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The aldol reaction of p-nitrobenzaldehyde in amino-catalyzed mesoporous silica nanoparticles (MSN)
has revealed varying catalytic activity with the size of the pores of MSN. The pore size dependence
related to the reactivity indicates that the diffusion process is important. A detailed molecular-level
analysis for understanding diffusion requires assessment of the noncovalent interactions of the
molecular species involved in the aldol reaction with each other, with the solvent, and with key
functional groups on the pore surface. Such an analysis is presented here based upon the effective
fragment potential (EFP). The EFP method can calculate the intermolecular interactions, decomposed
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into Coulomb, polarization, dispersion, exchange-repulsion, and charge-transfer interactions. In this
study, the potential energy surfaces corresponding to each intermolecular interaction are analyzed for
homo- and hetero-dimers with various configurations. The monomers that compose dimers are five
molecules such as p-nitrobenzaldehyde, acetone, n-hexane, propylamine, and silanol. The results
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1 Introduction

Mesoporous silica nanoparticles (MSNs) have been found to
catalyze various chemical reactions selectively. The selectivity of
this silica system is a result of the different types of functional
groups available to be attached inside MSNs."? Catalytic prop-
erties including selectivity of these nanostructured silica sys-
tems are determined by geometric features such as narrow
pores and high surface areas, as well as by the formation of
covalent and noncovalent interactions between reactant mole-
cules and functional groups. In addition, it is possible to
synthesize different MSN pore sizes. Other advantages of MSNs
are stability and rigidity since they are resistant to heat,
mechanical stress, and variations in pH.’ Therefore, MSNs
are promising as heterogeneous catalysts that are selective and
reusable.*

Aldol condensation (See Scheme 1°°) has been an
important target for catalysis since this reaction forms new
carbon-carbon bonds.'®** To catalyze this reaction, aminoalk-
yls are commonly used as active sites on various kinds of

“Ames Laboratory — US Department of Energy, Iowa State University, Ames,
ITowa 50011, USA
b Department of Chemistry, Towa State University, Ames, Towa 50010, USA
¢ Department of Physics, Iowa State University, Ames, Iowa 50011, USA
+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2¢cp00952h

This journal is © the Owner Societies 2022

illustrate that the dispersion interaction is crucial in most dimers.

heterogeneous catalysts.”>™® In a paper by Kandel et al,’
n-propylamine attached to MSNs (AP-MSNs) was used
as a heterogeneous catalyst for the aldol reaction with
p-nitrobenzaldehyde (PNB) and acetone as reactants in hexane
solvent (Scheme 1). The heterogeneous reaction with a primary
amine as the main catalyst was carried out for different MSN
pore sizes. The reaction rate with the AP-MSN catalyst in hexane
increases by 20 times when the pore diameter increases from
2.8 nm to 3.6 nm. This dramatic variation in reaction yield has
been interpreted based upon infrared and NMR spectra sug-
gesting that the Schiff-base formation between PNB and the
aminopropyl group inhibits the aldol reaction. Therefore, the
effective MSN diameter becomes smaller than 2.8 nm. This
suggests that the diffusion of various species within the pore
plays an important role in the catalytic process since the
reactivity depends on the pore size. The initiation of a target
reaction requires that reactant molecules diffuse inside the
pore to active sites. In addition, multiscale modeling of the
dependence of reactivity on the pore size of MSN reveals a
strong impact of inhibited passing of the reactant and product
inside the pore.>°

In addition, the silanol group from the surface of MSN plays
an important role in supporting the catalytic effect by allowing
proton transfer and providing the binding sites. Since solvent
and reactant species attach to the MSN pore walls, the effective
pore diameter is reduced relative to the measured pore size, as
already noted above. For example, Schiff-base formation at the
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Scheme 1 Aldol reaction between p-nitrobenzaldehyde and acetone.
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pore walls reduces the effective pore diameter by ~1.5 nm.>°
Even though the lengths of PNB reactant and the aldol product,
about ~1 nm, are smaller than the pore diameter, the pore size
is too narrow for the product to pass reactant to exit the pore.*°
Therefore, the molecular interactions between the main com-
ponents during the reaction are therefore essential and neces-
sary in all these processes. Consequently, the investigation of
molecular interactions is fundamental, especially on the diffu-
sion process which must have occurred before the complex
catalytic chemical reaction.

Noncovalent interactions are important in chemistry, materials,
and biology. For instance, noncovalent interactions contribute to
the helical structure of DNA, they are a key factor for drug delivery,
and they play a role in the secondary structure of proteins.”*>* In
addition, nanomaterial self-assembly designs®**® and some
chemical reactions®®*” are affected by noncovalent interactions.
For example, noncovalent interactions have been important in
activating and controlling asymmetric catalysis such as the oxazabo-
rolidine-catalyzed reactions®® and Noyori transfer hydrogenation®>*’
The role of dispersion on structure stability has been reviewed in
relation to chemical reactivity and catalysis.” Furthermore, in
condensed phases like liquids, noncovalent interactions largely
determine the properties of the liquid, such as the density and
the diffusion constant. Intermolecular interactions can also con-
tribute to the reaction rate of a chemical reaction such as lowering
the energy of transition states. Therefore, the investigations of
noncovalent interactions are important for understanding diffusion
mechanisms especially for narrow pore sizes.

