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Abstract: Monitoring reaction paths is not only a fundamental scientific issue but also helps us to
understand and optimize the catalytic process. Infrared (IR) and Raman spectroscopies are powerful
tools for detecting particular molecules or intermediate products as a result of their ability to provide
the molecular “finger-print”. However, theoretical modeling for the vibrational spectra of molecular
adsorbates on metallic surfaces is a long-standing challenge, because accurate descriptions of the
electronic structure for both the metallic substrates and adsorbates are required. In the present work,
we applied a quasi-analytical IR and Raman simulation method to monitor the dehydrogenation
of propane towards propylene on a Pd-doped Cu(111) surface in real-time. Different Pd ensembles
were used to construct the single-atom catalyst (SAC). We found that the number of sublayer Pd
atoms could only affect the intensity of the peak rather than the peak position on the vibrational
spectra. However, with the dehydrogenation reaction proceeding, both IR and Raman spectra were
changed greatly, which indicates that every reaction step can be distinguished from the point of
view of vibrational spectroscopies. Additionally, we found that the catalytic process, which starts
from different initial states, shows different spectral profiles. The present results suggest that the
vibrational spectroscopies obtained by the high-precision simulations pave the way for identifying
different catalytic reaction paths.

Keywords: surface catalysis; surface-enhanced Raman spectroscopy; infrared spectroscopy;
propane dehydrogenation

1. Introduction

Studying reaction paths is not only a fundamental scientific issue, but it also helps in understanding
and optimizing the catalytic process. Theoretically, transition state theory is usually employed to
evaluate the activation energies; then the most likely reaction path can be determined accordingly.
It is noted that the theoretical evaluations of activation energies are highly reliant on the simulation
environments [1–8]. As a result, the relative values of activation energies rather than the absolute
values are more useful in predicting reaction paths. Compared to the activation energies, spectroscopies
usually provide more reliable information. Many technologies, such as nuclear magnetic resonance
(NMR), X-ray photoelectron spectroscopy (XPS) and vibrational spectroscopies have been employed
to detect specific intermediate products. On the basis of the detection of the intermediate product,
the reaction path can be determined accordingly. Among these spectroscopic technologies, infrared
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(IR) and Raman spectra have advantages in detecting the intermediate products because of their in
situ operability [1–4,9–13].

Up to now, there have been two approaches to model the adsorption of molecules on metallic
surfaces and to simulate the corresponding IR and Raman spectra at the ab initio level: the cluster
model and the periodic boundary condition (PBC) model. It is well known that the PBC model could
provide a more reliable electronic structure of metallic substrates and nanoparticles compared to
the cluster model. Therefore, many efforts have been made to develop IR and Raman simulation
approaches using PBC models [14–16]. For example, Ding et al. developed a method that combines the
geometrical optimization of the PBC model and Raman calculation of the cluster model [17]. They have
tested the method by simulating the Raman spectra CO and ethylene adsorbed on Rh(111). Many
efforts have also been made by our group in the previous works [18–20]. Our quasi-analytical method
has also been applied in many specific systems, and the accuracy and stability have been tested [18–20].

Light olefins are important basic raw materials in the chemical industry. With their growing
demand in the global chemical market, the catalytic production of olefins has attracted increased
interest in the past decades [21]. It has been widely adopted that the dehydrogenation of light alkanes
is a dominant commercial means to produce olefins. However, the highly endothermic process limits
its industrial efficiency. Therefore, efficient catalysts are deeply desired. Recently, we designed a kind
of single-atom catalyst (SAC) based on a Pd-doped Cu(111) surface. The theoretical simulations show
that the embedded Pd atoms significantly improve the catalytic reactivity, whereas the presence of
the Cu surface is beneficial for the diffusions of the detached H atoms. Therefore, we conclude that
the high selectivity toward propylene dehydrogenation is realized on the Pd-doped Cu(111) surface.
However, if these designed catalysts can be used in reality, how can we know the true reaction path
from experiments at the in situ level?

In the present work, we attempt to apply our quasi-analytical method to systematically investigate
the IR and Raman spectra of a whole reaction process. Specifically, the dehydrogenation of propane on
Pd-doped Cu(111) is studied. By studying the changes in the IR and Raman spectra, the reaction paths
are monitored in real-time. Most of all, different reaction paths are characterized, which provide us
with a potential application of vibrational spectroscopies in tracing reaction paths.

