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A. Gaussian full references

Gaussian 09, Revision D.01, M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R.
Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G.A. Petersson, H. Nakatsuji, M. Caricato, X. Li,
H.P. Hratchian, A.F. Izmaylov, J. Bloino, G. Zheng, J.L.. Sonnenberg, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J.A.
Montgomery, Jr., J.E. Peralta, F. Ogliaro, M. Bearpark, J.J. Heyd, E. Brothers, K.N. Kudin, V.N.
Staroverov, T. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J.C. Burant, S.S.
Iyengar, J. Tomasi, M. Cossi, N. Rega, .M. Millam, M. Klene, J.E. Knox, J.B. Cross, V. Bakken, C.
Adamo, J. Jaramillo, R. Gomperts, R.E. Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli,
J.W. Ochterski, R.L. Martin, K. Morokuma, V.G. Zakrzewski, G.A. Voth, P. Salvador, J.J. Dannenberg,
S. Dapprich, A.D. Daniels, O. Farkas, J.B. Foresman, J.V. Ortiz, J. Cioslowski, D.J. Fox, Gaussian,

Inc., Wallingford CT, 2013.
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B. DFT calculated descriptors for all the 44 catalysts.

Table S1. DFT calculated AAG* and AG* values for all the 44 catalysts. All the values are in eV.

L;  AAGRN AAGHN  AAGIM  AGHTST AGHTSZ AGHTS3

1 Me Me H 0.58 1.70 2.04 0.35 1.04 -0.01
2 Ph Ph H 0.65 1.75 2.08 0.41 1.05 -0.08
3 Ph H H 0.53 1.86 2.19 0.18 1.17 0.07
4 Pr Me H 0.57 1.71 2.04 0.36 0.85 -0.09
5 ‘Bu Et H 0.46 1.60 1.93 0.24 0.98 0.06
6 iPr OMe H 0.82 1.84 2.26 0.47 1.04 -0.02
7 Et CF; H 1.18 1.72 2.18 0.29 1.05 0.66
8 H H Me 0.55 1.79 2.13 0.24 1.08 -0.02
9 H Pr Me 0.55 1.76 2.09 0.27 1.05 0.17
10 H Et Me 0.56 1.78 2.11 0.11 1.07 0.07
11 Me iPr Me 0.41 1.70 2.03 0.20 0.99 0.01

12 iPr Et Me 0.40 1.68 2.01 0.18 0.96 -0.06
13 OEt Et Me 0.64 1.94 2.28 0.41 1.03 -0.07
14 OEt iPr Me 1.01 1.97 2.30 0.15 1.06 0.00
15 CF; iPr Me 0.70 1.89 2.23 0.36 1.20 0.15

16 Ph Ph Et 0.52 1.71 2.05 0.26 1.03 -0.08
17 H ‘Bu Et 0.75 1.63 1.97 0.51 0.91 -0.03
18 OMe Me Et 0.55 1.83 2.16 0.22 1.14 0.05

19 Pr Et Et 0.47 1.65 1.98 0.25 0.96 0.02
20 OMe Pr Et 0.63 1.73 2.15 0.25 0.92 0.00
21 Ph CF; Et 1.06 1.77 2.10 0.43 1.14 0.54
22 CF; Pr Et 0.98 1.90 2.24 0.44 1.21 0.49
23 iPr H Pr 0.54 1.77 2.10 0.33 1.04 -0.04
24 OEt Me Pr 0.56 1.83 2.16 0.25 1.07 -0.03
25 Et Ph Pr 0.53 1.64 1.97 0.30 0.99 -0.10
26 OMe Et Pr 0.59 1.86 2.19 0.29 1.05 0.01

