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ABSTRACT: Using ab initio calculations, we have investigated the Acrolein Crotonaldehyde  Cinnamaldehyde
adsorption of both S-cis and S-trans isomers of acrolein, crotonaldehyde, ) o
and cinnamaldehyde on the Pt(111) surface at low and high surface coverages = m
and for five types of coordinations. Emphasis was placed on identifying trends § q =

by highlighting the similarities and differences in the adsorption of all three ST Rt STRANS 5
molecules. Adsorption was found to depend on coverage: the most stable E,, =-178 eV |y ;g:]e\, iy ggrle\.l
adsorption geometry at low coverages is flat, in either #° or 7* coordinations

with most atoms bonded to the surface, whereas a more tilted arrangement

involving fewer atoms, in a #°-C,C; coordination mode, prevails at high o

coverages. The extra methyl group in crotonaldehyde was determined to lead gn

to a destabilization of the multiply coordinated adsorbates at high coverages,
whereas the aromatic ring in cinnamaldehyde was found to be able to bind
itself to the Pt surface, at least at low coverages, and thus increase the absolute
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value of the adsorption energy by about 0.5 eV. Additional calculations using a noncovalent interaction index provided further
insights into the variations in bonding to the surface across the three molecules versus coverage in terms of both covalent and

noncovalent attractive and repulsive interactions.

1. INTRODUCTION

Hydrogenation of organic feedstocks is at the center of many
chemical industrial processes. It is commonly promoted by
heterogeneous catalysts based on late transition metals such as
Pt, Pd, and Rh because these metals have proved to be quite
active for most hydrogenation reactions even under mild
conditions. However, when reactants with multiple unsatura-
tions are involved and specific products are sought requiring
only the hydrogenation of specific bonds, platmum group
catalysts have proven to display poor selectivity.'~* In fact, in
the case of molecules with both C=C (olefinic) and C=0
(carbonyl) groups, metals such as Pt tend to convert the
former bonds first, a process that often leads to uninteresting
products; the preferential hydrogenation of carbonyl groups in
the presence of olefinic bonds, most often the desired
outcome, is difficult to achieve.”™’

Selectivity during the catalytic hydrogenation of unsaturated
aldehydes is believed to be critically dependent on the
geometrical details of the way the molecules bind to the
metal surface. Much research has been directed at trying to

understand this correlation with particular emphasis on the ]

details of adsorption on Pt surfaces. For instance, a Received: December 12, 2023
combination of quantum mechanics calculations and experi- Revised:  February 5, 2024
ments has indicated that the adsorption of acrolein on Pt(111) AccePted: March 6, 2024

is strongly dependent on its coverage on the surface, with the Published: March 20, 2024
most stable coordination being in a flat arrangement at low

coverages and a more tilted geometry at high coverages.”™"”
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Similar results have in general been obtained with other
unsaturated aldehydes,"”
seen due to the additional substitutions, a methyl group in
crotonaldehyde'*™" or a phenyl aromatic ring in cinnamalde-
hyde.”~** Most trends identified with pure Pt catalysts seem
to hold when using Pt-containing alloys.”**®

In all cases, though, catalytic hydrogenation using Pt tends
to yield primarily the saturated aldehyde (and/or the saturated
alcohol),”*™** a result that has been explained in terms of a
preference for bonding via the C=C double bond.**** With
Cu-based surfaces, by contrast, adsorption via the terminal
oxygen atom appears to be preferred, a geometry that favors
the selective hydrogenation of the carbonyl group in-
stead.'”**™*® How these results vary as a function of the
nature of the reactant and the conditions of the reaction has
still not been fully mapped out in a systematic manner.