2. Results

To investigate the effect of multiple doping on the catalytic performance, we designed four
different Pd-doped Cu(111) surfaces. As shown in Figure 1a, the number of doped Pd atoms ranged
from one to four. It is noted that the most stable configuration of propane adsorbed on the surface has
been proven to be a parallel state (shown in Figure 1c, labelled as propane|| hereafter), which agrees well
with the previous works [22–26]. On the other hand, Figure 1b shows the second stable configuration,
in which a perpendicular adsorption is adopted. Our previous studies show that both parallel and
perpendicular adsorbed propane could be catalyzed to propylene [27]. To explore the transition states
of the propane dehydrogenation process, we employed the widely used climbing-image nudged elastic
band (CI-NEB) method [28]. Frequency calculations were also performed to characterize the obtained
transition-state structures, and these intermediates have only one imaginary frequency according to
our previous study [27]. The corresponding configurations for the initial reactants, transition states
and final products for the first dehydrogenation reaction are shown in Figure 1b,c. We can see that the
main difference between the two reaction paths is the order of the dehydrogenation process. For the
parallel adsorbed configuration, the first dehydrogenation occurs on the methylene group, and the
second occurs on the methyl group. However, for the perpendicular configuration, the order of the two
dehydrogenation processes is reversed. For the sake of discussion, we label these stationary points as
propane⊥ (propane‖), 1-propyl (2-propyl), 1-propyl-diff (2-propyl-diff), and 1-propylene (2-propylene).
In particular, 1-propyl-diff (2-propyl-diff) indicates an extra stable state in which the first detached
proton is diffused. Transition-state calculations show that the first dehydrogenation process needs the
highest activation energies and that the parallel configuration shows better catalytic performance than
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the perpendicular configuration. To be specific, the activation energies for the parallel configuration
with the 1–4 Pd-doped Cu(111) surfaces were found to be reduced by 5.1, 6.2, 8.0 and 9.7 kcal/mol
compared to the pure Cu(111) surface, resulting in 20–400 times increases in the reaction rates [27].

Figure 1. (a) Different Cu(111) surfaces with one to four doped Pd atoms; (b,c) Geometries of the initial
reactants and intermediate and final products during the dehydrogenation process of the perpendicular
and parallel adsorbed propane towards propylene.

In Table 1, we tabulate the predicted energy barriers for the first C–H bond cleavage from the
methyl and methylene groups of propane on the pure and Pd-doped Cu(111) surfaces. From Table 1,
one can see that the calculated activation energies varied only a little for these representative reaction
paths according to our previous study. Taking the propane dehydrogenation over the single Pd-doped
Cu(111) surface for instance, the first C–H activation from the CH3 group was 32.8 kcal/mol, while the
dehydrogenation of CH3 required an energy barrier of 31.6 kcal/mol. The energy difference between
these two reaction paths was only 1.2 kcal/mol; this tiny difference makes it very hard to determine the
reaction process in the true reaction from transition-state calculations. Therefore, it is highly desirable
to find an appropriate way to determine the reaction paths. Because the IR and Raman spectroscopies
can provide the molecular “finger-print”, investigating the spectral changes during the whole reaction
process became an ideal solution for identifying the true reaction path.

In this work, we employed our developed quasi-analytical method [18,19] to study the vibrational
spectroscopies of the propane dehydrogenation reaction. Firstly, we evaluate the influence of the
number of doped Pd atoms on the vibrational spectra. Figure 2 shows the IR adsorption and Raman
scattering spectra for propane⊥ and propane‖ adsorbed on the Pd-doped Cu(111) surfaces. We can
see that the peak positions in the IR and Raman spectra were almost independent of the number of
doped Pd atoms. For propane⊥, the three most intense peaks in the IR spectra were located at 867, 1128
and 1324 cm−1, corresponding to C–C–C stretching, methyl CH3 rocking and methyl CH3 deforming,
as shown in Table 2. Interestingly, with more Pd-doped atoms in the surface, the peaks located at
around 867 and 1324 cm−1 became weaker. For the Raman spectra, there was only one dominant peak
located at 867 cm−1 for propane⊥. Compared to propane⊥, propane‖ showed somewhat different
vibrational spectra. To be specific, four dominant peaks were found in the IR spectra, located at
around 710, 863, 1136 and 1445 cm−1. These four peaks are attributed to methylene CH2 rocking,
C–C–C stretching, methyl CH3 rocking and methyl CH3 deforming. Meanwhile, there were only two
dominant peaks in the Raman spectra, located at 863 and 1136 cm−1. It is noted that for any other
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intermediate or final products, the IR and Raman spectra varied only a little, no matter how many Pd
atoms were doped (all vibrational spectra are provided in Supplementary Information).