This work is motivated by the role that noncovalent inter-
actions, on the order of 10 kcal mol™" or less, can play in the
diffusion which has an impact on catalytic processes of reac-
tants in solvent systems inside MSN pores, since the reactant,
solvent, and product molecules must enter and move through
the narrow pore to initiate the chemical reaction. It is therefore
important to investigate the noncovalent intermolecular inter-
actions between reactants, solvents, and MSN since diffusion is
largely governed by intermolecular interactions. In this paper,
the molecular interactions are examined between pairs of
molecules that play a role in the diffusion processes in meso-
porous silica nanoparticles rather than the effects of the pore
structure. During diffusion, all molecules must move along the
pore. Thus, a systematic analysis of the consequent intermole-
cular interactions is needed.

To examine the role of noncovalent interactions, it is
necessary to investigate the full range of types of such interac-
tions, including Coulomb (Coul), polarization/induction (pol),
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dispersion (disp), charge transfer (ct), and exchange repulsion
(exrep). Each of these types of interaction can be important,
depending on the types of molecules that are involved. For
example, nucleotide bases can interact through strong hydro-
gen bonding interactions that are largely driven by electrostatic
or via dispersion interactions that occur due to m stacking
orientations.

The accurate analysis of noncovalent interactions is not
trivial in computational chemistry. In general, a high level of
ab initio electronic structure theory, for example, second-order
perturbation theory (MBPT2) or coupled-cluster (CC) theory, is
required. Symmetry adapted perturbation theory (SAPT)*>*
provides important insights into noncovalent interactions.
However, all of these methods have unfortunate scaling
(N°-N7) with system size and are therefore limited to systems
of modest size. An appealing alternative is the effective frag-
ment potential (EFP) method,> a model potential that is
derived entirely from first principles and which has been shown
to provide intermolecular interaction energies that are compar-
able in accuracy to those obtained from second-order perturba-
tion theory and coupled cluster [CCSD(T)] theory.>® Most
dispersion-corrected density functional theory (DFT) methods
are based on empirical components such as DFT-D3 that
provide little insight. Even though there are nonempirical
dispersion corrections for the DFT method such as vdW-DF,
those methods need to be improved to describe intermolecular
interactions.’® On the contrary, the main characteristic of the
EFP method is that the EFP parameters are generated from first
principles. The DLPNO-CCSD(T) is very promising since it
scales comparably to DFT. However, the EFP method is orders
of magnitude more computationally efficient than DFT.?” Slip-
chenko et al. have demonstrated, for example, that the EFP
interaction energy of stacked benzene dimers is in good agree-
ment with the interaction energies obtained from CCSD(T)/
aug-cc-pVQZ calculations and that the decomposition of the inter-
action energies into their components are in reasonable agreement
with SAPT.*® The EFP method has been applied to a broad range of
noncovalent complexes, including DNA base pairs,*® dimers of
substituted benzenes,*® water-benzene complexes,*" water-amino
acid complexes**™* and the $22 test set.*®

The EFP interaction energy can be written as

46,47

Egpp = Ecoul t Epol + Edisp + Eexrep + Ee

Each energy term is divided into two groups depending on
the interaction distance. The Coulomb, polarization, and dis-
persion terms have an R™" dependence and are long-range
interactions, while the exchange repulsion and charge transfer
terms are short-range interactions. The Coulomb potential is
modeled with a distributed multipolar analysis (DMA),*®
expanded through octopoles with expansion points located at
each bond midpoint and nuclear center. The polarization
interaction energy is formulated with localized molecular
orbital (LMO) polarizability tensors and is iterated to self-
consistency, thereby capturing many-body effects. The disper-
sion interaction between induced multipoles is calculated using
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Fig.1 EFP monomer molecular geometry. (a) Acetone (b) hexane (c) p-nitrobenzaldehyde (PNB) (d) propylamine (e) silanol (SiHzOH).

LMO frequency-dependent polarizabilities in imaginary space.*>*

The exchange-repulsion term is expressed as a power series expan-
sion in the intermolecular overlap. The intermolecular charge
transfer term is derived using second order perturbation theory
based on the interaction between the occupied orbitals on one
fragment and the virtual orbitals on another fragment.*””" The
Coulomb, polarization, and dispersion terms are all damped in
order to account for the use of semiclassical approximations.®>
Because the EFP method has been shown to provide accurate
intermolecular interaction energies, it is an attractive approach to
analyze such interactions in terms of the component contributions
summarized above.

This study investigates the interaction energies between the
various molecules involved in the aldol reaction in mesoporous
silica nanoparticles using the EFP method. This investigation
provides chemical insights into the nature of the intermolecu-
lar interactions which control the diffusion-mediated aldol
reaction in MSN, including the analysis of the relative impor-
tance of the five components of the interaction energy.

