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S1. Geometry analysis of C2H2 and C2H4 

Geometry optimizations for the molecules in the gas phase are performed. The obtained 

geometrical parameters are listed in Table S1 along with the corresponding experimental values. 

Table S1: Calculated and experimental geometrical parameters (bond lengths d and angles ∠ in Å 
and degree, respectively) for the C2H2 and C2H4 molecules in the gas phase. 

 
 

 

S2. Bulk lattice constants 

Table S2: Bulk lattice constant a (in Å) of each material in its stable crystal phase (FCC structure 
with space group Fm¯3m) obtained by mBEEF and RPBE XC functionals. A k-point mesh of 
20×20×20 was used for each calculation. The values in parentheses next to the mBEEF and RPBE 
values indicate the deviation from experimental results. Last row shows the mean absolute 
percentage error (MAPE) of each functional. mBEEF(QHA) and RPBE(QHA) are the results 
incorporating thermal effects via the quasi-harmonic approximation (QHA) at the experimental 
temperature at which the lattice constants were measured. The QHA was evaluated using the 
phonon analysis as implemented in Phonopy.28 

compound mBEEF mBEEF (QHA) RPBE RPBE (QHA) Exp. 
Pd 3.887 (-0.004) 3.904 (0.013) 3.977 (0.086) 3.993 (0.102) 3.891 

(295.15 K)3 

Pt 3.916 (-0.008) 3.902 (-0.022) 3.939 (0.015) 4.006 (0.082) 3.924 
(298.15 K)27 

Rh 3.769 (-0.035) 3.781 (-0.023) 3.851 (0.047) 3.862 (0.058) 3.804 
(294.65 K)3 

Cu 3.575 (-0.040) 3.588 (-0.027) 3.674 (0.059) 3.691 (0.076) 3.615 
(291.15 K)3 

MAPE (in %) 0.589 0.562 1.342 2.085 - 
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S3. Vibrational modes 

Figure S1 illustrates different vibrational modes of acetylene and ethylene in gas phase. Arrows in 

orange are showing the movement direction. Dot and cross marks inside the orange circles are 

used to show the movement direction. Here, we briefly describe the movements of atoms in each 

type of the vibrational modes. As shown in the figure, "twisting" modes are related to a change in 

the angle between planes containing groups of atoms. "Rocking" modes represent a change in the 

angle between the group of H-C-H atoms (shown in pink) and the rest of the molecule. A change 

in the angle between the plane of a group of H-C-H atoms (shown in pink) and a plane through the 

rest of the molecule refers to "wagging" modes. Rocking is distinguished from wagging by the fact 

that the atoms in the group stay in the same plane as the rest of the ethylene molecule. The in-

plane and out-of-plane bending modes are denoted by δ and γ, respectively. In a rocking, wagging 

or twisting coordinate the bond lengths within the atomic groups involved slightly change. So the 

dominant movements are in the angles. 
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Figure S1: Vibrational modes of acetylene and ethylene in gas phase. ν, δ and γ denote stretch 
mode, in-plane bending mode and out-of-plane bending mode, respectively. "a" and "s" represent 
asymmetric and symmetric stretches, respectively. Dot and cross marks inside the orange circles 
denote the out-of-plane movement direction of an atom or group of atoms. 
 
 

S4. Vibrational frequencies of C2H2 and C2H4 in the gas phase 

The calculated vibrational frequencies of C2H2 and C2H4 in the gas phase and the corresponding 

experimental values are summarized in Table S3 (detailed description of each vibrational mode is 

provided in the previous section and shown in FIG. S1). C2H2 is a symmetric linear molecule with 

3N − 5 = 7 normal modes. However, only five modes are reported in the table because the 

bending modes come in degenerate pairs, i.e., there are two equivalent modes with the same 

frequency. According to the calculated data shown in the table, the vibrational frequencies 

obtained by the mBEEF functional are overestimated while the RPBE functional underestimates 

them: the mean percentage error (MPE = 100
16
∑ DFAi−Expi

Exp𝑖𝑖
16
𝑖𝑖=1  ) of all the considered vibrational 

modes summarized in Table S3 obtained by mBEEF and RPBE are 3.04% and −0.13%, respectively. 
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To simplify the comparison, the frequency differences of each vibrational mode of the C2H2 and 

C2H4 molecules (in gas phase) with respect to the experimental values are shown in the FIG. S2. 