Special attention is paid to the change in the vibrational spectra during the reaction process.
As shown in Figure 3, the IR spectra changed greatly as the reaction proceeded. Specifically, there
were three intense peaks for propane⊥, located at 867, 1128 and 1324 cm−1. However, after the first
hydrogen dehydrogenated from the methyl group, only two dominant peaks (1013 and 1089 cm−1)
appeared, no matter whether the detached proton was diffused or not. These two peaks are attributed
to C–C–C stretching and dehydrogenated methyl twisting. It is noted that due to the dehydrogenation
of CH3, the symmetry of the adsorbate changed. As a result, the peaks that were related to methyl
vanished. When the two dehydrogenations finished and propylene formed, three peaks (877 and
937 and 1030 cm−1) dominated the IR spectrum, corresponding to dehydrogenated methylene C–H
wagging, dehydrogenated methyl CH2 wagging and dehydrogenated methyl CH2 rocking. We can
see from Figure 3a that the methyl- and methylene-related peaks diminished and the dehydrogenated
groups-related peaks appeared.
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Figure 2. Infrared (IR) adsorption and Raman scattering spectra of propane adsorbed on the
Pd-doped Cu(111) surface; (a,b) indicate two adsorption configurations: perpendicular and parallel
adsorbed propane.

Table 1. Energy barriers for the first C–H bond cleavage from methyl (path 1) and methylene group
(path 2) of propane on pure and Pd-doped Cu(111) surfaces [27].

Surfaces a b c d e

Path 1 (kcal/mol) 37.9 32.8 31.7 29.9 28.2
Path 2 (kcal/mol) 36.7 31.6 29.6 28.6 26.3
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Table 2. Calculated infrared (IR) and Raman frequencies assignment of propane⊥ (propane‖), 1-propyl
(2-propyl), 1-propyl-diff (2-propyl-diff), and 1-propylene (2-propylene). Only the surface doped by one
Pd atom is listed here. Modes 1–7 correspond to methylene –CH2– rocking, dehydrogenated methyl
–CH2 wagging, C–C–C stretching, methylene –CH2− wagging, dehydrogenated methyl –CH2 twisting,
methyl –CH3 rocking and methyl –CH3 deforming.

Mode 1 2 3 4 5 6 7

Propane⊥ 729 881 867 1010 — 1128 1324
1-Propyl 745 894 888 1013 1089 1114 1359

1-Propyl-diff 772 889 891 1006 1080 1088 1389
1-Propylene — 876 937 — 1088 1031 1400

Propane‖ 710 — 863 — — 1136 1445
2-Propyl — — 871 — — 1082 1443

2-Propyl-diff — — 889 — — 1062 1449
2-Propylene — 877 937 — 1087 1030 1444
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Figure 3. Infrared (IR) adsorption spectra of all reactants, intermediate and final products, during the
dehydrogenation of propane towards propylene on the Pd-doped Cu(111) surface; (a,b) indicate the
two reaction paths initiating from parallel and perpendicular adsorbed propane.

A similar phenomenon can also be observed for the reaction path initiating from propane‖.
As shown in Figure 3b, four strong peaks dominated the IR spectra for propane‖. However,
after the first hydrogen dehydrogenated from the methylene group, there was only one predominant
peak located at 1082 cm−1, which is attributed to methyl CH3 rocking. The peak located at
710 cm−1 (attributed to methylene CH2 rocking) diminished because the dehydrogenation occurred
on methylene. The IR spectra varied only a little before and after the first detached proton diffused,
although the CH3 rocking mode showed a 20 cm−1 red shift. Finally, the CH3 rocking mode become
inactive in the IR spectrum after the second H dehydrogenated from the methyl group. It is very
interesting to see that the final products obtained from the two reaction paths showed very similar IR
spectra, indicating similarity in the geometries.

Several interesting phenomena were observed during the whole catalytic process. For example, the
C–C–C stretching mode showed a blue shift, that is, 867, 888, 891 and 937 cm−1 for propane⊥, 1-propyl,
1-propyl-diff, 1-propylene, and 863, 871, 889, and 937 cm−1 for propane‖, 2-propyl, 2-propyl-diff,
and 2-propylene, respectively. On the other hand, the CH3 rocking mode showed red shifts during
the dehydrogenation. Particularly, 1128, 1114, 1088 and 1031 cm−1 were observed for propane⊥,
1-propyl, 1-propyl-diff and 1-propylene during the first reaction path. For the second reaction path,
these vibrational modes were located at 1136, 1082, 1062, and 1030 cm−1 for propane‖, 2-propyl,
2-propyl-diff, and 2-propylene, respectively.
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The ability of Raman spectroscopy to monitor reaction processes has also been investigated.
As shown in Figure 4, only one peak located at 867 cm−1 was found in the Raman spectrum for
propane⊥, corresponding to C–C–C stretching. After the first proton detached from the methyl
group, the most intense peak in the propyl species was located at 1010 cm−1, which is attributed to
dehydrogenated methyl (–CH2) wagging. The diminishing and appearance of Raman peaks revealed
the symmetry changes. Additionally, the proton diffusion hardly affected the Raman spectra. Finally,
when the second proton dehydrogenated from 1-propyl, only one peak located at 1615 cm−1 dominated
the Raman spectra, which is attributed to dehydrogenated C=C stretching. For propane‖, two peaks
appeared in the Raman spectra, 863 and 1136 cm−1, which are attributed to C–C–C stretching and
methyl –CH3 rocking. After one proton detached from the methylene group, a small peak split from
the main peak. Moreover, a red shift appeared for the –CH3 rocking peak, which shifted from 1136 to
1082 cm−1. Interestingly, the final product from the two different reaction paths showed similar Raman
spectra. From Figure 4, we can also conclude that using Raman spectra, every dehydrogenation step
can be easily monitored, and the two different reaction paths can also be distinguished.

