solid supports is a viable, robust and effective strategy.

need for using batch processes, which are more suitable with
such catalysts. Moreover, reactions catalysed by homogeneous

Manufacturing of fine chemicals through catalysis is a very
active area of research, with applications in the food, fragrance,
cosmetic and pharmaceutical industries. For such processes,
homogeneous catalysts, which typically have metal centres
surrounded by a variety of ligands, are extremely flexible,
function at mild conditions, and can provide exceptionally high
selectivity." Major drawbacks of homogeneous catalysis are the
difficulty in separating and reusing the catalyst, as well as the

@ Department of Chemical Engineering, The University of Manchester, Oxford Road,
M13 9PL, UK. E-mail: carmine.dagostino@manchester.ac.uk

® Dipartimento di Scienze Chimiche, Farmaceutiche ed Agrarie,
Universita degli Studi di Ferrara, Via L. Borsari, 46, I-44121 Ferrara, Italy

¢ Dipartimento di Ingegneria Civile, Chimica, Ambientale e dei Materiali (DICAM),
Alma Mater Studiorum — Universita di Bologna, Via Terracini, 28, 40131 Bologna,
Italy

i Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3cp01825¢

1 These two authors contributed equally to this work and are co-first authors.

21416 | Phys. Chem. Chem. Phys., 2023, 25, 21416-21427

catalysts can be highly cost ineffective due to the requirement
for catalyst replacement and related waste disposal. Conversely,
heterogeneous catalysts, which are often made of metal parti-
cles supported on porous solid or metal oxides, offer practical
advantages in terms of separation from the reaction products
and process operability but tend to work at harsher conditions
and with lower conversion and selectivity.”™* A possible strategy
to carry out processes having the advantages of both hetero-
geneous and homogeneous catalysis is that of immobilising
homogeneous catalytic functions over solid supports, hence
making the catalyst insoluble and easy to recover or be inte-
grated in continuous fixed-bed reactors.>® The functionalisa-
tion of homogeneous catalysts can be achieved by grafting
processes.””® In this method, the support is usually suspended
in a solvent under reflux and reacted with an appropriate loading
of a suitable homogeneous catalyst precursor.® The resulting solid
is collected, washed and dried in order to obtain the final hetero-
genised homogeneous catalyst. The nature of the support material
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may have a significant impact on the catalyst behaviour and
influence the catalyst active site.” The choice of supports with
high surface area for absorption, good thermal stability and
porosity is highly recommended. Among the supports, silica
(Si0,)-based supports are the most commonly used. We have
recently demonstrated that the use of other supports, such as
TiO, and Al,O3, can also be a valid alternative to produce highly
active and selective catalysts for immobilising aluminium iso-
propoxide to catalyse H-transfer reductions of carbonyl com-
pounds.'® H-transfer reactions are very useful for the selective
reduction of carbonyl compounds to their corresponding alcohols
and are traditionally carried out in homogeneous solutions using
soluble metal alkoxides.'"""* The alkoxides required are often in
stoichiometric quantities and cannot be recycled. This results in
high volumes of corrosive waste and possibilities of side reactions,
such as aldol condensation.’® Previous work has shown that
H-transfer reactions can be catalysed using solid catalysts. Hetero-
geneous catalysts, such as zeolites, magnesium phosphates,
CaO and MgO,/Al, O3, have been used for this reaction under
mild conditions.*'* However, they typically have poor selectivity
and the catalysts are difficult to tune. In addition to heteroge-
neous catalysts, metal alkoxides have also been immobilised on
silica based supports to be used for H-transfer reactions. Uysal
and Oksal reported the activity of boron alkoxide containing
ordered mesoporous silica (B(O'Pr);-MCM-41) prepared by graft-
ing method for the reduction of o,B-unsaturated carbonyl
compounds.” They found the catalyst to be very selective without
leaching of the grafted boron." Zhu et al. also used SBA-15 as a
support material for the grafting of zirconium 1-propoxide.'® They
found the supported catalyst to be very active in H-transfer
reduction of various aldehydes and ketones. MCM-41 material
was also employed by Anwander et al. as a support for the grafting
of aluminium isopropoxide.*® It was found that the supported
catalyst was particularly active in the H-transfer reduction of 4-tert-
butylcyclohexanone. However, despite their potential, hetero-
geneous systems have received far less attention relatively to
homogeneous systems due to several issues. For example, mass
transfer effects by diffusion'”'® and competitive adsorption*®
are some of the factors that can affect the performance of
heterogeneous catalysts due to the presence of a porous solid
support. NMR techniques to measure transport and dynamics
in fluid systems®*>* have in recent years been successfully
applied to study heterogeneous catalysts. In particular, NMR
relaxation studies have recently been used to investigate
adsorption on solid catalysts®*>” and aid design of hetero-
geneous catalytic systems.?® In particular, the ratio of T,/T, has
previously been used as an indicator of surface-molecule
interaction energy in porous materials, as it correlates with
the residence time of the molecule on the surface.>® Under
certain conditions, a high 7,/T, ratio indicates stronger mole-
cule-surface interactions.