2 Computational details

All calculations have been performed with the quantum chem-
istry program GAMESS.?® The reactant molecules in the aldol
reaction in the MSN pore are p-nitrobenzaldehyde (PNB) and
acetone. A mixture of n-hexane (henceforth described as hex-
ane) and acetone constitutes the solvent in the reaction. In this
study, n-propylamine is used to represent the functional group
attached to the MSN pore surface that acts as the catalyst. Also,
silanol (SiH;OH) represents the silanol groups that also popu-
late the MSN pore surface. Since this study represents the MSN
model as the small molecule silanol, the pore itself is not
explicitly included, so definitive conclusions regarding the
impact of the pore cannot be drawn based on the calculations
reported here. The analysis in this contribution will assess
interactions between reactant and solvent molecules, as well
as interactions between PNB and the species representing
functional groups on the MSN pore surface. For each dimer
combination, the decomposed molecular interactions will be
discussed in the next section. Each molecule is optimized using
the MP2/6-311++G(2d,2p) level of theory, and each molecule

This journal is © the Owner Societies 2022

geometry is described in Fig. 1. For each monomer, stationary
points were confirmed to be minima on the respective potential
energy surfaces by calculating and subsequently diagonalizing
the matrix of energy second derivatives (Hessians).

To generate the EFP parameters, the Pople basis set 6-
311++G(3df,2p) is employed in the MAKEFP code in GAMESS
at each optimized monomer geometry. The potential energy
curve as a function of the distance between two of these
molecules is performed by the EFP method using the internal
geometries determined with MP2/6-311++G(2d,2p). The inter-
molecular distance is defined as the distance between the
centers of mass of the two molecules except for parallel-
displaced configurations. Since parallel-displaced arrange-
ments have two different directions due to the nonsymmetrical
geometry of each dimer, the intermolecular distances have
positive or negative directions, which are explained in detail
in each dimer Discussion section. All monomers have fixed
internal coordinates during the EFP calculations. EFP single
point dimer energies with fixed internal monomer geometries
were calculated to generate the corresponding potential energy
curves. The EFP interaction energy is obtained as the energy
difference between dimer and two monomers. Multiple orien-
tations of the molecular pairs were considered, and both homo-
molecular and hetero-molecular pairs have been investigated.
Since it is desirable to maintain each type of dimer arrange-
ment (e.g., parallel displaced, T-shape), the EFP geometries are
not fully optimized. The total EFP interaction energies are
compared with the CCSD(T)/6-311++G(d,p) values at each mini-
mum energy EFP geometry for each dimer. At the minimum
energy on each EFP dimer potential energy curve, CCSD(T)/6-
311++G(d,p) single point energy calculations were performed
for comparison and the CCSD(T) intermolecular interaction
energy is calculated by subtracting the two monomer energies
from a dimer energy. The dimer geometries for the CCSD(T)
calculations are obtained from the minimum energy structure
on the EFP potential energy surface.

3 Results and discussion

Diffusion of the reactant molecules (e.g., PNB and acetone)
inside the MSN pore in the presence of a solvent is an

Phys. Chem. Chem. Phys., 2022, 24,10475-10487 | 10477
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Table 1 Interaction energies (kcal mol™Y) for dimers in various

orientations

Dimer Geometry CCSD(T)/6-311++G(d,p) EFP
Acetone-acetone trans-Sandwich —5.7 —8.4
Linear —2.5 —3.5
T-shaped -3.0 —2.8
Parallel-displaced  —6.6 —8.9
Acetone-amine trans-Sandwich -2.5 —2.2
Linear -1.5 —1.4
Parallel-displaced ~ —3.2 -2.9
Acetone-silanol  trans-Sandwich —2.8 -3.5
Linear —2.5 -3.3
T-shaped -1.3 -1.6
Parallel-displaced ~ —3.5 —4.0
Acetone-hexane  Sandwich -3.1 —3.2
Linear (1) -1.8 -1.6
Linear (2) -1.4 -1.0
Hexane-hexane  Sandwich -3.9 -3.8
Cross —4.4 -3.0
T-shaped -1.9 -1.7
Hexane-amine Sandwich -3.6 —4.0
Hexane-silanol Sandwich -2.5 -1.9
T-shaped —2.3 —2.3
PNB-acetone trans-Sandwich —5.4 —4.7
cis-Sandwich —4.4 -3.1
Linear —2.3 —2.9
Parallel-displaced  —5.8 —6.1
PNB-hexane Sandwich -7.3 —6.6
Cross —6.5 -3.9
T-shaped —3.2 -3.0
Parallel-displaced = —7.4 —6.6
PNB-amine trans-Sandwich -5.0 -3.5
cis-Sandwich —4.6 —-3.4
Linear -1.1 —0.6
Parallel-displaced  —5.6 -5.0
PNB-PNB trans-Sandwich -9.6 —8.7
cis-Sandwich —6.7 —5.6
T-shaped —5.4 —3.4
Parallel-displaced —10.3 —10.0
PNB-silanol trans-Sandwich —4.0 -3.3
cis-Sandwich -3.9 -3.2
Linear (1) -1.8 —2.4
Linear (2) -1.1 -1.6
T-shaped -2.0 -1.7

important aspect of the catalyzed aldol reaction. Therefore, it is
important to investigate the noncovalent intermolecular inter-
actions of pairs of the molecules that are present in the pore. In
the following subsections, the interactions between pairs of the
same molecule (homo-molecular interactions) and between
pairs of different molecules (hetero-molecular interactions)