Our analysis shows that the root mean square error (RMSE) of the vibrational frequencies 

obtained with RPBE is smaller than for mBEEF by 79 cm−1 for C2H2 and 58 cm−1 for C2H4.  

Another notable result in the FIG. S2 is the larger deviation of the mBEEF results for the 

stretching modes while the bending modes (rocking, wagging, and scissoring) display smaller 

deviations. From comparison of calculated vibrational frequencies of stretching modes with 

experiment it can be inferred that mBEEF overestimates the strength of the bonds. However, the 

electrostatic interactions and orbital hybridization determining the bending force constants are 

less affected by the approximations in the XC functional, which results in smaller frequency 

deviations for bending-type vibrational modes. 
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Figure S2: Deviations of calculated vibrational frequencies of C2H2 and C2H4 molecules in gas phase 
from experimental values. The blue squares and pink triangles indicate the deviations for mBEEF 
and RPBE functionals, respectively. (See Table S3 for the values of vibrational frequencies and 
experimental references.) RMSE and MPE denote root mean squared error and mean percentage 
error, respectively. 
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Table S3: The vibrational frequencies (in cm−1) of the C2H2 and C2H4 molecules in the gas phase. ν, 
δ and γ denote stretch mode, in-plane bending mode and out-of-plane bending mode, 
respectively. "a" and "s" denote asymmetric and symmetric modes, respectively. RMSE and MPE 
denote the values of root mean squared error and mean percentage error, respectively. 

C2H2 mBEEF RPBE Exp.4 

δs
CH 555 578 612 

δa
CH 782 730 729 

νCC 2082 2001 1974 

νs
CH 3446 3342 3295 

νa
CH 3551 3439 3373 

RMSE (cm-1) 120 41  

MPE (%) 2.658  -0.133    

C2H4 mBEEF RPBE Exp.5 

δrock
CH2 839 804 826 

γwag
CH2 950 929 940 

γwag
CH2 973 941 949 

γtwist,
CH2 1080 1032 - 

δrock
CH2 1250 1203 1222 

δscissor
CH2 1390 1340 1342 

δscissor
CH2 1477 1430 1444 

νCC 1697 1631 1623 

νs
CH 3140 3052 2989 

νs
CH 3159 3065 3026 

νa
CH 3216 3121 3103 

νa
CH 3242 3150 3105 

RMSE (cm-1) 87 29  

MPE (%) 3.216  -0.130    

 
 
 

S5. Vibrational frequencies of adsorbed C2H2 and C2H4 
Table S4 summarizes the chamber exposures and the reported coverage for the adsorbed species. 

The vibrational frequencies of adsorbed C2H2 and C2H4 on FCC(111) surfaces of Pt, Pd, Rh, and Cu 

are summarized in Table S5. 
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Table S4: Experimental/theoretical data on the coverage (θ in ML) and gas exposure (P in L, 1L= 1 
langmuir = 1×10−6 Torr-second) for the adsorbed systems. 

system P θ 
C2H2/Pd(111)6 3 1/3 
C2H2/Pd(111)7 1.5 1/3 
C2H2/Rh(111)8 0.5 1/4 
C2H2/Cu(111)9 2.3  

C2H2/Pt(111)10 2  

C2H4/Cu(111)11 100 1/3 
C2H4/Pd(111)12 30  

 
Table S5: Calculated and experimental vibrational frequencies (in cm−1) for C2H2 and C2H4 

adsorbed on different TMSs at the coverage of 1/9 ML and 1/4 ML. The values for 1/4 ML are 
shown in parentheses. Stretch modes are labeled by ν, while δ and γ denote in-plane and out-of-
plane bending modes, respectively. 
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S6. Adsorption energies of C2H2 and C2H4 on Pd(111) 

The adsorption energies of C2H2 and C2H4 on Pd(111) are summarised in Table S6. 