Following our previous investigation on the effect of the type
of support for immobilisation of aluminium isopropoxide,®
in this work we have extended our approach for H-transfer
reduction of carbonyl compounds through immobilised organo-
metallic aluminium isopropoxide. In particular, we assess solvent
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and solvation effects, gaining new fundamental insights at a
molecular level through NMR relaxation measurements to probe
solvent effects over the surface, and molecular dynamics (MD) to
probe bulk solvation effects that might affect the reaction pathway.

2. Experimental

2.1. Materials and chemicals

Aluminium isopropoxide (>98%), 2-propanol (anhydrous,
99.5%), n-hexane (anhydrous, >99%) 1,4-dioxane (anhydrous,
99.8%), diethyl ether (>98%), titanium(iv) oxide (anatase) and
silica were obtained from Sigma Aldrich, UK. Toluene (99.5%)
and propionaldehyde (extra pure, SLR) were obtained from
Fisher Scientific UK, while cyclohexane (99%) was purchased
from Acros and aluminium oxide, y-phase, from Alfa Aesar.

2.2. Preparation of supported catalysts

The grafting of aluminium isopropoxide AI(O'Pr); on the various
supports was carried out in accordance with the literature.?
Before grafting, the support (SiO,, TiO,, y-Al,O3) was dried for
4 hours at a temperature of 250 °C. The heterogenised homo-
genous catalyst was prepared by adding 2 g of the support (SiO,,
TiO,, y-Al,0;) to a solution of (5 mmol) aluminium isopropoxide
in 25 ml dry n-hexane. The solution was stirred (500-700 rpm) and
refluxed at 69 °C for 12 hours. The suspension was filtered under
N, atmosphere, washed three times with n-hexane and dried
under the same inert condition.

2.3. Reaction studies

The heterogenised catalysts Al(O'Pr),-Si0,, Al(O'Pr),-TiO, and
Al(O'Pr);-Al,O; were tested for the H-transfer reduction of
propionaldehyde to 1-propanol using 2-propanol as sacrificial
H-donor agent. Reactions were carried out in a 50 ml round-
bottom flask equipped with a condenser that was submerged in an
oil bath. The heterogenised catalyst (200-220 mg) was added to the
reaction mixture containing 1.4 mmol propionaldehyde, 6.6 mmol
2-propanol and the solvent of interest (5 ml). The reaction mixture
was then heated to reflux with stirring at 750 rpm for 4 hours. The
mixture was analysed using an Agilent 7820A gas chromatography
system equipped with FID detector and a HP-5 methylpolysiloxane
column (30 m x 320 pm X 0.25 um), operated at 35 °C for
5 minutes, heating at 10 °C minute " up to 200 °C for 16 minutes.
Products were identified by comparison with authentic samples
and quantified by external calibration method. The main product
was 1-propanol for all catalysts and solvents.

The turnover frequency (TOF) was determined using the
expression:

mmOIproduct

TOF = -
MmOlcagatyst X time(s)

2.4. NMR relaxation measurements

Proton (*H) NMR measurements were conducted using a
Magritek Spinsolve 43 MHz NMR spectrometer. For the sample
preparation, catalyst particles were soaked in the solvent
or reactant of interest for 48 hours to enable saturation.
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The samples were then dried on a pre-soaked filter paper to
eliminate any surplus liquid on the external surface. After
carefully transferring the powder samples into a 5 mm dia-
meter NMR tube, a small amount of the solvent or reactant was
adsorbed onto filter paper. This filter paper was then placed
underneath the cap of the NMR tube and sealed with Parafilm
to create a saturated atmosphere in the NMR tube, minimising
errors caused by the evaporation of the volatile liquids. Stan-
dard inversion recovery pulse sequence was used to measure T.
More details on pulse sequence and data analysis can be found
in the literature.*® General parameters for T; measurements are
a repetition time of 20 s; min delay 1-250 ms; max delay 1-15 s;
dwell time 50 ps. The Carr Purcell Meiboom Gill (CPMG) pulse
sequence was used to measure the transverse relaxation time,
T,.*° General parameters for T, measurements were a repetition
time of 10 s; echo time 1000 ps; number of echoes per step
20-250; number of steps 16; number of scans 4; dwell time
50 ps. Before beginning the measurements, the samples were
inserted into the magnet and left for about 20 minutes to attain
equilibrium temperature.