In this report, we provide results from density functional
theory (DFT) calculations on the adsorption geometry and
energy of three unsaturated aldehydes, namely, acrolein,

but crucial differences have also been

https://doi.org/10.1021/acs.jpcc.3c08116
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crotonaldehyde, and cinnamaldehyde, in their two most
characteristic isomeric forms, S-cis and S-trans, on Pt(111)
surfaces, a prototypical surface with a hexagonal close-packed
atomic arrangement that offers simplicity in terms of the local
structure of the adsorption sites. Special focus is placed on
identifying trends associated with the substitution at the
terminal sp> carbon, from H in acrolein to CH; in
crotonaldehyde and to CsHg in cinnamaldehyde, as a function
of both coverage and coordination mode to the surface. Steric
effects and other noncovalent interactions (NCIs) were
estimated in order to establish their participation in defining
the most stable adsorption modes in each case, in particular
when comparing low versus high surface coverages. It was
determined that multiple coordination is in general preferred
over single bonds between the oxygen atom of the unsaturated
aldehyde and a Pt atom on the surface, but the final geometry
was found to depend on all the parameters controlled here,
namely, terminal substitution, isomeric form, coverage, and
coordination mode.

2. METHODOLOGY

First-principles total energy calculations were performed to
investigate the adsorption of acrolein, crotonaldehyde, and
cinnamaldehyde onto the Pt(111) surface. Calculations were
done using the periodic DFT as imgplemented in the Vienna Ab
Initio Simulation Package code.” Electron—ion interactions
were expanded using the projector-augmented wave basis*”*'
with an energy cutoff of 400 eV. Exchange—correlation
energies were treated according to the Perdew—Burke—
Ernzerhof parametrization in the GGA approximation,”* and
van der Waals interactions were considered employing the D3
correction method of Grimme et al.*®

The surface was simulated by using a supercell with periodic
boundary conditions and a vacuum space in the z direction
larger than 20 A to avoid interactions between adjacent slabs.
The slab consisted of five atomic layers (again, in the z
direction), with the two lower layers frozen in their ideal
positions to simulate the bulk-like environment. Two different
periodicities were considered in the x—y plane with the aim of
investigating the effect of the concentration of the adsorbates
on their energetics and adsorption geometries: (2 X 2) and (3
X 3) supercells were used to represent high and low adsorbate
coverages for acrolein and crotonaldehyde, 6 = 1/4 = 0.25
ML and 6, = 1/9 = 0.11 ML, respectively (where one
monolayer, ML, is defined as one molecule per Pt surface
atom), whereas larger cells, (3 X 3) and (4 X 4), were used
with cinnamaldehyde to accommodate the larger molecule
(Figure 1). For reference, the saturation coverages on Pt(111)
for both acrolein* and 3-methyl-crotonaldehyde™ have been
estimated experimentally to be 0, ~ 0.3 ML. As the criteria to
optimize the adsorption geometries, all force components were
required to be less than 0.01 eV/A and the energy differences
less than 1 X 107™* eV. The Brillouin zone was sampled with
gamma-centered k-points grids of $ X S X 1 and 3 X 3 X 1
employing the Monkhorst—Pack scheme*® for the (2 x 2) and
(3 x 3) periodicities, respectively. The NCIs were calculated
employing the critic2 software.’

3. RESULTS AND DISCUSSION

3.1. Free-Molecule Structures. For reference, the
structural properties of the free molecules were calculated
first, comparing the S-cis and S-trans isomers of each of the
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Figure 1. Surface unit cells (purple parallelograms) used to represent
typical high and low surface coverages in our calculations. The
molecular structures are only drawn as examples and do not indicate
any optimized adsorption geometries (which are provided later).

compounds considered here, namely, acrolein, crotonaldehyde,
and cinnamaldehyde. The structural models of the three
molecules in the two isomeric states are depicted in Figure 2,
showing the atom numbering used in describing their bonding
to the surface. Table 1 summarizes the bond distances
calculated for the various bonds of the three molecules in
their S-cis and S-trans isomeric forms, which are all consistent
with the experimental values, and also the energy differences
between the two isomers, to highlight that the S-trans isomer is
the energetically most stable of the two, by ~0.1 V.

The adsorption of acrolein and crotonaldehyde onto the
Pt(111) surface was investigated next. Five different coordi-
nation modes were considered for the bonding of the molecule
to the surface: (1) #'-O, where the molecule interacts with the
surface through the oxygen atom; (2,3) 7*-0C, and 7*-C,C;,
where the molecule forms two bonds with the surface, either
via the Pt—O and Pt—C, pair or involving two Pt—C bonds
(Pt—C, and Pt—Cj,), respectively, (4) #°, where the molecule
forms three bonds with the surface, and finally, (5) 1% with all
C,, C,, C; and O atom-forming bonds with the Pt surface.