Table S6: The comparison of our calculated (mBEEF and RPBE) Eads (in eV) with available 
experimental and theoretical data reported in the literature. (θ is the coverage in ML) 

 
 
 

S7. Comparison with other XC functionals and effect of van-der-
Waals (vdW) corrections 

To demonstrate further applications of our approach and the influence of vdW corrections, we 
calculated vibrational frequencies and adsorption enthalpy of C2H4 on the Pt(111) surface with 
TPSS22, PBEsol23, and RPBE with the Tkatchenko-Scheffler vdW correction24 (RPBE+TS). TPSS is 
reported as the reliable functional for the bulk and surface properties of metals25, and PBEsol is 
also widely used functional for solid systems. As shown in Figure S3a and Table S7, PBEsol gives 
the lowest RMSE for the vibrational frequency. TPSS shows a moderate performance among the 
adopted XC functionals, and there is not significant effect of the vdW correction on the accuracy 
of the vibrational frequency in RPBE+TS. On the other hand, as shown in Figure S3b, RPBE+TS 
overestimates the adsorption enthalpy compared to RPBE by 0.42 eV. Additionally, PBEsol shows 
the worst error among the considered functionals while the performance of TPSS is moderate. 

We also investigated reaction enthalpy of the semi-hydrogenation of C2H2 to C2H4 in the gas phase. 
The calculated reaction enthalpy 𝐻𝐻𝑟𝑟(𝐷𝐷𝐷𝐷𝐷𝐷) is the difference of the enthalpy of each molecule in 
the gas phase. 

𝐻𝐻𝑟𝑟(𝐷𝐷𝐷𝐷𝐷𝐷) = 𝐻𝐻𝐶𝐶2𝐻𝐻4 − (𝐻𝐻𝐶𝐶2𝐻𝐻2 + 𝐻𝐻𝐻𝐻2) 
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𝐻𝐻𝑟𝑟(𝐷𝐷𝐷𝐷𝐷𝐷)  was compared with experimental reaction enthalpy 𝐻𝐻𝑟𝑟(𝐸𝐸𝐸𝐸𝐸𝐸. ) derived from the 
standard enthalpy of formation.26 

𝐻𝐻𝑟𝑟(𝐸𝐸𝐸𝐸𝐸𝐸. ) = Δ𝑓𝑓𝐻𝐻𝐶𝐶2𝐻𝐻4
0 − Δ𝑓𝑓𝐻𝐻𝐶𝐶2𝐻𝐻2

0  

As shown in Figure S3c, RPBE showed the best performance. TPSS also showed a good 
performance, but mBEEF and PBEsol are not so accurate. This trend is also fit to the accuracy 
trend on the adsorption enthalpy. 

 By considering the result shown in Figure S3, RPBE is the most reliable functional for the target 
system because of its high accuracy for the investigated properties. On the other hand, PBEsol 
showed a good accuracy for the vibrational frequency, but its accuracy for the adsorption and 
reaction enthalpy is lower than the other functionals. These results suggest that, ideally, the 
assessment of the XC functionals should be based on multiple aspects. However, in practice, we 
are bound to use limited available measured quantities, such as vibrational frequencies, for 
benchmarking the calculation methods to describe metal-adsorbate systems. 
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Figure S3: Investigation with other XC functionals and vdW correction. Accuracy for (a) vibrational 
frequencies and (b) adsorption enthalpy of the C2H4/Pt(111) system. Note that only vibrations of 
the adsorbate and its nearest-neighbor Pt atoms are considered for calculating the vibrational 
frequencies in these investigations. (c) Assessment for the reaction enthalpy of the semi-
hydrogenation of C2H2 to C2H4 in the gas phase. 

Table S7: Summary of the vibrational frequencies of the C2H4/Pt(111) system with other XC 
functionals. Note that only vibrations of the adsorbate and its nearest-neighbor Pt atoms are 
considered for calculating the vibrational frequencies in this investigation. 

 νa
CH νs

CH νs
CH2 δscissor,s

CH2 νCC γwag,s
CH2 γtwist,s

CH2 δrock,s
CH2 νa

MC νs
MC RMSE 

(cm-1) 
MPE 
(%) 

Exp.10,14 3000 2940 2920 1430 1050 980 790 660 560 470 - - 

RPBE 3064 2975 2987 1423 983 1031 780 643 549 456 42  -0.48  

mBEEF 3138 3046 3060 1471 1022 1100 812 678 592 502 83  4.35  

TPSS 3104 3015 3026 1421 978 1038 777 631 549 457 61  -0.27  

PBEsol 3045 2953 2960 1386 1029 984 758 619 566 489 30  -0.65  

RPBE+TS 3065 2977 2990 1390 986 1034 783 646 551 459 44  -0.45  
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