are considered.
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For the investigation of the accuracy of the EFP interaction
energy, the total EFP dimer interaction energies are compared
with the CCSD(T)/6-311++G(d,p) values for all molecular dimers
in Table 1. The corresponding multiple dimer configurations
are described in Fig. 2 using acetone dimer as an example. In
the sandwich configuration illustrated in Fig. 2(a), there are two
possible arrangements: In one of these (denoted trans-
sandwich), the two C—O groups are oriented trans to each
other; in the other, (denoted cis-sandwich) the two C=0 groups
are oriented cis to each other. For the collinear configuration
shown in Fig. 2(b), the C=0 groups in the two monomers are
collinear with each other with their dipole moments aligned.
For the T-shaped configuration in Fig. 2(c), the planes of the
heavy atom backbones in the two molecules are orthogonal to
each other. In the parallel-displaced configuration (Fig. 2(d)),
one of the two molecules in a trans-sandwich arrangement has
slipped relative to the other. The sandwich, T-shaped, and
parallel-displaced configurations are similar to the analogous
structures in, for example, the benzene dimer.*° Further details
on specific dimers are described in later sections. To demon-
strate the accuracy of the EFP interaction energies, the mean
unsigned errors and the RMS errors for EFP relative to CCSD(T)
are 0.8 kcal mol™" and 1.0 kecal mol ™", respectively. In addition,
the EFP energy order of the isomers for a given dimer pair
reproduces the CCSD(T) order in most dimer pairs. This good
agreement provides confidence in the reliability of the EFP
method for assessing intermolecular interaction energies. One
exception is the hexane homo-molecular dimer for which the
EFP and CCSD(T) energy order differs. The largest absolute
differences in interaction energies between EFP and CCSD(T)
are 2-3 kcal mol . For acetone-acetone dimers, EFP generally
overestimates the interaction energies compared to CCSD(T).
This tendency is also observed for acetone-silanol dimer pairs.
Overall, the EFP interaction energies are in good agreement
with those obtained using CCSD(T).

3.1 Homo-molecular interactions

Three different types of homo-molecular dimers are investi-
gated for acetone, hexane, and PNB which are the main
reactant and solvent molecules. In the present work, silanol
is used as a model for the MSN. Because siloxy groups are part
of the pore, not detached molecules inside the pore, the silanol
homo-molecular dimer is not considered here. The main

Fig. 2 Four acetone dimer configurations and one hexane dimer configuration at the equilibrium intermolecular distances. (a) Sandwich configuration
(b) linear configuration (c) T-shaped configuration (d) parallel-displaced configuration (e) cross configuration at the top view.
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Table 2 EFP intermolecular interaction energies (kcal mol™) at the minima on each potential energy surface with intermolecular distances (A) for
homo—-molecular dimers of acetone, hexane, and PNB

Distance ~ Coulomb Polarization Dispersion Exchange-repulsion = Charge transfer =~ Total EFP energy
(A (kcalmol™")  (kcal mol™")  (kcalmol™")  (kcal mol ) (keal mol ™) (keal mol ™)
Acetone dimer
trans-Sandwich 3.2 -7.0 -0.9 —7.2 6.9 -0.3 —8.4
Linear 4.9 -3.7 —0.6 —-2.1 3.0 —0.0 —-3.5
T-shaped 4.2 —-2.7 —-0.7 —2.5 3.1 0.0 —2.8
Parallel-displaced —1.3 —7.0 -1.0 —6.4 5.7 —0.2 —8.9
Hexane dimer
Sandwich 4.1 -1.3 0.0 —6.0 3.7 0.0 —3.8
Cross 3.9 -0.9 0.0 —5.4 3.3 0.0 —3.0
T-shaped 7.0 -0.8 0.0 —2.5 1.6 0.0 —-1.7
PNB dimer
trans-Sandwich 3.6 -3.2 -0.2 —11.0 5.8 0.0 -8.7
cis-Sandwich 3.7 —0.1 —-0.2 —-9.8 4.6 0.0 —5.6
T-shaped 6.4 —-1.5 —-0.4 —-3.7 2.2 0.0 —-3.4
Parallel-displaced 2.3 —3.8 —0.2 -9.0 3.0 0.0 —10.0

catalyst group, n-aminopropyl, is covalently bound inside the MSN
pore. Likewise, propylamine is represented as an n-aminopropyl

group only for hetero-molecular dimers.
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Table 2 shows the components of the EFP interaction

energies for the four acetone dimer configurations. Fig. 3
illustrates the potential energy surface for each arrangement.
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Fig. 3 Potential energy surface for acetone dimer in four different configurations. (a) trans-Sandwich (b) linear (c) T-shaped (d) parallel-displaced.
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The trans-sandwich geometry has the acetone dimer ketone
groups in a trans arrangement. This arrangement is electro-
statically preferable to the aligned (cis) orientation due to the
alignment of the monomer dipole moments. At the equilibrium
geometry, the dispersion and Coulomb terms are the dominant
interactions, both contributing ~ —7 kcal mol™" to the net EFP
interaction energy. The vertical intermolecular distance
between monomers of the trans-sandwich geometry is 3.2 A at
the equilibrium point,*” in good agreement with the lowest
energy geometry predicted by the MP2 level of theory.>® The
potential energy surface of the antiparallel sandwich geometry
in ref. 48 was investigated with MP2/6-31G(d) by moving the
coordinates of the internally fixed acetone monomer relative to
the second acetone molecule. At the most stable configuration
of that study, the interaction energy is —4.85 kcal mol ' when
the acetone monomers are 3.2 A apart. This MP2 interaction
energy is about 1 kcal mol™" smaller than the CCSD(T) value
shown in Table 1. In the linear configuration, the Coulomb
interaction is a bit larger in magnitude than is dispersion (~—4
vs. ~—2 kecal mol ). The distance between the monomers in
the linear arrangement is considerably larger than that in the
trans-sandwich dimer. Consequently, the net EFP interaction

