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The reaction mechanisms of the decarbonylation and decarboxylation of propanoic 
acid on icosahedral and cuboctahedral clusters Pd55 were modeled in terms of the den-
sity functional theory using the PBE functional and the SBK pseudop   otential. According 
to calculations, the hydrogen abstraction step of the decarboxylation reaction is the most 
sensitive to the cluster shape and proceeds more readily on the icosahedral cluster. The 
activation energy diff erence reaches a value of 4.4 kcal mol–1. In addition, the icosahedral 
cluster demonstrates a higher activity and selectivity toward decarboxylation compared to 
the cuboctahedral cluster. 
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Recently, catalytic chemistry based on the use of 
renewable raw materials has been intensively develop-
ing fi eld of basic and industrial researches.1—4 Among 
the most important areas of investigation, there are the 
development of technologies for production of biofuel 
by hydrolysis of triglycerides and subsequent deoxygen-
ation of fatty acids to hydrocarbons, as well as the 
design of highly effi  cient catalysts. A key step in produc-
tion of hydrocarbons from acids5—7 is the removal of 
oxygen by hydrodeoxygenation or deoxygenation. In 
the former case the process proceeds with retention of 
the number of C atoms, while in the latter case oxygen 
is removed in the form of СО2 (decarboxylation) or СО 
and Н2О (decarbonylation). Unlike hydrodeoxygen-
ation, the deoxygenation of fatty acids requires con-
sumption of a much smaller amount of H2. Fats are 
suitable to obtain not only higher hydrocarbons, but 
also higher olefi ns,8 i.e., semiproducts that are utilized 
as a feedstock for production of detergents, synthetic 
oils, additives, etc. 

The use of Pd-based catalysts supported on various 
materials in the deoxygenation reactions of higher fatty 
acids is of considerable interest.1,2,6,7,9—11 The main 
deoxygenation pathways of fatty acids on Pd catalysts 
are the decarboxylation and decarbonylation reactions. 
The kinetics and mechanism of these processes in the 
presence of various metals have been studied.11—17 
A theoretical study13 of the reaction mechanism of the 
decarboxylation of propanoic acid on the Pd(111) 

surface showed that it involves adsorption of propanoic 
acid, successive abstraction of H atoms from the carb-
oxyl group and from the Cβ atom, dissociation of the 
С—C bond with elimination of СО2 molecule, and 
hydrogenation of ethylene to ethane. However, from 
the periodic density functional theory (DFT) calcul-
ations it follows that dissociation of the С—С bond is 
preceded by deeper dehydrogenation of the Cα atom in 
propanoic14,15 and acetic16 acids to MeCCOO and 
CHCOO, respectively.

It was reported13 that the mechanism of propi-
onic acid decarbonylation on the Pd13 and Pd30 
clusters represents the following sequence of steps: 
EtCOOH  EtCO  Et  C2H4. Prior to dissociation 
of the C—C bond the EtCO species on the Pd(100) and 
Pd(111) surface can undergo dehydrogenation14,18 to 
MeCCO, CH2CHCO, or CHCHCO. In spite of dif-
ferent nature of the rate-limiting steps of the decarbonyl-
ation and decarboxylation reactions (dehydrogenation 
of the Cβ atom or dissociation of the С—С and С—OH 
bonds), the activation barriers to these processes are 
close, which provides an explanation for the experi-
mentally observed composition of reaction products 
characteristic of both pathways. 

The catalytic activity of nanoparticles depends not 
only on their size, but also on the surface morphology.19 
Of particular interest for catalysis are metal nano-
particles 2—10 nm in size containing a high fraction 
of surface atoms that mainly form the low-index 
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faces (111) and (100). The shape of Pd nanoparticles 
signifi cantly infl uences the kinetics of selective hydro-
genation of hydrocarbons,20,21 CO oxidation,22 cross-
coupling reactions,23 etc. Recently developed methods 
for the synthesis of various shape-controlled metal 
nanoparticles24—26 off ered prospects for the preparation 
of highly active and selective catalysts. In turn, theo-
retical prediction of the catalytic properties of particu-
larly shaped particles enables targeted synthesis of novel 
catalysts. The aim of this work was to model the reac-
tion mechanisms of the decarboxylation and decarbonyl-
ation of propanoic acid on icosahedral and cuboctahe-
dral Pd55 nanoclusters in order to assess the relative 
catalytic activities of these nanoparticles. 