2.5. Molecular dynamics simulations

Molecular dynamics (MD) simulations were carried out to under-
stand bulk solvation effects in the MPV reduction. The MD
simulations were performed using the GROMACS 2020 software
package®*? and the General Amber Force Field (GAFF).>* Here,
parameter information, including bond, angle, torsion, improper,
van der Waals, and electrostatic terms of the catalyst aluminium
isopropoxide, were generated by the Metal Center Parameter
Builder (MCPB.py).>* More specifically, the organometallic com-
pound was split into 4 residues (3 ligands and a metal ion Al), and
then MCPB.py was used to generate parameters at the B3LYP/
TZVP with GD3B]J dispersion correction level using Gaussian16>>
and partial charges using restrained electrostatic potential
charges (RESP).*® All topology and coordinate files were created
by the TLeap module in AMBER 20 software package.’” The
AMBER-style input files were then converted to GROMACS-style
using the ParmEd program in AmberTools21.>® GAFF parameters
are shown in Table S1 (ESIf). Parameters for each component
in the calculation, including five solvents, one catalyst and two
reactants, are presented in Tables S2-S9 (ESI).

The simulations were performed in five cubic boxes to which
periodic boundary conditions were applied in all directions.
The initial systems were built using PACKMOL (version 18.104).%°
The reactants (propionaldehyde and 2-propanol), the catalyst
aluminium isopropoxide, and one of the solvent types (cyclo-
hexane, diethyl ether, 1,4-dioxane, n-hexane and toluene) were
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initially placed randomly in a 5 x 5 x 5 nm® cubic box. The
number of molecules in simulations are presented in Table 1.
The simulation box dimensions of different systems after NPT
equilibration are also shown in this table. All systems were
initially minimised using the steepest descent energy minimi-
sation method and then simulated for 1 ns at 298.15 K under
the canonical (NVT) ensemble to reach equilibrium. The tem-
perature was controlled with a velocity-rescaling thermostat
with a coupling constant of 0.1 ps.’® The systems were then
further equilibrated for 5 ns under the isothermal-isobaric
(NPT) ensemble with temperature maintained at 298.15 K using
a velocity-rescaling thermostat and pressure at 1 bar using
Parrinello-Rahman barostat;*' a coupling constant of 0.1 ps
was applied for both temperature and pressure. The equili-
brium steps were followed by a 50 ns NPT production run,
keeping temperature and pressure constant at 298.15 K and
1 bar, respectively. In all simulations, the short range electro-
static and van der Waals interactions were evaluated with a
cutoff distance of 1.0 nm. Long-range electrostatic interactions
were calculated using the Particle Mesh Ewald (PME) method*?
with a grid spacing of 0.16 A. Bonds involving H were constrained
to equilibrium length by applying the LINCS algorithm.** Analysis
was performed using tools provided in the GROMACS package.
Fig. 1 presents a visualisation of the cyclohexane system after
a 50 ns simulation using Visual Molecular Dynamics (VMD)**
and PyMOL (The PyMOL Molecular Graphics System, ver. 2.4;
Schrodinger, LLC, 2020).

3. Results and discussion

3.1. Activity of the heterogenised vs. homogeneous Al(O'Pr);
catalysts

The H-transfer reduction of propionaldehyde to isopropanol
was chosen as a model reaction. As previously reported with the
homogeneous aluminium alkoxide catalyst,*® the reaction was
carried out in a similar manner using the developed hetero-
genised catalysts. Detailed characterisation of these samples
has been reported in previous work.'® The specific surface
area determined by Brunauer-Emmett-Teller (BET) method is
in the range of 12-14 m? g~ ! for Al(O'Pr);-TiO, and TiO,
support, 212-240 m?* g~ for Al(O'Pr);-Al,0; and y-Al,0; and
408-434 m* g~ ! for Al(O'Pr);-SiO, and Si0,, while the pore size,
determined by the Barrett-Joyner-Halenda (BJH) analysis, is in
the range of 3-12 nm. X-ray diffraction measurements (XRD)
on these catalysts shows that the homogeneous aluminium
isopropoxide catalyst is highly dispersed on the surface of
the supports as no new peaks of Al were detected. The high

Table 1 Number of molecules of each substance and size of simulation boxes used for MD simulations

System Aluminium isopropoxide Solvent Propionaldehyde 2-Propanol Total no. of molecules Box size [nm’]
Cyclohexane 7 478 54 241 780 5.05325°
Diethyl ether 7 502 53 234 796 4.99356°
1,4-Dioxane 6 646 46 204 902 4.93890°
n-Hexane 8 367 62 274 711 5.02370°
Toluene 7 488 54 238 787 5.02973%
21418 | Phys. Chem. Chem. Phys., 2023, 25, 21416-21427 This journal is © the Owner Societies 2023
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Fig. 1 Visualisation of solvent effects in a cyclohexane box. (aluminium
isopropoxide: red; cyclohexane: green; 2-propanol: yellow; propionalde-
hyde: blue. All molecules are drawn in line style).

dispersion of Al is confirmed by the elemental dispersive X-ray
spectroscopy (EDX) analysis of the samples, which shows
presence of Al and C in the heterogenised catalysts.