20 : . : . . :
(a) Coulomb
Exchange-repulsion
15+t = Polarization 1
= Dispersion

-~ Charge-transfer

10t ——Total EFP energy 1
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energy is smaller in the linear isomer. In the T-shaped geome-
try, the Coulomb and dispersion interaction energies are simi-
lar to each other, ~ —3 kecal mol ™, again with a smaller net EFP
interaction energy than in the trans-sandwich structure and
comparable to that of the linear isomer. At the trans-sandwich
configuration, since one oxygen atom forms a hydrogen bond
with two hydrogen atoms on the other molecule, the acetone
dimer stays in the equilibrium structure due to the presence of
four hydrogen bonds. Therefore, the trans-sandwich alignment
is the second lowest energy configuration among the acetone
homo dimers. Only the parallel-displaced geometry has a
stronger interaction.

The parallel displaced structure is obtained by fixing the
vertical intermolecular distance at the value for the sandwich
configuration and then moving one of the monomers horizon-
tally relative to the other. In Table 2, for the parallel displaced
configuration, a negative (positive) distance means the upper
acetone monomer moved to the left (right) relative to the
reference monomer when the ketone group of the referenced
bottom acetone towards the left side. The parallel displacement
results in a small (0.5 kcal mol™") increase in the magnitude
of the interaction energy relative to the trans sandwich

®) ST or

Coulomb
Exchange-repulsion
- Polarization
——Dispersion
-~ Charge-transfer
= Total EFP energy

—_
o

Energy (kcal/mol)
(6]

Cross
0
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-5 . . . . .
3 3835 4 45 5 55 6 65

Distance (angstrom)

Fig. 4 Potential energy surface for hexane dimer in three different configurations. (a) trans-Sandwich (b) T-shaped (c) cross.
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arrangement. Fig. 3(d) illustrates the potential energy surface
for the acetone parallel displaced dimer. The most dominant
contribution to the EFP interaction energy is the dispersion,
but the Coulomb term clearly determines the direction of the
displacement, as may be seen in Fig. 3(d).

The hexane dimer intermolecular interaction energies are
summarized in Table 2. The cross configuration is illustrated in
Fig. 2. As hexane is a nonpolar molecule, the Coulomb con-
tribution to the interaction energy is relatively small. Indeed, all
of the interaction terms are small, except for the dispersion, as
one would expect for a nonpolar system, and the exchange
repulsion. Because the dispersion dominates the hexane dimer
interaction, the trend in the net EFP interaction energy follows
the trend in the dispersion term: the sandwich dimer has the
strongest interaction, followed closely by the cross configu-
ration. The total EFP interaction energy of the T-shaped
configuration is the smallest in magnitude, —1.7 kcal mol .
The hexane potential energy surfaces are illustrated in Fig. 4. In
all arrangements, the dispersion interaction is dominant
throughout the potential energy surfaces. Because the contri-
butions from the polarization and charge transfer terms are
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very small, these two contributions are omitted from the
remaining tables.

Finally, consider the dimers of p-nitrobenzaldehyde (PNB).
As PNB is based on a benzene structure, m-n stacking inter-
action is expected to play an important role, especially in the
sandwich structure. This is clear in Table 2, where one can see
that the dispersion interaction is the dominant attractive term
in all four structures, albeit smaller in the T-shaped arrange-
ment. The polarization and charge transfer contributions are
both small in all four species. The (attractive) Coulomb term
makes modest contributions to the sandwich and parallel
displaced structures and a significant contribution to the
T-shaped arrangement where there are no n-n interactions.

The PNB trans-sandwich and cis-sandwich species differ in
the orientation of the nitro groups: trans to each other in the
trans-sandwich and cis to each other in the cis-sandwich. The
trans nitro arrangement is preferred due to the more favorable
dipole alignment. The parallel-displaced species is obtained
starting from the trans-sandwich structure at a fixed vertical
3.6 A equilibrium distance. If the upper PNB monomer moves
to the right (as in Table 2), the distance is positive and vice versa

O m————
Coulomb
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Fig. 5 Potential energy surface for p-nitrobenzaldehyde (PNB) dimer in four different configurations. (a) trans-sandwich (b) cis-sandwich (c) T-shaped

(d) parallel-displaced.
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when the nitro group toward to right side for the reference
bottom PNB. As illustrated in Table 2, the displacement lowers
the interaction energy by more than 1 kcal mol " relative to
trans-sandwich, primarily due to more favorable Coulombic
interactions and lower exchange repulsion. Fig. 5 shows the
PNB dimer potential energy surfaces for the four configura-
tions. The dispersion interaction is dominant throughout each
PES. While the dispersion interaction in the parallel displaced
species has the largest magnitude, the Coulomb term plays a
role in determining the shape of the potential energy curve.