3.2. Adsorption Energies. The adsorption energies (E,4;)
of all molecules in their two isomeric forms and five possible
coordination modes to the surface were estimated by using the
formula

Eads =E

‘complex

- Esuf - Emol (1)

where E gy is the total energy of the system at hand and Ej¢
and E, are the total energies of the surface and the free
molecule, respectively. With this definition, negative values
correspond to favorable interactions, and positive values
indicate that the adsorption is not favorable. The results of
these calculations are summarized in Figure 3. Data are
provided for the three unsaturated aldehydes studied here,
namely, acrolein, crotonaldehyde, and cinnamaldehyde,
adsorbed on a Pt(111) surface in both S-cis and S-trans
forms and the five coordination modes mentioned above,
ordered in terms of increasing degree of bonding to the surface
from a 7'-O single bond to a 77" coordination involving the
oxygen atoms and the three next carbon atoms. Data are
provided for both the low- and high-coverage limits.

https://doi.org/10.1021/acs.jpcc.3c08116
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Figure 2. Structural models of the molecules studied in this work.

Table 1. Bond Distances in Acrolein, Crotonaldehyde, and
Cinnamaldehyde in Their S-cis and S-trans Isomeric
Forms”

bond distance/A

bond acrolein crotonaldehyde  cinnamaldehyde

S-trans S-cis S-trans S-cis S-trans S-cis

Cc,-C, 1.47 1.48 1.46 1.47 1.46 147

C,=C; 1.34 1.34 1.35 1.35 1.36 1.36

c,—C, 149 149 146 145

C,=0 123 1.23 1.23 1.23 123 1.23
AE, . o/eV  —0.100 —0.095 —0.089

“Also reported is the energy difference between the two isomers.
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Figure 3. Calculated adsorption energies (E,q4,) for the S-cis and S-
trans isomers of acrolein (left panel), crotonaldehyde (center), and
cinnamaldehyde (right) on Pt(111) at both low and high coverages.

Figure 3 highlights a number of trends associated with these
adsorption energies:

1. The adsorption energy for single coordination to the
surface through the oxygen atom, 5'-O, is approximately
the same in all cases, that is, for both isomers of all the
three molecules and at both low and high coverages:
E,(17'-0O) ~ 0.7 eV. A slight increase in Pt—O bond
strength can be seen with increasing substitution at the
C; carbon, but the range of E 4 values only goes from a
minimum of —0.69 eV for S-cis acrolein at high
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coverages to —0.96 eV for S-trans cinnamaldehyde at
low coverages.

. Increasing coordination to the surface results in stronger
bonding in all cases. The effect is moderate when
transitioning to the #>-OC, coordination for acrolein
and crotonaldehyde (not so for cinnamaldehyde), but
larger changes are observed when considering the 5>
C,C; coordination; in all cases, this binding to the
surface involving the original C,=C; bond is signifi-
cantly stronger than bonding via the C;=O carbonyl
moiety.

. Additional bonding, in either a #* coordination involving
the oxygen atom and the C, and Cj carbons or a #*
mode involving all the O, C,, C,, and C; atoms, does not
add much more stability and in some cases may even
result in less adsorption strength, especially at high
coverages. It is likely that steric effects play a role in
determining these trends, as discussed further later.

. In the case of acrolein, neither the isomeric form nor the
coverage makes much difference in its adsorption
energy, but with crotonaldehyde, coverage makes a
noticeable difference. It appears that the extra methyl
substitution at the C; carbon adds a destabilizing effect.

. At low coverages, the adsorption energies of acrolein and
crotonaldehyde are fairly similar for both isomers and in
all coordination cases; it is only at high coverages that
the additional methyl substitution in crotonaldehyde
leads to a weakening of the bonding to the surface for
the high coordination cases.

. Cinnamaldehyde shows a different behavior compared
to the other two unsaturated aldehydes, with its
adsorption being quite a bit stronger in all cases other
than the 7'-O single coordination. In fact, much of the
energy gained by multiple coordination to the surface is
already reached in the #*-OC,; case. In addition, the
phenyl aromatic ring, which is always near parallel and
close to the Pt surface, provides further stability to this
adsorbate.