Calculation Procedure

Quantum chemical calculations were carried out using 
the PRIRODA program27,28 in terms of the DFT with the 
PBE exchange-correlation functional,29 the SBK relativistic 
eff ective core potential,30 and the TZ2P basis set. The 
atomic charges were evaluated according to Hirshfeld.31 

The active site models included two 55-atom Pd clusters, 
namely, an icosahedral cluster (Pd55

i) and a cuboctahedral 
one (Pd55

c). They were chosen because the surface of the 
Pd55

i cluster is composed of the (111) faces only, while the 
surface of the Pd55

c cluster is composed of the (111) and (100) 
faces. There are two types of equivalent surface atoms in the 
Pd55

i cluster, viz., the vertex atoms (Pdt) and the edge atoms 
(Pde) with a coordination number (CN) of 6 and 8, respec-
tively. The vertex atoms (Pdt) and the edge atoms (Pde) in 
the cuboctahedral cluster Pd55

c have lower CN equal to 5 and 
7, respectively. An additional, third type of surface Pd atoms, 
appears in the Pd55

c cluster. These are the atoms located at 
the centers of the (100) Pd faces. They have a CN 8 and will 
be denoted by Pds. 

According to our calculations, the triplet state lies 10.00 
(Pd55

i) and 1.93 kcal mol–1 (Pd55
c) lower than the singlet 

state on the energy scale and 1.40 (Pd55
i) and 0.20 kcal 

mol–1 (Pd55
c) than the quintet state. In this connection all 

other calculations were carried out for the triplet state. 
The relative stabilities of the clusters were assessed from 

the atomization energies (Eb) calculated per atom: 

Eb = (55·E(Pd) – E(Pd55))/55.

Geometry optimization of all structures was carried out 
without imposing symmetry restrictions.

The coordinates of the Pd atoms were not fi xed in the 
calculations. The correspondence between the optimized 
structures and the energy minima or transition states (TS) 
was confi rmed by vibrational frequency analysis. 

Results and Discussion

Table 1 presents selected structural and electronic 
parameters of the clusters Pd55

i and Pd55
c. The atomiz ation 

energy (Eb) of the icosahedral cluster is 0.34 kcal mol–1 
higher than Eb(Pd55

c), which suggests that Pd55
i is more 

thermodynamically stable. The estimates obtained in 
this work (Eb = 64.49 and 64.15 kcal mol–1) are in good 
agreement with the results of a DFT-BP86 study32 
(Eb = 63.32 and 63.30 kcal mol–1, respectively). 

The bond lengths in the shell of the Pd55
i cluster are 

on the average 0.05 Å longer than in the shell of the 
Pd55

c cluster. The shortest bond lengths R(Pd—Pd) 
correspond to the Pdt—Pde (Pd55

i) and Pds—Pde (Pd55
c) 

distances, while the longest ones correspond to the 
Pde—Pde distances. The outer size of both clusters dif-
fer only slightly, namely, 10.6 (Pd55

i) vs. 10.9 Å (Pd55
c).

The edge atoms Pde of both clusters bear a small 
negative charge δ(Pd) = –0.02 au, while the vertex 
atoms Pdt bear a small positive charge of 0.01 au (see 
Table 1). The net charge of the surface atoms in the 
Pd55

i cluster (–0.39 au) is larger than in the Pd55
c 

cluster (–0.30 au).
The strongest adsorption complex is formed when 

the propanoic acid molecule and the COOH group 
directed toward the Pd surface are arranged perpen-
dicularly to each other. The major contribution to the 
adsorption energy comes from the interaction between 
the carboxyl O atom and the Pd atom (Fig. 1). Table 2 
lists the adsorption energies (Eads) of EtCOOH for dif-
ferent types of surface Pd atoms bonded to the O atom. 
It follows that adsorption on the low-coordinate Pdt 
atoms is characterized by the highest energy and 
Eads(EtCOOH) for the Pd55

i cluster (ACi, see Fig. 1) is 
1.8 kcal mol–1 higher in absolute value than for the 
Pd55

c cluster (ACc, see Fig. 1). The lowest activity was 
found for the central atoms Pds of the (100) face. 
Probably, the Pds atoms will also exhibit the lowest 
activity in the dissociation of the C—C and C—OH 
bonds, because these key steps require high coordinative 
accessibility of the surface atoms.33 The mechanism of 
the decarboxylation and decarbonylation reactions was 
based on the sequence of steps obtained13 in the calcu-
lations using a small cluster Pd13. 