3.2 Hetero-molecular interactions

For hetero intermolecular interactions, additional combina-
tions of dimers are investigated with the EFP method. Besides
the main reactants such as PNB, hexane, and acetone, propy-
lamine representing the catalytic sites and silanol as a piece of
the MSN are also included. In a nonpolar solvent like hexane,
noncovalent interactions between the aminopropyl groups and
silanol groups of the MSN can impact the diffusion process
through the pore.’>”° The intermolecular interaction between
PNB and acetone is summarized in Table 3. The parallel
displaced arrangement is obtained in a manner analogous to
that described above for the PNB dimer. A negative (positive)
distance in Table 3 means the upper PNB monomer moved to
the left (right) relative to the acetone monomer when the
oxygen atom is towards the left side of the acetone. The parallel
displaced configuration has the strongest interaction energy,
dominated by the dispersion interaction, with a significant
Coulomb contribution. The displacement from the trans-
sandwich configuration lowers the exchange repulsion inter-
action energy, thereby contributing to the lower energy of the
parallel displaced species. In the parallel displaced potential
energy curve shown in Fig. 6(d), the dispersion is the most
attractive interaction when the displacement is the smallest.
The trans-sandwich and cis-sandwich PNB-acetone config-
urations are distinguished by the alignment of the nitro group
of PNB and the oxygen atom of acetone. The ¢rans-sandwich
structure has a more attractive EFP total binding energy than
the cis-sandwich configuration. The dispersion contribution is
the dominant attractive interaction for both the trans
(—6.1 keal mol ) and cis (—5.4 kcal mol ') sandwich arrange-
ments owing to the n—n interactions of the benzene rings. Upon
examining the potential energy curves in Fig. 6(a) and (b), it is
clear that the dispersion term is most significant throughout
the curves. Since nitro is a stronger electron-withdrawing group
than the PNB carbonyl group, the ¢rans-sandwich has a greater
Coulombic contribution than the cis-sandwich. The more
negatively charged PNB nitro group forms a strong attractive
interaction with the positively charged hydrogen atoms of
acetone. In the linear configuration, the PNB nitro group
and the acetone oxygen atom are facing towards the same
direction, so that the Coulomb interaction, —2.9 kcal mol ™,
is most dominant due to the attractive dipolar interaction. The
EFP total interaction energy in the lowest energy parallel-
displaced configuration is —8.9 kcal mol ' for acetone
dimer and —10.0 kcal mol~"' for PNB dimer. Both interaction
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Table 3 EFP intermolecular interaction energies (kcal mol™) at the
minima on each potential energy surface with intermolecular distances
(A) for PNB-related hetero-intermolecular dimers

Coulomb Dispersion Exchange-  Total EFP
Distance (kcal (keal repulsion energy (kecal
&) mol™")  mol™) (kcal mol™") mol ™)
PNB-acetone
trans- 3.6 —2.0 —6.1 3.9 —4.7
Sandwich
cis- 3.7 —-0.6 —5.4 3.4 —-3.1
Sandwich
Linear 71 -2.9 —2.2 2.4 -2.9
Parallel- —2.6 —2.6 -4.9 1.8 —6.1
displaced
PNB-hexane
Sandwich 3.8 —-3.2 -9.9 6.7 —6.6
Cross 3.8 -0.8 -7.0 4.0 -3.9
T-shaped 6.4 —-1.8 -3.9 2.9 -3.0
Parallel- —1.1 —3.2 -9.9 6.5 —6.6
displaced
PNB-silanol
trans- 3.9 —-2.4 —-4.0 3.0 —-3.3
Sandwich
cis- 3.8 —-2.1 —-4.1 3.0 —-3.2
Sandwich
Linear (1) 6.9 -3.1 —2.9 3.8 —2.4
Linear (2) 7.5 1.8 -1.9 2.3 —~1.6
T-shaped 7.1 —2.0 -2.0 2.7 -1.7
PNB-propylamine
trans- 3.8 —-0.8 —6.4 3.8 —3.5
Sandwich
cis- 3.9 —-0.4 —5.5 2.6 —-3.4
Sandwich
Linear 8.6 —-0.4 —-1.1 0.9 —0.6
Parallel- —2.0 -1.9 —6.1 3.2 —5.0
displaced

energies are lower than that of the PNB-acetone mixed dimer,
—6.1 keal mol ™.

Next, consider the PNB-hexane interaction summarized in
Table 3. The parallel-displaced positive and negative distances
are defined as discussed above: a negative (positive) distance
means the upper PNB monomer moved to the left (right)
relative to the hexane monomer when the nitro group of PNB
is towards the right side. The corresponding potential energy
curves are shown in the ESL Since PNB is the main reactant
and hexane is the solvent in the aldol reaction, this interaction
plays an important role in the diffusion process. As hexane is
an alkane chain without functional groups, dispersion is
expected to be important for the PNB-hexane interaction. The
Coulomb contribution is also important due to the presence of
the nitro and ketone groups in PNB. The sandwich and parallel
displaced structures, both dominated by dispersion and with
significant Coulomb contributions, have the largest magnitude
total interaction energies. In the T-shaped configuration, there
is a small polarization component since the PNB nitro group is
oriented towards the hexane molecule, giving rise to an
induced dipole. Still, the polarization component is minor
compared to the dispersion and Coulomb contributions. The
PNB-acetone interaction energy in the parallel-displaced

This journal is © the Owner Societies 2022
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(d) parallel-displaced.

configuration is —6.1 kcal mol *, similar to the PNB-hexane
value of —6.6 kcal mol ™. This suggests that the PNB reactant
does not preferentially interact with either acetone or hexane in
a mixed solvent.