This last point, namely, that the aromatic ring in
cinnamaldehyde contributes to the stabilization of the
adsorbate, was explored further. It can be seen that the C—C
bonds within that ring can interact with the surface, at least at
low coverages (no sufficient space is available in the high-
coverage limit, namely, in the (3 X 3) cell, for the aromatic ring
to bind flat on the surface), and rehybridize to reach an average

https://doi.org/10.1021/acs.jpcc.3c08116
J. Phys. Chem. C 2024, 128, 5532—5541
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C—C bond distance of 1.46 A. The structures of the final
adsorbates for both S-cis and S-trans isomers when this
consideration is added to our calculations are shown in Figure
4. The adsorption energies increase in magnitude, from —2.19

CAL S-TRANS

CAL S-CIS

Figure 4. Cinnamaldehyde adsorption structures for the S-trans (a)
and S-cis (b) isomers at low coverages obtained by including extra
binding of the aromatic ring to the surface.

to —2.99 eV for the S-trans isomer and from —2.52 to —2.95
eV for the S-cis isomer, indicating that a Pt ring adds binding
strength by an extra energy of the order of 0.4—0.8 eV.

3.3. Adsorption Geometries. The structures calculated
for the S-trans and S-cis molecules of all the three unsaturated
aldehydes adsorbed onto the Pt(111) surface in their most
stable configurations for each type of coordination are shown
in Figures S and 6, respectively, and the corresponding bond
distances are summarized in Table 2. These are the structures
estimated using the smallest surface unit cells, which we
associate with high coverages of adsorbates.

In the case of acrolein, the S-trans and S-cis isomers yield
similar adsorption energy values, with 7%-C,C; being the most
stable coordination (E,4 = —1.83 eV). In those cases, the Pt—
C bonds have an average distance of 2.11 A, and the C,=Cj,
double bond rehybridizes to a single bond with a distance of
1.49 A. The second most stable structure for the S-cis isomer
of acrolein is the one with #* coordination, in which case both
C,=C; and the O=C, double bonds rehybridize to form
single bonds; the C,, C;, and O atoms all interact with the
surface, forming bonds with distances of 2.18, 2.08, and 2.42 A,
respectively. It is worth mentioning that the 7* coordination
for the S-trans molecule is unstable, as previously reported by
Sautet et al.” This may be because simultaneous coordination
to the surface via the C,=C; double bond and the terminal
oxygen atom puts much strain on the molecular skeleton after
the bond rehybridization induced by bonding to the Pt atoms.
The #* coordination is the next most stable, with E,4 = —1.67

and —1.57 eV for the S-trans and S-cis isomers, respectively.
Here too, the double bonds of the molecule rehybridize to
form single bonds, and all O, C,, C,, and C; atoms form bonds
with the surface. The #*-OC, and 5! coordinations are the least
stable, with adsorption energies on the order of E 4 ~ —0.96
and ~—0.70 eV, respectively.

With crotonaldehyde, #>-C,C; was found to be the most
stable coordination mode as well (at high coverages), with E, 4
—1.36 and —1.26 eV for the S-trans and S-cis isomers,
respectively. In both cases, the Pt—C bond distances are ~2.1
A, again indicating rehybridization to an approximately C,—C,
single bond. For the S-trans isomer, 7 is the second most
favorable coordination, with E,4 = —1.22 eV. On the other
hand, for the S-cis isomer, #*-OC; is the next most stable
coordination instead. The third most stable coordination for
both isomers is 7%, with E 4 = —1.17 (S-trans) and —1.05 eV
(S-cis). Finally, with cinnamaldehyde once again, the #>-C,C;
coordination is the most stable for the S-trans isomer, with E_
—2.38 eV, but the #* coordination exhibits a similar
adsorption energy, E 4, = —2.37 eV, so both structures could
coexist on the surface. For the S-cis isomer, #* is the most
favorable bonding mode, with E,4 = —2.34 eV, and #’-C,C;
coordination is the second most stable, with E 4, = —2.23 eV.

We also investigated the adsorption energies and geometries
at low coverages. For this, we employed a (3 X 3) supercell for
acrolein and crotonaldehyde and a (4 X 4) periodicity for
cinnamaldehyde, as already indicated in the Methodology
section (Figure 1). Using those unit cells, the molecules are far
enough apart to reduce their interactions with each other. The
structural details of the adsorbates resulting from our
calculations in these cases are provided in Table 3.