27 OEt Pr Pr 0.72 2.16 2.14 0.34 0.97 -0.06
28 CF; H Pr 0.93 1.93 2.26 0.51 1.16 0.14
29 CF; OEt Pr 0.80 2.15 2.49 0.49 1.23 0.35
30 ‘Bu ‘Bu iPr 0.94 1.43 1.76 0.68 0.61 0.35
31 iPr iPr iPr 0.69 1.38 1.71 0.33 0.70 0.27
32 H OEt iPr 0.70 1.99 2.32 0.46 1.12 -0.02
33 Et Me iPr 0.50 1.70 2.03 0.23 1.00 0.12
34 Ph iPr iPr 0.60 1.54 1.87 0.29 0.94 -0.05
35 ‘Bu Pr iPr 0.65 1.70 2.03 0.07 1.01 0.38
36 OMe OEt iPr 0.59 1.79 2.12 0.32 1.13 -0.01
37 CF; H iPr 0.76 2.06 2.39 0.30 1.30 0.13
38 OMe OMe ‘Bu 0.72 2.01 2.34 0.50 1.20 0.03
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39 Ph H ‘Bu 0.56 1.89 2.22 0.33 1.22 -0.01
40 Me Ph ‘Bu 0.43 1.68 2.01 0.20 1.02 0.02
41 Ph Pr ‘Bu 0.42 1.59 1.92 0.20 0.93 -0.02
42 ‘Bu OMe ‘Bu 0.72 1.92 2.17 0.47 1.03 -0.03
43 CF; Me ‘Bu 0.76 1.96 2.30 0.27 1.11 0.13
44 OMe CF; ‘Bu 1.01 1.93 2.26 0.55 1.23 0.35

C. Optimized hyperparameters values.
Table S2. Optimized values of the hyperparameters for the best fitted ML algorithms for all the

considered descriptors.

ML
Descriptors Optimized hyperparameters for best fitted models

Models

n_estimators: 100, min_child weight: 3, max depth: 5,

AAme XGBR )
learning_rate: 0.05, booster: gbtree, base score: 0.5
AN n_estimators: 100, min_samples_split: 10, min_samples_leaf:
AAG GBR .
3, max_depth:10, learning_rate: 0.2
M n_estimators: 1500, min_child weight: 4, learning_rate: 0.1,
AAG XGBR
booster: gbtree, max_depth: 15, base score: 1
4781 n_estimators: 100, min_child weight: 2, learning_rate: 0.05,
AG XGBR
booster: gbtree, max_depth: 15, base score: 0.25
n_estimators: 100, min_samples_split: 10, min_samples_leaf:
AGT™ GBR - - - -
3, max_depth: 10, learning_rate: 0.5
n_estimators: 900, min_samples_split: 5, min_samples_leaf: 5,
AGszs GBR B

max_depth: 3, learning_rate: 0.1
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D. Performance analysis of ML models

Table S3. Performance analysis (RMSE) of all the considered ML models for all the
descriptors. All the values are in eV.

Algorithm Error AAGHRN AAGHN AAGM AGHTSt  AGHTS2 AGHTS3
Train

Linear | (RMSE) 0.08 0.09 0.07 0.09 0.06 0.10
Regression Test

(RMSE) 0.21 0.11 0.13 0.10 0.12 0.16
Train

(RMSE) 0.12 0.09 0.07 0.09 0.01 0.11

Wiesss 0.15 0.10 0.13 0.09 0.11 0.10

(RMSE) . . . . . .
Train

0.14 0.09 0.07 0.11 0.07 0.13
RFR (RMSE)
Test

(RMSE) 0.13 0.13 0.13 0.10 0.11 0.08

Lz 0.11 0.01 0.13x107%*  0.07 0.01 0.01
GBR (RMSE)
Test

(RMSE) 0.15 0.09 0.12 0.08 0.10 0.08

Lz 0.08 0.87x107* 0.03 0.04 0.02 0.09
xGer  (RMSE)
Test

(RMSE) 0.14 0.10 0.12 0.07 0.11 0.09

E. Best fitted ML models for TS1, TS2 and TS3 and their performance analysis.
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Fig. S1 Plot of DFT calculated vs ML predicted activation barriers of the transition states: (a) TS1, (b)

TS2 and (c) TS3. All the energy values are in eV.