The aluminium loading determined by ICP-OES is approxi-
mately 6.61 wt%, 5.99 wt% and 6.45 wt% for Al(O'Pr);-SiO,,
Al(O'Pr);-TiO, and Al(O'Pr);-Al,0,, respectively. To compare
the catalytic activity of the heterogenised catalysts with that of
the homogeneous catalysts, the TOF of for both homogenous
and the heterogenised reactions are presented in Table 2.

As can be observed from Table 2, the activity of the hetero-
genised catalysts (Al(O'Pr);-SiO,, Al(O'Pr);-TiO, and Al(O'Pr);-
Al,03) in different solvents is noteworthy as it compares well
with that of the homogeneous aluminium isopropoxide catalyst
(AI(O'Pr);). The observation that these heterogenised systems
perform as well as the relevant homogeneous catalyst is unu-
sual. In many cases heterogenisation of homogeneous catalysts
often leads to a much lower activity compared to the homo-
geneous system.*® In addition, it is noted that the choice of the
catalyst support does not significantly affect the catalytic activ-
ity, with catalysts based on SiO, and y-Al,O; giving comparable
performance while TiO, showing a slightly lower catalytic
activity as shown in Fig. 2. This small change may be

Table 2 TOF values for the H-transfer reduction of propionaldehyde to
1-propanol using homogeneous and heterogenised catalysts in different
solvents

Entry Catalyst Solvent TOF [s7']

1. Al(O'Pr); n-Hexane 1.95 x 10°*
2. Al(O'Pr);-SiO, n-Hexane 1.74 x 107*
3. Al(O'Pr);-TiO, n-Hexane 1.62 x 107*
4. Al(O'Pr);-AL 04 n-Hexane 1.69 x 107
5. Al(O'Pr); Cyclohexane 1.89 x 10~*
6. Al(O'Pr);-SiO, Cyclohexane 1.44 x 107*
7. Al(O'Pr);-TiO, Cyclohexane 1.35 x 107*
8. Al(O'Pr);-Al,0; Cyclohexane 1.43 x 10°*
9. Al(O'Pr); Toluene 1.65 x 107*
10. Al(O'Pr);-SiO, Toluene 117 x 107*
11. Al(O'Pr);-TiO, Toluene 1.10 x 10~*
12. Al(O'Pr);-AL,0; Toluene 1.12 x 107
13. Al(O'Pr); 1,4-Dioxane 9.79 x 107>
14. Al(O'Pr);-SiO, 1,4-Dioxane 7.22 x 107°
15. Al(O'Pr);-TiO, 1,4-Dioxane 6.94 x 107°
16. Al(O'Pr);-AL,0; 1,4-Dioxane 7.08 x 107°
17. Al(O'Pr); Diethyl ether 6.67 x 107>
18. Al(O'Pr);-SiO, Diethyl ether 6.53 x 10°°
19. Al(O'Pr);-TiO, Diethyl ether 5.97 x 10°
20. Al(O'Pr);-Al,05 Diethyl ether 6.39 x 107°

This journal is © the Owner Societies 2023

View Article Online

PCCP
100
[ AIOPr),
80 [ | AI(OiPr)3-Si02
_ - AI(OiPr)3-Ti02
|:| AI(OiPr)s-Alzos
= 60
=
o
2
> 40
20
0

n-hexane cyclohexane toluene 1,4-dioxane diethyl ether

Fig. 2 Yields of 1-propanol in different solvents for the heterogenised
catalysts.

attributable to the lower surface area of the TiO, support,
which can affect the aluminium isopropoxide dispersion.

3.2. Solvent effects in the heterogenised catalysts

After having explored the effect of the support used for the
immobilisation of the aluminium active species, we now turn
our attention to the influence of the choice of the solvent. Fig. 2
shows the yields of the various heterogenised catalysts in
different solvents. It can be observed that the differences in
the yield are similar to those reported using the homogeneous
aluminium isopropoxide (as shown in Table 2). The yields are
significantly lower in 1,4-dioxane and diethyl ether solvents
compared to toluene, cyclohexane and aliphatic n-hexane.
It is clear by looking at the Kamlet and Taft parameters*’*®
that solvents with high hydrogen bonding ability and high
polarizability, such as 1,4-dioxane and diethyl ether show
reduced activity. This suggests the possibility of the solvents
coordinating with the aluminium centre to block access of
the reactant to the active sites of the catalysts. The best
performance of the heterogenised catalysts is observed when
using aprotic solvents (n-hexane and cyclohexane). The trend
observed for the supported aluminium catalyst with the type of
solvent is similar to that observed for homogeneous aluminium
isopropoxide. This suggests that for the effects related to the
stabilisation of transition state as well as solvation effects
observed for the homogeneous catalyst play a similar role when
the active catalyst is immobilised over the support.