In most cases, there is not much difference between the
adsorption geometries of the unsaturated aldehydes in the low-
versus high-coverage regimes. As indicated above, binding to
the surface via the C;=0 and/or C,=C; double bonds leads
to their elongation due to the rehybridization induced by
interaction with the metal surface. However, because in some
cases the energy differences among several coordination modes
are small, their stability ordering may change. These variations
may be within the error of the DFT calculations, but may be
worth pointing out nevertheless. For instance, the 7°
coordination is now the most favorable for the S-cis isomer
of acrolein, with E 4, = —1.78 eV, while for the S-trans isomer,

Acrolein S-TRANS
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Figure 5. Calculated adsorption structures at high coverages for the S-trans isomer of the three unsaturated aldehydes studied in this project

considering five different coordination modes to the surface.
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Figure 6. Calculated adsorption structures at high coverages for the S-cis isomer of the three unsaturated aldehydes studied in this project,

considering five different modes of coordination to the surface.

Table 2. Bond Distance (in A) for the Five Different
Coordination Modes and the S-trans and S-cis Isomers of
the Three Aldehydes Studied Here Adsorbed onto a
Pt(111) Surface at High Coverages

bond distances/A (high coverage)

cinnamalde-
acrolein crotonaldehyde hyde

model bond S-trans  S-cis  S-trans S-cis— S-trans  S-cis

n'-0 Pt—0 228 233 223 2.44 215 214
0-C, 1.26 1.26 1.27 1.25 1.29 1.29

C—C, 145 146 144 145 142 143

C,—C; 1.3§ 1.35 1.3§ 1.3§ 1.37 1.37

7-0C,  Pt=0 208 208 208 206 210 207
Pt—C, 2.15 2.15 2.16 2.16 2.17 2.17

0-C, 1.3§ 1.36 1.35 1.35 1.37 1.37

C,—-C, 1.48 1.48 1.47 1.47 1.46 1.45

C,—Cy 1.35 1.35 1.35 1.35 1.37 1.38

-C,C;  Pt—=C, 214 215 211 209 213 214
Pt—C; 2.09 2.08 2.12 2.10 2.13 2.14

0-C, 1.22 1.24 1.22 1.22 1.26 1.26

C,—-C, 1.49 1.48 1.48 1.50 1.48 1.48

C,—C; 1.49 1.49 1.50 1.50 1.50 1.49

713 Pt—O 242 248 2.11 2.18 2.17
Pt—C, 2.18 2.06 2.16 2.18 2.17

Pt—C; 2.08 2.11 2.14 2.13 2.12

0o-C, 1.26 1.23 1.30 1.31 1.31

C-C, 145 148 143 147 144

C,—C, 148 153 149 150 149

r]4 Pt—0O 2.11 2.13 2.08 2.06 2.06 2.11
Pt—C, 223 2.14 221 2.11 2.16 2.13

Pt—C, 2.17 2.33 2.18 2.28 2.14 2.25

Pt—C; 2.09 2.14 2.14 2.28 2.13 221

0-C, 1.34 1.35 1.33 1.35 1.37 1.38

C,—-C, 1.48 1.47 1.48 1.47 1.50 1.48

C,—Cy 1.47 1.41 1.48 141 1.49 1.43

n* bonding is preferred (E,4, = —1.77 €V); in both cases, 7’
C,C; is the second most favorable structure, with adsorption
energies of E 4 ~ —1.7 eV. A similar behavior can be seen with
crotonaldehyde: #7* coordination provides the lowest energy for
the S-trans isomer, E,g, = —1.79 eV, whereas 7 is preferred for
the S-cis counterpart (E,, = —1.76 €V); n*-C,C, is again the
second favorable bonding mode (E,4 ~ —1.7 eV). Never-
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theless, our calculations show that in the case of acrolein, the
energy difference between the most stable coordinations at
high versus low coverages is approximately 50 meV, indicating
that interactions among neighboring molecules do not affect
the adsorption energies much. For crotonaldehyde, on the
other hand, that energy difference is much larger, on the order
of ~0.5 eV, because of the steric effects mentioned above.