S5



F. Cross-Validation (CV) analysis for best fitted machine learning models.

An evaluation method called Cross-Validation is used in machine learning to determine whether the
model is stable and efficient enough when trained on the subset of input data sets and tested on the
unseen set of datasets. Here, we used the k-fold cross validation method. The data sample is split into
‘k’ number of smaller samples, and in our case, k is 5 and the data sets is split into 5-fold (CVi, i=1,
2,3, 4 and 5) sub-datasets (train and test). First, for example, CV2-5 subsets are considered for training,
and the CV1 subset is left for the validation of the trained model. This process is repeated four more
times with different subsets for the validation of the trained model. Cross-validation reduces the chances
of overfitting and increases the generalizability of the parameters used in the machine learning model.
Fig. S2 shows the concept of a 5-fold cross-validation loop. The root-mean-square error (RMSE) of

each iteration and the mean of the RMSE for the total 5 iterations are computed.

Iteration 1 —>RMSE 1
Iteration 2 —> RMSE 2
Iteration 3 —>RMSE 3
Iteration 4 —>RMSE 4
Iteration 5 —>RMSE 5
Mean RMSE

Fig. S2 The scheme explaining of k-fold (k = 5) Cross-Validation (CV) method.
Table S4. Root-Mean-Square Error (RMSE) Score for each fold (CVi) of the 5-Fold CV using best

fitted ML models for descriptors. Here, Avg. is the Mean RMSE of all the CV. All the values are in eV.

Data sets Method

AAGT XGBR 0.14 0.17 0.21 0.15 0.11 0.16
AAGT GBR 0.10 0.17 0.10 0.11 0.13 0.12
AAGT XGBR 0.15 0.10 0.16 0.12 0.12 0.13
AGT XGBR 0.10 0.17 0.12 0.10 0.11 0.12
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AGT™ GBR 0.09 0.13 0.1 0.08 013 0.1

1TS3

AG GBR 0.15 0.10 0.09 0.11 0.15 0.12

G. ML predicted descriptors values for all the 286 catalysts

Table S5. ML predicted AAG* and AG? values for all the 286 catalysts. All the values are in eV.

AAGHRN  AAGH  AAGIM  AGHTS!  AGHTS?  AGHTS3

45 H H 0.68 1.82 2.16 0.35 1.13 0.10
46 Et Et 0.57 1.65 2.01 0.26 1.01 0.07
47 ‘Bu ‘Bu 0.75 1.66 1.97 0.50 0.93 0.05
48 Pr Pr 0.67 1.66 2.04 0.28 0.92 0.02
49 iPr iPr 0.74 1.68 2.01 0.40 0.99 0.02

50 OMe OMe
51 OEt OEt

0.75 1.89 2.28 0.46 1.11 0.03
0.78 1.97 2.29 0.48 1.09 -0.02

52 Me H 0.57 1.80 2.12 0.28 1.11 0.00
53 Et H 0.56 1.81 2.13 0.22 1.11 0.13
54 ‘Bu H 0.68 1.73 2.06 0.48 0.99 0.08
55 iPr H 0.67 1.78 2.15 0.33 1.08 0.06
56 Pr H 0.63 1.78 2.12 0.25 1.04 0.10
57 OMe H 0.68 1.89 2.25 0.38 1.13 0.07
58 OEt H 0.71 2.02 231 0.38 1.14 0.02
59 Ph Me 0.54 1.71 2.00 0.33 1.04 -0.07
60 Et Me 0.53 1.66 2.04 0.26 1.00 -0.03
61 ‘Bu Me 0.56 1.64 1.94 0.37 0.91 -0.03
62 iPr Me 0.56 1.70 2.00 0.33 0.97 -0.03

63 OMe Me
64 OEt Me

0.57 1.86 2.19 0.35 1.12 -0.02
0.58 1.88 2.22 0.36 1.08 -0.07

65 Et Ph 0.57 1.69 2.02 0.28 1.01 -0.06
66 ‘Bu Ph 0.63 1.68 1.98 0.40 0.96 -0.05
67 iPr Ph 0.63 1.71 2.03 0.31 1.01 -0.15
68 Pr Ph 0.55 1.61 1.96 0.26 0.94 -0.08