In order to probe the solvent effects in more detail, for
example the influence of solvent adsorption over the solid
surface of the heterogenised catalysts, NMR relaxation experi-
ments were conducted to elucidate solvent-surface interaction.
In particular, the T,/T, ratio can be considered as an indicator
characterising the strength of fluid/solid interaction at the
surface.”® In more details, a higher T,/T, ratio of fluids inside
porous materials results from a slower molecular dynamics
of molecules close to the surface interacting with the solid.
In summary, a higher T,/T, can be attributed to stronger

Phys. Chem. Chem. Phys., 2023, 25, 21416-21427 | 21419
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Fig. 3 T, relaxation plots for solvents and reactant within (a) A(OPr)3—SiO,, (c) AUOPr)s—-TiO, and (e) A(O'Pr)s—Al,Os. T>» CPMG plots for solvents and

reactants within (b) A(O'Pr)3—SiO5, (d) Al(O'Pr)3s—TiO, and (f) A(O'Pr)s—ALOs.

surface interactions. The spin-lattice relaxation (longitudinal
relaxation) Ty, was measured by the inversion recovery pulse
sequence while spin-spin relaxation time (transverse relaxa-
tion) T,, was measured using the CPMG pulse sequence.*
Experimental plots of T; and T, relaxation measurements are
presented in Fig. 3 for the heterogenised catalysts utilised in
this study. Fig. 3 displays the Ty inversion recovery (a, c, e) and
T, CPMG decays (b, d, f). More information on the experimental
plots of T; and T, of the various supports can be found in
Fig. S1 of the ESL¥

21420 | Phys. Chem. Chem. Phys., 2023, 25, 21416-21427

Table 3 reports the values of the T,/T, ratio for different
solvents and reactants in the heterogenised catalysts studied.
Individual values of T; and T, can be found in Tables S10-S12
of the ESIL.{ The values of the ratio of T,/T, for the supports in
both solvents and reactants are observed to decrease after
functionalisation with AI(O'Pr);.

Comparing the data of Fig. 2 and Table 3, lower yields are
observed in solvents with much higher T,/T, values than the
reactants propionaldehyde and 2-propanol, such as 1,4-dioxane
(vield in the range of 35-36% for the three catalysts) and diethyl

This journal is © the Owner Societies 2023
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Table 3 TJT, relaxation of the solvents and reactants in Al(O'Pr)s—SiO,,
Al(O'Pr)s—TiO, and Al(O'Pr)s—Al,Os. The relative error on T4/T, is in the

range of 3-5%

Entry Solvent Catalyst Ty/T,
1. n-Hexane Al(O'Pr);-SiO, 2.7
2. n-Hexane Al(O'Pr);-TiO, 2.9
3. n-Hexane Al(O'Pr);-Al,0; 2.8
4. Cyclohexane Al(O'Pr);-SiO, 3.2
5. Cyclohexane Al(O'Pr);-TiO, 3.7
6. Cyclohexane Al(O'Pr);-Al,05 3.7
7. Toluene Al(O'Pr);-SiO, 4.0
8. Toluene Al(O'Pr);-TiO, 4.2
9. Toluene Al(O'Pr);-Al,05 441
10. 1,4-Dioxane Al(O'Pr);-SiO, 5.3
11. 1,4-Dioxane Al(O'Pr);-TiO, 5.4
12. 1,4-Dioxane Al(O'Pr);-Al,05 5.3
13. Diethyl ether Al(O'Pr);-SiO, 7.8
14. Diethyl ether Al(O'Pr);-TiO, 8.0
15. Diethyl ether Al(O'Pr);-Al,05 7.9
16. Propionaldehyde Al(O'Pr);-SiO, 2.5
17. Propionaldehyde Al(O'Pr);-TiO, 2.3
18. Ppropionaldehyde Al(O'Pr);-Al,05 3.1
19. 2-Propanol Al(O'Pr);-SiO, 3.0
20. 2-Propanol Al(O'Pr);-TiO, 3.0
21. 2-Propanol Al(O'Pr);-Al, 05 3.0

ether (yield in the range of 30-33% for the three catalysts),
while much higher yields are observed in solvents with similar

View Article Online
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T,/T, values as the reactants, as in the case of n-hexane (yield in
the range of 81-88% for the three catalysts), cyclohexane (yield
in the range of 68-73% for the three catalysts) and toluene
(vield in the range of 56-59% for the three catalysts).