As already mentioned before, the case of cinnamaldehyde is
unique. At low coverages, the S-cis isomer prefers the n*
coordination (E,4 = —2.63 eV), even if the difference with the
n* (E,q = —2.52 eV) bonding is not too large. For the S-trans
isomer, #>-C,C; is the most favorable coordination (E,4 =
—2.38 eV), like at high coverages, but #* (instead of 77*) is the
second most stable case (E,4 = —2.28 eV). It is worth noticing
that for the S-trans isomer, the adsorption energies of the most
stable coordination do not change much with coverage,
whereas for the S-cis counterpart, a noticeable gain in binding
energy to the surface can be seen at low coverages.

3.4. Noncovalent Interactions. NClIs are often critical in
the interaction between molecules and surfaces and need to be
included in the quantum mechanics calculations to obtain
more realistic adsorption energetics. The NCI identifies the
different interactions in a chemical system based on the
analysis of the electron density (p) and its reduced gradient
[s(p)],** with

1 Ipl

s(P) = ——5755
2(37[2)1/3 p4/3

()

On the basis of the divergent theorem, the sign of the
second eigenvalue [sign(4,)] of the Laplacian (V?Zp)
determines if the density at one point is concentrated or
depleted and can therefore be used to distinguish between
different types of interactions: bonding interactions are
characterized by 4, < 0 (charge accumulation), whereas
nonbonding interactions have 4, > 0 (charge depletion); van
der Waals interactions show values of 4, ~ 0.

Here, we investigated the NCIs associated with the
interaction of the three aldehydes with the Pt(111) surface.
We focused on the results for low s(p) and low p because that
is the region where the NCIs can be identified. Figure 7 shows
the dependence of s(p) on the sign(4,)p product. The upper
panels correspond to the most stable configurations at high
coverages, whereas the lower panels provide the results for the
low coverages, all for the 7°-C,C; coordination of the S-trans

https://doi.org/10.1021/acs.jpcc.3c08116
J. Phys. Chem. C 2024, 128, 5532—5541
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Table 3. Bond Distance (A) for the Five Different Coordination Modes and Three Different Aldehydes in Their S-trans and S-
cis Isomeric Forms onto the Pt(111) Surface at Low Coverages

bond distances/A (low coverage)