69 OMe Ph
70 OEt Ph
71 ipy Et
72 Pr Et
73 OMe Et
74 OEt Et
75 Py ‘Bu
76 Pr ‘Bu
77 OMe ‘Bu

0.63 1.89 2.23 0.37 1.12 -0.08
0.68 1.98 2.26 0.38 1.09 -0.15
0.56 1.66 1.99 0.25 0.97 0.00
0.53 1.61 2.02 0.25 0.94 0.03
0.57 1.87 2.23 0.25 1.06 0.04
0.64 1.96 2.27 0.33 1.05 -0.01
0.75 1.66 1.95 0.49 0.94 0.05
0.67 1.66 2.03 0.25 0.89 0.03
0.75 1.83 2.16 0.49 0.96 0.01

== ==} <= <~ === === ii==[== === ==l ==l =={l <=0l <=l =l === J==Jl=-Rl=-Jl=-Rle=RHs Ry ol <ol ol ol <ol « sl < s
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0.79
0.67
0.79
0.68
0.70
0.76
0.96
0.91
0.80
0.96
0.96
0.96
0.91
0.95
0.97
0.49
0.57
0.52
0.72
0.59
0.59
0.67
0.79
0.49
0.53
0.64
0.52
0.60
0.72
0.49
0.49
0.53
0.48
0.50
0.59
0.51
0.62
0.50
0.50
0.58
0.69
0.57
0.48
0.53
0.72
0.64

1.94
1.68
1.97
1.80
2.04
1.96
1.82
1.90
1.92
1.78
1.81
1.85
1.87
1.85
2.03
1.68
1.70
1.66
1.65
1.68
1.70
1.91
1.96
1.76
1.82
1.70
1.78
1.88
2.00
1.67
1.67
1.62
1.73
1.87
1.87
1.67
1.64
1.71
1.60
1.89
1.97
1.60
1.64
1.89
1.67
1.68
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1.97
2.05
1.94
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2.27
1.92
2.02
2.22
1.96
2.01

0.50
0.27
0.40
0.28
0.30
0.48
0.48
0.43
0.38
0.43
0.50
0.46
0.34
0.47
0.50
0.22
0.32
0.27
0.36
0.22
0.18
0.28
0.34
0.20
0.16
0.32
0.15
0.22
0.21
0.22
0.21
0.25
0.22
0.22
0.24
0.28
0.36
0.18
0.22
0.28
0.34
0.26
0.22
0.22
0.28
0.19

0.97
0.92
1.05
0.99
0.98
1.12
1.15
1.19
1.13
1.14
1.14
1.15
1.15
1.18
1.18
1.03
1.05
1.00
0.93
0.93
0.99
1.11
1.09
1.08
1.11
0.95
1.04
1.10
1.10
1.04
1.01
0.92
0.91
1.13
1.08
1.00
0.95
1.01
0.95
1.12
1.09
0.92
0.95
1.07
0.94
0.91

0.00
-0.02
0.02

-0.02
-0.06
-0.05
0.56
0.41

0.37
0.57
0.49
0.43

0.50
0.54
0.54
0.00
-0.10
0.01

0.01

0.09
-0.02
-0.01
-0.06
-0.01
-0.04
0.00
-0.01
0.00
-0.05
-0.04
-0.01
0.00
0.06
0.02

-0.04
-0.12
-0.10
-0.20
-0.02
-0.12
-0.19
0.01

0.09
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124
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Pr
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OEt
OEt
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CF;
CF;
CF;
CF;
CF;
CF;
CF;
CF;

Et
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Pr
ipy
OMe
OEt

Ph
Et
Pr
Pr
OMe
OEt
Ph
Et
‘Bu
Pr
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OEt
Et
‘Bu
iPr
Pr
OMe
OEt
‘Bu
ipPr
OMe

‘Bu
‘Bu
iPr
Py
Pr
Pr
OMe
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Ph
‘Bu
Et
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OMe
OEt