Fig. 4 reports a plot of the T,/T), ratio vs. TOF for the different
heterogenised catalysts used in the reaction under study in
different solvents. The findings in Fig. 4 show that solvents
with higher T,/T,, and consequently a stronger surface affinity,
result in reduced reactivity, as shown by the findings observed
over other heterogeneous'® and heterogenised catalysts.***°
Oxygenated solvents such as 1,4-dioxane and, in particular,
diethyl ether are found to exhibit higher adsorption energies
compared to linear ones such as alkanes, as suggested by the
higher T,/T,, see Table 3. A previous study has reported that
the diffusion of 1,4-dioxane in porous TiO, is influenced by
interactions with the surface of the catalyst pores, which
is attributed to the lone electron pairs on the oxygen atoms of
1,4-dioxane, which makes the molecule to act as a Lewis
base when in contact with the solid surface.”® This agrees well
with the findings reported here. In particular, H-bonding
interactions with surface hydroxyls may play an important
role, that is, the absence of H-bonding interactions between
alkane solvents and the solid surface, which results in a lower
T,/T,, can promote stronger interactions with the reactants,

| n-hexane
'8 (a) 1.8 - (b)
n-hexane
1.6 1.6
= —
‘Tm 1.4 "i" cyclohexane ‘.‘w 144 o
7° Yo +-+ cyclohexane
< 1.2 42
2 "é" toluene X
o] T8 "i" toluene
O 1.0+ & 1.0-
L [
0.8 4 1,4-dioxane . 0.8 PR —
,_é_. diethyl ether + —
0.6 0.6 +
T T T T T T T T T T r ;
2 3 4 5 6 7 8 2 3 4 5 6 7 8
TiiT, TIT,
1.8 n-l:;):ane (©
1.6
F'm 1.4 - cyclohexane
b A
(=)
b 1.2
: + toluene
O 1.0
’—
0.8 1,4-dioxane
’ diethyl ether
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0.6 4
2 3 4 5 6 7 8
TJIT,

Fig. 4 TOF of the heterogenised catalysts versus T;/T» of the various solvents within the catalyst (a) A(O'Pr)3=SiO, (b) Al(O'Pr)3=TiO, (c) A(O'Pr)3—

AlLOs.
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including 2-propanol, hence boosting chemical reactivity at the
surface.

From Fig. 4 it is possible to observe as the oxygenated
solvents have a stronger surface adsorption capacity compared
to hydrocarbons and that this affects catalyst performances.
However, given that a similar trend is observed also with the
homogenous catalyst in the presence of the same solvent,
whereby adsorption over surfaces is neglected, it is reasonable
to assume that other types of solvent effects are present, which
as previously mentioned, are attributed to the stabilisation of
the transition state and solvation effects around the active
site. In order to investigate bulk solvation effects, MD studies
were carried out, which are presented in the next session.

Table 4 Structure of each component

View Article Online
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3.3. MD Results

MD calculations were carried out to better understand solvation
effects and accessibility to the catalyst active centre by looking
at three different aspects: (i) hydrogen bonding; (ii) interaction
energies; (iii) radial distribution function. The structures of
each component in the calculation are listed in Table 4 and
hydrogen bond donors and acceptors in different components
are shown in Table 5.

Hydrogen bonding is a strong intermolecular force, and
hydrogen bonds between reactants and catalysts can improve
accessibility to reactants to the catalyst active centre. In addition,
hydrogen bonding interactions between different species in
the system might also affect solvation and aggregation of species.

4re

2-propanol

n-hexane

21422 | Phys. Chem. Chem. Phys., 2023, 25, 21416-21427

propionaldehyde
4
s:.‘

Bk

diethyl ether

toluene

aluminium isopropoxide

1,4-dioxane
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Table 5 Hydrogen bond donors and acceptors in different components

Propionaldehyde 2-Propanol Aluminium isopropoxide Diethyl ether 1,4-Dioxane
Donor-H — O7-H12 — — —
Acceptor 04 07 02, 03, 04 o1 013, 014

The average number of hydrogen bonds formed in systems
were calculated and are listed in Table 6 using the following
geometrical H-bond criteria: donor-acceptor distance less than
3.5 A and H-donor-acceptor angle no more than 30°. Hydrogen
bonding lifetime was calculated as the average over all auto-
correlation functions of the existence functions (either 0 or 1) of
all H-bonds:

Cx) = (si®)sift + 7)) (1)

with s; (t) = {0, 1} for H-bond i at time ¢. The average H-bond
lifetime 7 can be estimated by the integral of C(t):