The interaction between the reactant and the surface of MSN
is represented as the dimer binding energy between PNB and
silanol. Silanol is used to represent the MSN since silanol group
is the main functional group on the surface of the MSN. It has
been shown that silanol groups are important for initiating the
aldol reaction.’” The PNB-silanol interactions are summarized
in Table 3. The largest binding energy among the five different
configurations is —3.3 kcal mol ' for the trans-sandwich
configuration with significant dispersion and Coulomb contri-
butions. The trans-sandwich structure has a trans arrangement
between the PNB nitro group and the silanol oxygen atom; the
cis-sandwich structure has the corresponding cis alignment.
The binding energies of the two arrangements differ by only
0.1 kcal mol™". As shown in the table, the negatively charged
silanol -OH group has a significant Coulomb interaction with
the PNB electron-withdrawing groups. In the linear geometries,
the silanol O atom and the PNB nitro group are either oriented

This journal is © the Owner Societies 2022

in the same direction (linear (1)) or in the opposite direction
(linear (2)). At their respective equilibrium geometries, linear
(1) is nearly 1.0 keal mol™" more strongly bound, possibly due
to the Coulombic interactions. The strongest PNB-silanol bind-
ing energy is —3.3 keal mol " for the trans-sandwich structure,
relatively small compared to other PNB hetero dimers. One
could speculate that PNB consequently diffuses easily through
the MSN pore.

The main features of the PNB-propylamine interaction are
shown in Table 3. For the parallel-displaced configuration, a
negative (positive) distance means the upper propylamine
monomer moved to the left (right) comparable to the PNB
monomer when the nitro group is on the left side of PNB. The
strongest binding energy is found for the parallel displaced
structure (~5.0 kcal mol™"), followed by the cis- and trans-
sandwich species (~3.4-3.5 kcal mol ™ "). All three are clearly
dominated by dispersion interactions. The linear structure,
also predominantly dispersion, is more weakly bound, just over
1.0 kecal mol™". The potential energy surfaces for these four
arrangements are shown in Fig. 7. The curves for the two
sandwich structures (Fig. 7a and b) are very similar to each
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other, suggesting that the orientation of the amine group has
little impact. The weakly bound linear structure probably plays
little role in the diffusion process. The shape of the parallel-
displaced potential energy curve is similar to that of the
Coulomb contribution, possibly due to the presence of the
nitrogen atom in PNB. Nonetheless, the curve is dominated
by dispersion at all intermolecular distances. Since the PNB-
propylamine interaction is predicted to be stronger than the
PNB-silanol interaction, it is likely that the former will play a
more significant role in the diffusion process. It also suggests
that a PNB molecule is more likely to interact with the catalytic
group (represented by propylamine) than with the pore itself
(represented by silanol). Interestingly, the binding of PNB to
both acetone and hexane is somewhat stronger than their
binding energy to propylamine.

The molecular interaction between acetone and hexane is
important for the diffusion process in MSN since hexane and
acetone are relevant solvents that are often mixed in the
experiments. In a previous paper, the interactions of the
hexane-acetone sandwich configuration were part of a study

10484 | Phys. Chem. Chem. Phys., 2022, 24,10475-10487

of the diffusion coefficient based on EFP-MD simulations.?” It
was concluded in that study that the permanent dipole of
acetone exerts a strong acetone homo-molecular interaction.
Therefore, the acetone-hexane interaction is weaker than the
acetone homo-molecular interaction, thereby resulting in a
higher self-diffusion coefficient for acetone in the acetone-
hexane mixture than pure acetone. Table 4 presents the total
acetone-hexane interaction energies of the sandwich and two
linear structures. For the linear structures, when the acetone
oxygen atom is oriented towards hexane, it is called linear (2)
and vice versa. The sandwich binding energy is relatively small,
and those of the linear species are even smaller. The previous
EFP MD study’” indicates no aggregation of acetone molecules
in an acetone-hexane 1:1 volume ratio mixture. Based on the
data in Table 3, the PNB-acetone and PNB-hexane interaction
energies are very similar at the lowest energy parallel displaced
arrangement. Therefore, it is likely that PNB molecules diffuse
evenly in acetone-hexane mixed solvents.