model bond acrolein crotonaldehyde cinnamaldehyde

S-trans S-cis S-trans S-cis S-trans S-cis

17]-0 Pt—O 2.30 2.27 225 231 2.13 2.13
0-C, 1.26 1.26 1.26 1.26 1.29 1.29

C,-C, 145 1.46 1.44 1.45 142 143

C,—C, 135 1.3§ 1.36 1.35 1.37 1.37

7-0C, Pt—O 2.10 2.07 2.10 2.07 2.08 2.08
Pt—C, 2.20 2.18 224 2.20 2.18 2.20

0-C, 1.34 1.35 1.33 1.35 1.37 1.37

C,-C, 1.47 1.47 1.46 1.46 1.46 1.45

C,—C; 1.36 135 1.37 1.36 1.37 1.39

7*-C,Cs Pt—C, 214 2.16 2.14 216 213 2.17
Pt—C; 2.10 2.10 2.12 2.12 2.15 2.14

0-C, 1.22 1.24 1.22 1.24 128 1.26

C,-C, 1.49 1.48 1.50 1.49 1.49 1.49

C,—Cy 1.49 1.49 1.50 1.49 1.50 1.49

n Pt—O 248 225 2.39 2.30 232 2.23
Pt—C, 2.16 2.20 2.07 2.16 2.08 2.17

Pt—C; 2.10 2.08 2.12 2.11 2.14 2.13

0-C, 128 1.27 1.24 1.27 1.27 1.30

C,-C, 1.48 145 1.49 1.46 1.49 145

C,—C; 1.49 1.49 1.53 1.50 1.52 1.50

nt Pt—O 2.11 2.11 2.11 2.11 2.12 2.12
Pt—C, 2.22 2.19 2.19 2.18 2.11 2.35

Pt—C, 2.15 2.29 2.16 231 2.29 2.20

Pt—C; 2.10 2.15 112 2.18 2.20 2.13

0-C, 1.33 1.34 1.34 1.34 1.38 1.34

C,—C, 1.50 1.48 1.50 1.47 1.50 1.44

C,—Cy 1.49 1.42 1.49 1.42 1.43 1.49

including ring binding to the surface Pt—Cppg 2.20 2.20
Pt—C, 2.17 2.16

Pt—C; 2.17 2.17

0-C, 1.26 1.26

C,—C, 1.48 1.49

C,-C, 1.48 1.48

molecules. The results are shown as clusters of points, each
point representing one kind of interaction in a particular region
of space; since the NCI depends on the interaction distance,
the electron density is modified in each region (point), and
therefore, each interaction can be monitored by the
modifications on the p and the s(p) values. The interactions
of the different moieties of the molecule with the surface have
been color coded as follows: red for the CO moiety, blue for
the H atom of the carbonyl group, green for the C, and C;
atoms, and yellow and orange for the CHj; group of
crotonaldehyde and the aromatic ring and cinnamaldehyde,
respectively. In addition, the gray color reports the interaction
between the molecules.

To analyze the results, we focus on the low sign(4,)p region
between —0.1 and 0.1 and the low s(p) range, the conditions
under which the NCIs are manifested. In all cases, the carbonyl
H atom experiences a mildly attractive interaction with the
metal surface, as indicated by the cluster of blue dots around
sign(4,)p ~ —0.018 au. On the other hand, the interaction of
the CO group (red dots in Figure 7) is repulsive [sign(4,)p ~
0.012 au). The formation of the bonds between the C, and C;
atoms and the surface, shown by the green dots, is distributed
in a long range of sign(4,)p values that extend to ~—0.12 a.u,
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with an additional repulsion around the Pt—C bonds
[sign(4,)p ~ 0.03S au].

In addition, with acrolein and crotonaldehyde at least,
additional intermolecular interactions (gray area in Figure 7)
are observed in the high-coverage regime. With acrolein, the
increase in the absolute value of the adsorption energy when
going from low (E4, = —1.68 eV) to high (E4 = —1.83 eV)
coverages may be attributed to these. In the case of
crotonaldehyde, by contrast, the adsorption is stronger at
low coverages because of steric effects: a hydrogen bond is
formed between the H atom of the methyl group of one
molecule and the O atom of a neighbor, an interaction
reflected in Figure 7 by the cluster of dots around sign(4,)p ~
—0.025 au. The additional dots around sign(4,)p ~ 0.015 au
can be attributed to a repulsion between the C of the methyl
group and an adjacent O. Additional van der Waals
interactions also exist throughout the skeleton of a given
molecule with its neighbors, so the methyl groups end up
interacting more weakly with the surface at high coverages
(yellow dots in Figure 7b versus e); this effect causes a loss in
adsorption strength going from low (E 4 = —1.68 eV) to high
(Eugs = —1.36 €V) coverages.

https://doi.org/10.1021/acs.jpcc.3c08116
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Figure 7. Reduced gradient of NClIs, s(p), versus sign(4,)p, for the most stable configurations of the three unsaturated aldehydes at low (bottom
row) and high (top) coverages. Individual interactions between specific molecular moieties and the surface are color coded, as explained in the text.

In the case of cinnamaldehyde, at high coverages (Figure
7¢), the interaction between the O atom of one molecule and
some of the H atoms of the aromatic ring in a neighbor is
attractive, but a slight repulsion is observed between the H
atoms of the ring and adjacent CO groups, leading to only
some of the atoms in the aromatic ring being able to interact
with the surface. At low coverages (Figure 7f), in the absence
of any significant intermolecular interference, the interaction
between the aromatic ring and the surface increases (orange
dots). At both coverages, some of the H atoms of the aromatic
ring have an attractive interaction with the neighboring
molecules [sign(4,)p ~ — 0.01 au], while the C attached to
the C;H3;0 moiety experiences a repulsive interaction
[sign(4,)p ~ 0.01 au]; the difference lies in that at low
coverages the entire aromatic ring interacts (weakly, via van
der Waals forces) with the surface. Because the aromatic ring
always interacts with either the surface or neighboring
molecules, the adsorption energies are comparable at all
coverages (E,4 ~ —2.38 eV) but much larger in absolute terms
compared with those of acrolein and crotonaldehyde.