T= JwC(r)dr @

0

From Table 6, H-bonds are only present between 2-propanol
(working as both H-bond acceptor and donor) and propional-
dehyde, aluminium isopropoxide and the solvents 1,4-dioxane
and diethyl ether due to the presence of H-bond acceptors
(as shown in Table 5). As expected, the solvents n-hexane,
cyclohexane and toluene do not form H-bonds with the reactant
2-propanol since they do not have H-bond acceptor groups.
When looking at hydrogen bonding interactions between the
propionaldehyde and 2-propanol reactants, pALD-PPN, the
highest average number of H-bonds between the two species
occurs when n-hexane and cyclohexane are used as solvents,
followed by toluene. Fig. 5 shows the H-bonds when cyclohex-
ane is the solvent of choice. Conversely, when 1,4-dioxane and
diethyl ether are used as the solvent, a lower number of
H-bonds in propionaldehyde/2-propanol and 2-propanol/
aluminium isopropoxide is observed. This may be explained
by the ability of 1,4-dioxane and diethyl ether to act as H-bond
acceptors, and hence form H-bonds with 2-propanol, the only
hydrogen donor. This disrupts interactions between propional-
dehyde and 2-propanol. Similarly, average numbers of H-bond
interactions between the 2-propanol reactant and the alumi-
nium isopropoxide catalyst, PPN-Catalyst, also show the same
trend, that is, lower in 1,4-dioxane and diethyl ether. The
difference is clear when comparing alkane species (n-hexane,

Table 6 Average numbers of hydrogen bonds in different systems

Solvent PALD-PPN PPN-Catalyst PPN-Solvent
1. Cyclohexane 38 8 —

2. Diethyl ether 24 5 76

3. 1,4-Dioxane 14 3 110

4. n-Hexane 42 9 —

5. Toluene 28 7 —

*PALD = propionaldehyde, PPN = 2-propanol, catalyst = aluminium
isopropoxide (Al(O'Pr)s).

This journal is © the Owner Societies 2023

K

Fig. 5 Visualisation of H-bonds within 2-propanol (carbon: yellow; oxy-
gen: red; hydrogen: white) and between 2-propanol and propionaldehyde
(carbon: blue; oxygen: red; hydrogen: white) when using cyclohexane as
the solvent (carbon: green; hydrogen: white).

2500
I Propionaldehyde - 2-propanol

L I Propionaldehyde - Al(O'Pr),

g 2000 -| [_]AI(OPr), - 2-propanol

2 [ AI(O'Pr), - solvent

7)) .
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c

0

© 500+

©

o

[

-

£,

n-hexane cyclohexane toluene 1,4-dioxane diethyl ether

Fig. 6 Interaction energies between reactants (propionaldehyde, 2-
propanol), aluminium isopropoxide and solvents in the solvent/reactants/
catalyst systems.

cyclohexane and toluene) with oxygenated species (1,4-dioxane
and diethyl ether).

In addition to hydrogen bonds, interaction energies between
solvents, reactants and the catalyst aluminium isopropoxide
were also investigated and shown in Fig. 6.

It is interesting to note that, when interaction energies
between solvent and catalysts are considered, solvents such
as 1,4-dioxane, diethyl ether and toluene have a stronger
interaction with the aluminium catalysts. These results suggest
that such solvents might hinder access of reactants to the
aluminium centre, hence decreasing the reactivity, which is
what has been speculated in previous work on similar systems.*
The MD results here provide a clear and direct explanation to this
phenomenon. Looking at the data in Fig. 6, it is also possible to
observe that the energies of interaction between the two reactants,
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propionaldehyde and 2-propanol, and those between the catalyst
(AI(O'Pr);) and the reactant 2-propanol, are higher in n-hexane and
cyclohexane solvents. This indicates that both propionaldehyde
and the catalyst have more favourable interactions with 2-propanol
in n-hexane and cyclohexane, whereas such interactions are less
favourable in solvents such as 1,4-dioxane and diethyl ether. This
is consistent with the results on hydrogen bonding interactions
and again suggests that a more favourable interaction between two
reactants and between catalyst and reactants might contribute to a
better performance in the reactions.

It is noted that, whilst interaction energy values of
2-propanol - (Al(O'Pr);) and 2-propanol - propionaldehyde in
n-hexane and cyclohexane solvents are higher than toluene, the
energies between propionaldehyde and (Al(O'Pr);) in these two
solvents are lower than in toluene. This is because a large
number of propionaldehyde molecules forming hydrogen
bonds with 2-propanol in n-hexane and cyclohexane solvents
leads to less propionaldehyde around the catalyst.