Mechanisms of propanoic acid decarboxylation and 
decarbonylation on Pd55

i. The optimized structures of 
the intermediates of propanoic acid decarboxylation 

Table 1. Atomization energies (Eb) in the Pd55
i and Pd55

c clusters, 
Pd—Pd bond lengths in the cluster shell, charges of Pd atoms 
(δ), and the net charges of the (Pd42) shell

Cluster Eb R(Pd—Pd) δ/au
 /kcal mol–1 atom–1 /Å Pdt Pde Pds Pd42

Pd55
i 64.49 2.78—2.86 0.01 –0.02 — –0.39

Pd55
c 64.15 2.69—2.82 0.01 –0.02 –0.01 –0.30
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(I1ai—I5ai) and decarbonylation (I1bi—I5bi) on the 
icosahedral cluster Pd55

i are shown in Fig. 2. Hydrogen 
abstraction from the carboxyl group in the fi rst step of 

decarboxylation on the surface of the Pd55
i cluster 

produces the EtCOO* species (I1ai) that is 4 kcal mol–1 
more stable than ACi owing to the interaction between 
two O atoms (μ2-coordination) with Pd atoms.

The key step of the decarboxylation mechanism 
involves dissociation of the С—С bond which should 
be preceded8 by abstraction of the H atom from the 
Cβ atom of EtCOO* to decrease the activation barrier 
to dissociation of the С—С bond.14 Dehydrogenation 
results in the intermediate I2ai with the shortest distance 
between the CH2CH2COO* species and the surface of 
the Pd cluster, which creates structural prerequisites 
for further transformations. 

Dissociation of the С—С bond is accompanied 
by noticeable exothermic effect (ΔE(I2ai→I3ai) = 
= –12.7 kcal mol–1) and results in the formation of 
adsorbed ethylene and СО2 molecules (I3ai). Two 
adsorbed H atoms formed in the preceding steps are 
consumed for successive hydrogenation of ethylene to 
ethyl (I4ai) and ethane (I5ai). 

The energy profi les of the reactions of propanoic 
acid decarboxylation and decarbonylation on the Pd55

i 
cluster are shown in Fig. 3. As can be seen, the activa-
tion energy of decarboxylation (30.7 kcal mol–1) is 
determined by the energy diff erence between the inter-
mediate I1ai (lowest point of the energy profi le) and 
the TS of the step I2aiI3ai (highest point of the energy 
profi le). 

In the fi rst step of the decarbonylation reaction the 
COOH group of the adsorbed propanoic acid molecule 
(ACi, see Fig. 1) approaches the surface of the Pd55

i 
cluster. As a result, the intermediate I1bi (see Fig. 2) is 
formed. Its carboxyl C and O atoms interact with three 

Fig. 1. Optimized structures of adsorption complexes of prop-
anoic acid with icosahedral (ACi) and cuboctahedral (ACc) 
clusters Pd55. 

H

C

O

Pd

ACi ACc

Table 2. Pd—O bond length in the clusters Pd55
i and Pd55

c 
and the adsorption energies of EtCOOH on these clusters 

Cluster Atom R(Pd—O)/Å –ΔEads/ kcal mol–1

Pd55
i Pdt 2.15 20.0

 Pde 2.19 16.1
Pd55

c Pdt 2.18 18.2
 Pde 2.21 14.4
 Pds 2.25 09.8

Fig. 2. Optimized structures of intermediates of the reactions of propanoic acid decarboxylation (a) and decarbonylation (b) on the 
Pd55

i cluster.

I1ai I2ai I3ai I4ai I5ai

I1bi I2bi I3bi I4bi I5bi

b

a
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Pd atoms. The formation of the intermediate I1bi is 
energetically unfavorable because the energy increases 
by 16.0 kcal mol–1 relative to ACi; however, the OH 
group can be eliminated with a low activation barrier 
(ΔE≠(I1biI2bi) = 9.1 kcal mol–1) only in this case. 
The second step involving elimination of the OH group 
leads to the species EtCO* and OH* (I2bi, see Fig. 2). 