The corresponding iso-surfaces for s(p) = 0.5 au for all the
three molecules in their S-trans isomer form and with a #’-
C,C; coordination to the surface are shown in Figure 8, for
both high (left) and low (right) coverages. Attractive
interactions are colored in blue, repulsive interactions in red,
and van der Waals interactions in green. These images
corroborate the observations discussed above. Particularly
clear here are the repulsive interactions around the Pt—C
bonds mentioned above. Also visible is the strong van der
Waals interaction between the aromatic ring of cinnamalde-
hyde and the platinum surface.
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Acr S-TRANS
n*-C,Cq

CrA S-TRANS
n%-C,C4

CAL S-TRANS
n%-C,Cqy

High coverage

Low coverage

Figure 8. NCI iso-surfaces for s(p) = 0.5 au for the 5*C,C,
coordination of the S-trans isomer of all the three aldehydes at
both high (left column) and low (right) coverages.

The changes induced in the case of cinnamaldehyde when
considering a stronger bonding of the aromatic ring to the Pt
surface are highlighted for the S-trans isomer and #*-C,C,
coordination in Figure 9. Figure 9a, which displays the NCI
iso-surface for s(p) = 0.5 au, shows a blue region between the
C atoms of the aromatic ring and the Pt atoms below that
demonstrate the formation of covalent bonds between them.
Notice that in this case the C, and C; atoms are also bonded to
the surface, as corroborated by the blue regions around those.
The s(p) versus sign(4,)p graph in Figure 9b supports all these
conclusions: the extensive orange and green dots dispersed in a
wide range of sign(4,)p values reflect the interaction between
the ring and the C, and C; atoms with the Pt surface below,
respectively. The repulsive (red iso-surface) zone around the

https://doi.org/10.1021/acs.jpcc.3c08116
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Figure 9. NClI iso-surface for s(p) = 0.5 au (a) and corresponding s(p) versus sign(4,)p plot (b) for S-trans cinnamaldehyde adsorbed on Pt(111)
when considering the #*C,C; coordination with additional covalent bonding of the aromatic ring to the surface.

bonds seen in Figure 9a is corroborated by the peaks at
sign(4,)p = 0.1 observed in Figure 9b. It is noticed that in this
configuration, the aromatic ring is the one that interacts the
most with the surface, a fact that maximizes the footprint of the
adsorbate. This is the reason why such configuration provides
the lowest E,4 absolute values. Calculations with the S-cis
isomer yielded similar results.

4. CONCLUSIONS

Using DFT calculations, we investigated the adsorption of
acrolein, crotonaldehyde, and cinnamaldehyde onto Pt(111)
surfaces at both low and high coverages. Adsorption geo-
metries were optimized for the S-cis and S-trans isomers of
each molecule in five different coordination modes with
increasing number of bonds to the surface, from a single
interaction via the oxygen atom to a nt arrangement involving
the oxygen and the three carbon atoms associated with the
C=0 (carbonyl) and C=C moieties. Trends as different
substitutions are made on the outer C=C double-bond
carbon atom were identified: (1) single coordination via the
oxygen atom is energetically and geometrically similar in all
cases, for all aldehydes and isomers; (2) adsorption is stabilized
by further coordination involving some of the carbon atoms in
the molecular skeleton, but (3) the degree of stabilization with
increasing coordination depends on both surface coverage and
type of substitution. At high coverages, the most stable
coordination in all cases was found to be a #*-C,C; bonding
mode. Steric effects with neighboring molecules reduce the
interaction between the surface and the molecule, preventing
the latter from gaining further stability via additional
coordination, as corroborated by calculations of NCI. On the
other hand, at low coverage, the 7° and #* coordinations do
provide additional adsorption stability and thus become the
prefered modes for bonding to the surface. The additional
methyl substitution in going from acrolein to crotonaldehyde
highlights the lowering of bonding stability induced by steric
effects. On the other hand, with cinnamaldehyde, the aromatic
ring can also bond to the surface and thus provide added
stability, an increase of ~0.5 eV in binding energy compared to
a n7* coordination without the ring.
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