Finally, in order to understand the distribution of reactant
species in the different solvents, the radial distribution func-
tions (RDF) of the centre of mass between the catalyst
(Al(O'Pr),) and the reactant 2-propanol, the catalyst (Al(O'Pr)s)
and the reactant propionaldehyde and between the reactants
propionaldehyde and 2-propanol in the five solvents were
calculated. The radial distribution function (RDF) gag(r) of

(a) Propionaldehyde - 2-propanol

n-hexane

cyclohexane
toluene

3 —1,4-dioxane
diethyl ether

Radial distribution function, g (r)
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0 T T T T T
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i
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g
S 6
-
c
S
5 4
2
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A to B can be obtained via the following equation:
Na_ N
dnrlgap(r) =V Z Z P(r) (3)
icA jeB

where, V is the volume, P(r) is the probability of finding a B
atom at a distance of r from an A atom.

As shown in Fig. 7, multiple peaks can be identified,
indicating the presence of numerous solvent shell layers. Since
the first peak imply the nearest molecules in the first solvent
shell, here only the first peak is being considered for the
analysis. 2-Propanol in the first shell layer of propionaldehyde
in cyclohexane is shown in Fig. 8. From Fig. 7 it can be seen that
the position of the first peak for the reactant under different
conditions is between 0.43 nm and 0.49 nm. It is known to all
that the peaks from 0.26 nm to 0.35 nm represent hydrogen
bonding, and 0.35-0.50 nm are classified as van der Waals
forces.*>* As a result, the interaction between the catalyst and
the two reactants is mainly attributed to van der Waals forces.

From Fig. 7 it is noted that the higher the peak of species B,
the more the species B is arranged in the vicinity of the
reference species A, indicating a more favourable interaction
between the two species. According to the data in Fig. 7(a),
there is a higher density of the reactant 2-propanol around
propionaldehyde in cyclohexane and n-hexane relative to the

(b) AI(OiPr)z- propionaldehyde

= —— n-hexane
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Fig. 7 Centre of mass calculated RDF of (a) propionaldehyde — 2-propanol in different solvents, (b) catalyst — propionaldehyde in different solvents,
(c) catalyst — 2-propanol in different solvents and (d) catalyst — solvent for the different solvents.
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Fig. 8 Distribution of 2-propanol in the first shell layer of propionalde-
hyde in a cyclohexane box.

N

other solvents. At the same time, the distribution of the reactant
2-propanol around the catalyst (AI(O'Pr),) is also more favourable
in the same cyclohexane and n-hexane solvents, as observed in
Fig. 7. Conversely, Fig. 7(b) indicates a more favourable inter-
action of the reactant propionaldehyde with the catalysts in
toluene relative to the other solvents, consistent with the
findings in interaction energy. The high density of 1,4-dioxane
and diethyl ether around the catalyst may stems from the H-bond
forming between 2-propanol and the two solvents. To be more
specific, due to H-bond formation, 2-propanol arranges orderly
around the catalyst. All of the above findings are again consistent
with those on H-bonding interactions as well as interaction energy
calculations and in line with our explanation that solvents that
favour interactions on the reactant 2-propanol with the catalysts
lead to better reaction performances.

In summary, the MD calculation results reported here give
new insights at molecular level into solvation effects reported in
these systems, giving a comprehensive pictures of the various
physical interactions involved in these systems. The results
suggest that bulk solvation effects are an important factor in
determining reaction performances of these systems, which
can be directly linked to the reactivity on the homogeneous
systems but are likely to play a role also in the heterogenised
systems.

4. Conclusions

Solvent and solvation effects for H-transfer reduction of pro-
pionaldehyde to 1-propanol over aluminium isopropoxide
grafted on various solid supports was investigated. When
compared to homogeneous Al(O'Pr); catalysts, the heteroge-
nised catalysts were shown to have similar activity in all
solvents, demonstrating that immobilising the homogeneous
catalyst onto solid supports is a practical, reliable, and efficient
method for this type of reaction.

In order to unravel the reactivity trend in different solvents,
NMR relaxation measurements were carried out to study surface
affinities of solvents and reactants over the heterogenised

This journal is © the Owner Societies 2023
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catalysts whilst molecular dynamics (MD) was used to study
bulk solvation effects. The results reveal that solvents with
H-bond accepting ability, such as diethyl ether and 1,4-dioxane,
lead to a decrease in catalytic activity, which can be attributed to
the ability of such solvents to prevent access to catalytic sites due
to solvation effects. In addition, a higher affinity of such solvents
for the catalyst surface, as indicated by measurements of the NMR
T,/T, ratio, suggest that blocking of active sites immobilised over
the surface may also contribute to the reduced catalytic activity.
Conversely, solvents such as n-hexane and cyclohexane leads
to better reaction performances by promoting more favourable
interactions between the two reactants and between reactants and
catalysts. This work shows that both solvation effects and surface
interactions are important factor to consider when immobilising
homogeneous catalytic functions on solid support and their
knowledge help to rationalise catalytic behaviour and guide
design of these catalytic systems.
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