OEt

0.71
0.80
0.52
0.61
0.60
0.70
0.77
0.93
0.88
0.78
0.93
0.97
0.93
0.89
0.94
0.97
0.64
0.53
0.53
0.75
0.64
0.63
0.71
0.77
0.54
0.55
0.52
0.57
0.62
0.65
0.72
0.51
0.50
0.58
0.54
0.46
0.59
0.53
0.63
0.51
0.52
0.59
0.67
0.58
0.45
0.54

1.85
1.93
1.71
1.86
1.83
2.06
1.95
1.85
1.90
1.95
1.78
1.84
1.77
1.91
1.88
2.05
1.73
1.67
1.67
1.63
1.66
1.69
1.82
1.94
1.73
1.78
1.75
1.74
1.71
1.81
1.97
1.66
1.66
1.60
1.70
1.69
1.89
1.68
1.63
1.71
1.59
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1.97
1.60
1.68
1.82
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1.83
1.78
1.88
1.86
2.04
1.76
1.64
1.68
1.69
1.66
1.76
1.69
1.87
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1.72
1.79
1.77
1.71
1.81
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1.60
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1.70
1.69
1.86
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2.17
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2.10
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2.40
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0.47
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0.47
0.50
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0.36
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0.41
0.47
0.44
0.32
0.51
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0.45
0.47
0.49
0.38
0.24
0.33
0.28
0.48
0.27
0.36
0.41
0.43
0.24
0.25
0.28
0.47
0.25
0.40
0.39
0.23
0.26
0.29
0.25
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0.24
0.39
0.28
0.24
0.33
0.35
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0.96
0.95
0.92
1.05
1.03
0.98
1.12
1.15
1.17
1.15
1.15
1.14
1.15
1.19
1.18
1.11
1.02
1.04
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0.92
0.92
0.98
1.11
1.09
1.10
1.13
1.09
0.97
1.04
1.13
1.13
1.04
1.00
0.91
0.91
0.97
1.12
0.95
1.00
0.95
1.12
1.09
0.91
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0.05
0.05
-0.01
-0.02
0.01
-0.02
0.01
-0.04
-0.06
0.49
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0.32
0.43
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0.36
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0.48
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0.02
0.03
-0.01
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-0.05
-0.03
-0.06
0.01
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-0.01
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0.02
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0.03
0.04
-0.08
-0.17
-0.07
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-0.17
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221
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224
225
226
227
228
229
230
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232
233
234
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242
243
244
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OEt
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OEt
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OEt
Et
‘Bu
Pr
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OEt
‘Bu
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‘Bu
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‘Bu
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Et
iPr
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Pr
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Pr
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Pr
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Pr
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iPy
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iPr
Py
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iPr
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iPr
iPr
iPy
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iPr
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iPr
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iPr
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iPr
Py

0.44
0.50
0.60
0.74
0.69
0.75
0.77
0.56
0.64
0.75
0.65
0.74
0.89
0.78
0.89
0.93
0.89
0.81
0.89
0.90
0.62
0.51
0.56
0.51
0.62
0.68
0.73
0.51
0.52
0.50
0.71
0.61
0.58
0.61
0.48
0.59
0.51
0.51
0.50
0.53
0.51
0.65
0.49
0.56
0.62
0.60

1.68
1.72
1.97
1.68
1.75
1.85
1.96
1.77
1.84
1.97
1.90
1.94
1.94
1.95
1.86
1.93
1.87
1.96
1.98
1.96
1.68
1.59
1.56
1.58
1.69
1.50
1.83
1.68
1.72
1.76
1.60
1.61
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1.53
1.75
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1.60
1.87
1.61
1.50
1.68
1.56
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0.34
0.22
0.34
0.20
0.31
0.22
0.25
0.21
0.25
0.26
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0.23
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0.33
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0.95
1.04
0.93
0.90
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0.99
1.12
1.16
1.15
1.16
1.16
1.13
1.17
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0.04
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-0.01
0.01
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0.23
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266
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271
272
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274
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279
280
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282
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284
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286
287
288
289
290
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294
295
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306
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Pr
OMe
OEt
iPr
OMe
OEt
Pr
OMe
OEt
OMe
OEt
CF;
CF;
CF;
CF;
CF;
CF;
CF;
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CF;