Dissociation of the С—С bond is characterized 
by a high exothermic effect (ΔE(I2biI3bi) = 
= –17.7 kcal mol–1), being followed by the formation 
of two adsorbed molecules, Et* and CO* (I3bi). In ac-
cordance with the stoichiometry of the decarbonylation 
reaction Et* undergoes further dehydrogenation to 
ethylene (I4bi). The fi nal step involves the formation 
of water molecule (I5bi, see Fig. 2) with a low energy 
barrier. Surface migration of H atoms over the Pd55 
cluster was not considered because of the low activation 
barriers to this process (<2 kcal mol–1).34

The energy profi le of the decarbonylation reaction 
(Fig. 3) demonstrates that the highest energy corre-
sponds to dissociation of the С—С bond (I2biI3bi) 
rather than elimination of the OH group (I1biI2bi), 
as was found for the small cluster Pd13.13 Therefore, 
the activation energy of this reaction (28.7 kcal mol–1) 
will be determined by the energy diff erence between 
the TS of С—С bond dissociation and the adsorption 
complex ACi. On the other hand, taking into account 
the equilibrium ACiI1ai, it is more correctly to cal-
culate the activation energy with respect to I1ai, which 
gives a value of 33.5 kcal mol–1.

Mechanisms of propanoic acid decarboxylation and 
decarbonylation on Pd55

c. Figure 4 presents the opti-

mized structures of the intermediates of propanoic acid 
decarboxylation (I1ac—I5ac) and decarbonylation 
(I1bc—I5bc) on the cuboctahedral cluster Pd55

c while 
Fig. 5 shows the corresponding energy profi les. The 
reaction mechanisms were modeled using the same 
sequence of steps as that considered for the icosahedral 
cluster Pd55

i.
A comparison of the energy profi les of the reactions 

on the Pd55
i (see Fig. 3) and Pd55

c (see Fig. 5) clusters 
revealed only insignifi cant diff erences. This fi rst of all 
concerns the relative energies of intermediates. For 
instance, the intermediates I1ac and I5ac of the decarb-
oxylation reaction are respectively 0.3 and 4.6 kcal mol–1 
more stable than their analogues I1ai and I5ai, while the 
intermediates I2ac, I3ac, and I4ac are 1.3—2.5 kcal mol–1 
less stable than the corresponding intermediates I2ai, 
I3ai, and I4ai. The opposite trend was noted for 
the decarbonylation reaction, viz., all intermediates 
of the reaction on the cluster Pd55

c, except I5bc, are 
0.3—2.3 kcal mol–1 energetically more favorable 
than their analogues formed in the reaction on the 
cluster Pd55

i. 
The next diff erence is related to the close values of 

the energies of the highest-lying TS. For instance, the 
energy diff erence between the TS of hydrogen abstrac-
tion (I1acI2ac) and the TS of С—С bond dissociation 
(I2acI3ac) is 0.2 kcal mol–1 vs 0.9 kcal mol–1 for the 
energy diff erence between the TS of dissociation of the 
C—OH (I1bcI2bc) and С—С (I2bcI3bc) bonds. The 
TS energies for these steps on the cluster Pd55

c are 
almost the same, being noticeably diff erent (by 2.6—
4.7 kcal mol–1) for the reaction on the Pd55

i cluster. 

Fig. 3. Energy profi les of propanoic acid decarboxylation (solid line) and decarbonylation (dashed line) on icosahedral cluster Pd55
i. 

E/kcal mol–1

0

–20.0
ACi

–0.9

–5.3
–4.0
I1bi

–24.8
I1ai

5.1

2.1

–8.1
I2ai

–8.4
I2bi

8.7

5.9

–20.8
I3ai

–26.1
I3bi

–2.3

–16.1
–11.3
I4ai

2.7

–9.6
I5ai

–35.9
I4bi

–41.1
I5bi

EtCOOH +
+ Pdi

55



Deoxygenation of propanoic acid on Pd55 Russ. Chem. Bull., Vol. 71, No. 9, September, 2022 1867

Table 3 lists the TS energies of the dissociation of 
the С—H (E≠

C—H(I1aiI2ai), E≠
C—H(I1acI2ac)) 

and С—С (E≠
C—C(I2aiI3ai), E≠

C—C(I2acI3ac)) 
bonds in the decarboxylation reaction, as well as the 
TS energies of the dissociation of the С—OH 
(E≠