600 800 1000 1200 1400 1600
Raman / cm−1

propane⊥

1-propyl

1-propyl-diff

1-propylene

600 800 1000 1200 1400 1600
Raman / cm−1

propane‖

2-propyl

2-propyl-diff

2-propylene
(a) (b)

Figure 4. Raman scattering spectra of all intermediate products during the dehydrogenation of propane
towards propylene on the Pd-doped Cu(111) surface; (a,b) represent the two reaction paths initiating
from perpendicular and parallel adsorbed propane.

3. Computational Methods and Details

The spin-polarized DFT calculations were performed using the Vienna ab initio simulation
package (VASP) [29,30]. The interactions between the core ions and the valence electrons were
described by using the projector augmented wave (PAW) pseudopotentials [31]. The exchange
correlation effects were described by the GGA-PBE functional [32]. A plane-wave energy cutoff
of 400 eV was used in the calculations. To mimic the flat (111) surface, a four-layer slab of a (5 × 5) unit
cell and a 10 Å thick vacuum region were employed here. The Brillouin zone sampling was carried out
by using the (5 × 5 × 1) Monkhorst-Pack grids. During the optimization, the lowermost two layers
were fixed, while the atoms in the uppermost two layers were allowed to relax until the maximum
force became less than 0.02 eV/Å.

After the optimization of the surface system, we fixed all metal atoms and allowed all adsorbate
atoms to relax to obtain the normal modes using density functional perturbation theory (DFPT) [33,34].
Then the IR intensity was expressed as

Ik
α = −∑

i

likZαi√
mi

(1)

and the Raman tensors were calculated as
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Rk
αβ = −∑

i

lik√
mi

∂Zαi
∂Fβ

(2)

where α and β are Cartesian coordinates, l is the Cartesian displacement vector, m is the mass of the
atom, and Zαi are the Born effective charges, which can be computed analytically. The derivative in
Equation (2) is computed by the first-order finite-difference method, that is,

∂Zαi
∂Fβ

=
Zαi(∆Fβ)− Zαi(−∆Fβ)

2∆Fβ
(3)

It is noted that the scaling factors are usually needed to make the simulated frequencies more
accurate and more comparable to the experimental observations. However, we have noticed that
Martin et al. have proven that the scaling factor for the PBE functional is 0.98–0.99 [35]. Furthermore,
in the present work, the relative positions and intensities rather than the absolute values played an
important role in monitoring the reaction path. As a result, no scaling factor was used in the present
work. With the calculated Raman tensor, the differential Raman cross-section could then be calculated
using the standard expression [36–38]:(

dσ

dΩ

)
k
=

π2

ε2
0
(ν̃in − ν̃k)

4 h
8π2cν̃k

|~εi · R̂ ·~εs|
2 1

1− exp (−hcν̃k/kBT)
(4)

where ε0 is the electric permittivity of free space, ν̃in is the wavenumber of incident light (set to be
514 nm), ν̃k is the wavenumber of the corresponding frequency, h is the Planck constant, c is the speed
of light in a vacuum, kB is the Boltzmann constant, and T is the temperature (set to be 298.15 K).
Meanwhile, all the calculated Raman cross-sections were convoluted with a Lorentzian function with
the full width at half maximum of 15 cm−1. Only Rk

zz needed to be taken into account, in view of the
electric field being only along the z direction [16], from results based on PBC models.

4. Conclusions

In the present work, we propose a method to monitor reaction paths. We systematically studied
the IR adsorption and Raman scattering spectra of all reactants, intermediates and final products for
the dehydrogenation of propane towards propylene. Two different reaction paths initiating from
perpendicular and parallel adsorbed propane were considered. The first-principle calculations of
transition-state calculations could hardly distinguish between the two reaction paths. However,
using vibrational spectra, every step during the reaction path could be distinguished, and the two
different reaction paths could also be easily identified. As a result, the predicted IR and Raman spectra
of these reaction intermediates and products provide a basis for their experimental characterization
and for the determination of reaction paths.

Supplementary Materials: The supplementary materials are available online.
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