Ph
Et
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Pr
OEt
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‘Bu
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OEt
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OEt
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‘Bu
‘Bu
‘Bu
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‘Bu
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‘Bu
‘Bu
‘Bu
‘Bu
‘Bu
‘Bu
‘Bu
‘Bu
‘Bu
‘Bu
‘Bu
‘Bu
‘Bu
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0.51
0.47
0.50
0.59
0.77
0.76
0.81
0.61
0.68
0.73
0.61
0.65
0.90
0.74
0.90
0.97
0.90
0.88
0.85
0.89
0.91
0.64
0.53
0.56
0.53
0.76
0.63
0.63
0.78
0.53
0.52
0.69
0.57
0.60
0.65
0.72
0.50
0.58
0.53
0.46
0.54
0.58
0.51
0.61
0.49
0.57

1.52
1.71
1.59
1.90
1.40
1.45
1.80
1.63
1.44
1.81
1.64
2.01
1.89
2.00
1.91
1.89
1.89
1.86
2.00
1.89
2.02
1.86
1.74
1.75
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1.74
1.70
1.78
2.00
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1.84
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1.72
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1.76
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1.78
2.06
2.04
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1.91
2.08
1.95
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2.11
2.27
2.24
2.33
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2.15
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2.16
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2.38
2.21
2.05
2.08
2.06
1.96
2.01
2.05
2.30
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2.07
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0.23
0.22
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0.47
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0.23
0.34
0.37
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0.24
0.37
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0.32
0.51
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1.09
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0.43
0.43
0.29
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0.04
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315
316
317
318
319
320
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322
323
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OEt
‘Bu
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OMe
OEt
iPr
Pr
OEt
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OMe
OEt
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OEt
OEt
CF;
CF;
CF;
CF;
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Et
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‘Bu
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CF;

Ph
tBu
Et
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OEt

‘Bu
‘Bu
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‘Bu
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‘Bu
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‘Bu
‘Bu
‘Bu
‘Bu
‘Bu

‘Bu
‘Bu
‘Bu
‘Bu
‘Bu
‘Bu

0.67
0.58
0.46
0.49
0.54
0.64
0.75
0.68
0.79
0.56
0.65
0.78
0.64
0.69
0.76
0.93
0.88
0.93
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0.93
0.85
0.89
0.97
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1.67
1.94
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1.76
1.70
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1.91
1.82
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1.81
1.94
1.93
2.05
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0.29
0.37
0.48
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0.53
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0.37
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0.34
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0.00
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0.35
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H. DFT validation of ML predicted energies of all the descriptors.

H om H CF H i H H
v M \ Vak v Ry v o
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1 2 3 4 5

Fig. S3 Considered catalysts for the DFT validation of ML predicted energies of all the descriptors.

Table S6. Comparison of DFT calculated and ML predicted results for all the catalysts mentioned in

Fig. S3. All the energies are in eV.

Catalysts

1 0.39 0.49 1.03 0.96 -0.01 0.01
2 0.44 0.29 1.13 1.12 0.38 0.43
3 0.46 0.36 0.99 1.05 -0.06 -0.02
4 0.39 0.24 1.02 1.02 -0.02 0.02
5 0.29 0.25 1.01 0.91 -0.01 0.01

I. Proposed best performing catalysts to produce HCOOH from CO,.

H 'Pr H Pr H Ph H Et H Et
4 N4 \ Hy \ iy v Ny

N P-—Me N ~~P Et N P"-Pr N ~~P----Et N A,P""Et
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Fig. S4. DFT+ML predicted best catalysts to produce HCOOH.
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J. Natural bond orbital (NBO) analysis of catalysts

Mn(Pr),(Pr) Mn(Et),(CF),('Pr)

TS2

Fig. S5 NBO analysis of catalysts.
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