C—OH(I1biI2bi), E≠
C—OH(I1bcI2bc)) and С—С 

(E≠
C—C(I2biI3bi), E≠

C—C(I2bcI3bc)) bonds in the 
decarbonylation reaction. It follows that hydrogen 
abstraction in the course of the decarboxylation reaction 
is the most sensitive to the structure of the Pd cluster. 
The energy barrier to this step (I1aiI2ai) for the reac-
tion on the icosahedral cluster is 4.4 kcal mol–1 lower 
compared to the process on the cuboctahedral cluster. 
Besides, dissociation of the С—С bond in the course 
of the decarboxylation reaction on the Pd55

i cluster also 
proceeds more readily; however, in this case the energy 

diff erence between the reactions on Pd55
i and Pd55

c is 
small (0.8 kcal mol–1). 

Both reactions on the Pd55
c cluster proceed with 

close activation energies (31.7 and 31.5 kcal mol–1). It 

Fig. 4. Optimized structures of intermediates of the reactions of propanoic acid decarboxylation (a) and decarbonylation (b) on the 
Pd55

c cluster. 

I1ac I2ac I3ac I4ac I5ac

I1bc I2bc I3bc I4bc I5bc

a

b

Fig. 5. Energy profi les of propanoic acid decarboxylation (solid line) and decarbonylation (dashed line) on cuboctahedral cluster Pd55
c. 

E/kcal mol–1

0

–18.2
ACc

–2.7
–5.4 –4.30

I1bc

–25.1
I1ac

5.2 6.2

–5.6
I2ac

–10.4
I2bc

6.4 6.6

–19.0
I3ac

–26.6
I3bc

–2.0

–19.5

–10.0
I4ac

–0.2

–14.2
I5ac

–36.2
I4bc –37.8

I5bc

EtCOOH +
+ Pdc

55

Table 3. Transition-state energies (kcal mol–1) for selected steps 
of the reactions of propanoic acid decarboxylation (DCX) and 
decarbonylation (DCN) on the Pd55

i and Pd55
c clusters calcul ated 

relative to the energies of I1ai and I1ac for the reactions on Pd55
i 

and Pd55
c, respectively

Cluster DCX DCN

 E≠
C—H E≠

C—C E≠
C—OH E≠

C—C
  (I1aI2a) (I2aI3a) (I1bI2b) (I2bI3b)

Pd55
i 26.9 30.7 29.9 33.5

Pd55
c 31.3 31.5 30.8 31.7
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follows that the selectivity of the process on the cuboc-
tahedral cluster is low. A comparison of the energies 
E≠

C—C(DCX) and E≠
C—C(DCN) suggests that the 

Pd55
i cluster demonstrates a higher activity (compared 

to Pd55
c) and selectivity toward decarboxylation. This 

result is more probably due to steric rather than elec-
tronic eff ects because of the close values of the charges 
on the shell atoms in both clusters (see Table 1). For 
instance, dissociation of the С—С bond in the species 
*C2H4CO2 (I2a) proceeds on one Pd atom vs. two Pd 
atoms in the case EtCO* (I2b). 

Summing up, the relative catalytic activities of ico-
sahedral and cuboctahedral clusters Pd55 were assessed 
using the DFT-PBE/SBK quantum chemical modeling 
of the reaction mechanisms of the decarboxylation and 
decarbonylation of propanoic acid on the surface of 
these Pd nanoparticles. According to calculations, in 
all cases the rate-limiting states correspond to the tran-
sition states of С—С bond dissociation and to the in-
termediate EtCOO*. Hydrogen abstraction in the course 
of the decarboxylation reaction is the most sensitive to 
the structure of the Pd cluster. This step proceeds more 
readily on the icosahedral cluster, the activation energy 
diff erence being as high as 4.4 kcal mol–1. In addition, 
the icosahedral cluster is characterized by higher activ-
ity and selectivity toward decarboxylation compared to 
the cuboctahedral cluster Pd55. 

Calculations were carried out on computational 
facilities at the Joint Supercomputer Center of the 
Russian Academy of Sciences. 

No human or animal subjects were used in this 
research.

The authors declare no competing interests. 
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