The contributions to the EFP acetone-silanol interaction
energies are organized in Table 4. For the parallel-displaced

This journal is © the Owner Societies 2022
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Table 4 EFP intermolecular interaction energies (kcal mol™) at the
minima on each potential energy surface with intermolecular distances
(A) for selected hetero-intermolecular dimers

Coulomb Dispersion Exchange-  Total EFP
Distance (kcal (kcal repulsion energy (kcal
(A) mol™")  mol™) (keal mol™") mol )
Acetone-hexane
Sandwich 3.8 -1.7 —5.1 3.8 -3.2
Linear (1) 5 -0.8 -2.8 2.1 -1.6
Linear (2) 5 -0.3 -1.7 1.5 —-1.0
Acetone-silanol
trans- 3.4 -3.0 —4.3 4.3 —3.5
Sandwich
Linear 4.9 —4.1 -2.0 3.5 -3.3
T-shaped 4.4 —0.7 —2.4 1.7 -1.6
Parallel- 0.8 -2.9 -3.3 2.7 —4.0
displaced
Acetone-propylamine
trans- 3.8 —0.6 —-3.7 2.4 —2.2
Sandwich
Linear 6.1 -1.2 —1.6 1.6 —1.4
Parallel- 1.6 -1.1 -2.7 1.1 -2.9
displaced
Hexane-silanol
Sandwich 4.0 -1.1 —3.2 2.4 -1.9
T-shaped 4.3 —1.4 -3.9 3.0 —2.3
Hexane-propylamine
Sandwich 3.7 —-2.1 —-6.9 5.2 —-4.0

configuration, a negative (positive) distance means the upper
silanol monomer is shifted to the left (right) relative to the
acetone monomer when the oxygen atom is on the right side of
the acetone. The trans-sandwich, linear, and parallel displaced
structures all have similar net interaction energies, from —3.3
(linear) to —4.0 kcal mol'. In the trans-sandwich configu-
ration, the dispersion is dominant as it is in other dimers as
discussed above. For the linear configuration, the oxygen atoms
of acetone and silanol are oriented in the same direction. The
Coulomb contribution in the linear species is important due to
the presence of the electronegative oxygen atom. The T-shaped
arrangement has the smallest net interaction energy, with a
very small Coulomb contribution because the C and Si are
facing each other. Because the interaction energies of the
acetone homo dimer or acetone-PNB are stronger than those
of acetone-silanol, it is possible that acetone diffuses relatively
unhindered inside MSN pores (i.e., diffusion is not inhibited by
adsorption at the pore walls).

The interaction energies for the acetone-propylamine dimer
are illustrated in Table 4. For the parallel-displaced configu-
ration, a negative (positive) distance means the upper propyl-
amine monomer moved to the left (right) relative to the acetone
monomer when the oxygen atom is towards the right side of the
acetone. In all configurations, dispersion is the largest con-
tributor to the interaction energy, and the total EFP interaction
energies are smaller in magnitude than —3.0 kcal mol™". In
comparison with the acetone-silanol interaction, the acetone—
propylamine (representing the catalyst) interaction is weaker.

This journal is © the Owner Societies 2022
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The interaction between hexane and MSN is described in
Table 4 as the hexane-silanol dimer. In the sandwich arrange-
ment, the total interaction energy is —1.9 kcal mol " with a
dominant dispersion contribution. However, the T-shaped geo-
metry has slightly stronger interaction energy (—2.3 kcal mol ™)
at the equilibrium geometry, including —3.9 kcal mol ™" disper-
sion interaction energy. The molecular interaction energy of
hexane-propylamine is summarized for the sandwich configu-
ration which has a total interaction energy of —4.0 keal mol
(Table 4). Since propylamine and hexane have carbon chain
structures, dispersion dominates the interaction in the sand-
wich geometry. Hexane interacts more strongly with propyl-
amine than with silanol. However, the interaction between
hexane and propylamine is smaller than the interaction of
PNB-propylamine, so hexane would not be an obstacle to
initiating the aldol reaction in which PNB is the reactant.

4 Conclusion

This study has investigated the noncovalent interactions that
may play an important role in the diffusion process which is
important inside a narrow pore. The EFP method, which is
based on first-principles quantum mechanics, has been vali-
dated through comparisons with the accurate CCSD(T) electro-
nic structure method. The EFP method is used to analyze the
competing interaction energies that might play a role in the
aldol reaction with the PNB reactant in the MSN pore. Five
molecules are relevant to this reaction: the PNB reactant, the
solvents acetone and hexane, silanol representing the pore, and
propylamine representing the catalyst group. For homo and
heterodimers among five molecules, the decomposed intermo-
lecular interactions are investigated by determining the
potential energy surfaces to search the equilibrium structures
in various arrangements. Although the internal geometries of
the monomers are unlikely to change much during the diffu-
sion process, the arrangements of monomers relative to each
other may change more significantly from the equilibrium
structure of each arrangement. By comparing all dimers, the
EFP interaction energies of acetone dimer and PNB dimer are
relatively large, —8.9 kcal mol™' and —10.0 kcal mol ',
respectively. In addition, the interaction between PNB and
propylamine, —5.0 keal mol™", is slightly stronger than acet-
one-propylamine or hexane-propylamine which is desirable for
the initiations of the aldol reaction. In PNB-related dimers, the
PNB-silanol interaction is noticeably small, —3.3 kcal mol *,
which could imply that diffusion of PNB molecules might not
be inhibited inside the pore. Based on the decomposition of the
EFP intermolecular energy into its components, in most
dimers, dispersion has the largest attractive contribution.
Therefore, the dispersion interaction is largely responsible for
the location and the magnitude of the energy minima of the
potential energy surfaces. This suggests that future computa-
tional studies of systems like the one presented here must
provide accurate predictions of dispersion interactions for
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complex systems that dispersion is an important interaction to
understand diffusion process.
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