An insight into stability and characteristics of O/Csp2-H∙∙∙Z hydrogen bonds in the binary systems of chalcogenocarboxylic acid and formamide derivatives

Le Thi Tu Quyen,1 Bui Duc Ai,1 Tran Manh Trung,1 Pham Ngoc Thach,1,2 Nguyen Tien Trung*1,2

1Laborabory of Computational Chemistry and Modelling, Quy Nhon University, 170 An Duong Vuong, Quy Nhon city, Vietnam
2Faculty of Natural Sciences, Quy Nhon University, 170 An Duong Vuong, Quy Nhon city, Vietnam

SUPPORTING INFORMATION
	Table 1a. The H6∙∙∙Z2 interaction distance (rH6∙∙∙Z2), selected parameters at BCPs of H6∙∙∙Z2 interactions, and individual energies (EHB) of the nonconventional Csp2-H∙∙∙Z2 hydrogen bonds in NH2CHZ∙∙∙RCZOH complexes (with R= H, F, CH3; Z= O, S, Se, Te)

	Complex
	rH6∙∙∙Z2
(Å)
	ρ(r)
(au)
	2
(au)
	H(r)
(au)
	EHB
(kJ.mol-1)

	CH3O2–O7
	2.29
	0.014
	0.050
	0.0015
	-12.4

	CH3S2–O7
	2.78
	0.011
	0.030
	0.0009
	-7.3

	CH3Se2–O7
	2.90
	0.010
	0.026
	0.0008
	-6.4

	CH3Te2–O7
	3.08
	0.009
	0.022
	0.0006
	-5.4

	HO2–O7
	2.31
	0.014
	0.048
	0.0014
	-11.9

	HS2–O7
	2.79
	0.011
	0.029
	0.0009
	-7.1

	HSe2–O7
	2.91
	0.010
	0.026
	0.0008
	-6.2

	HTe2–O7
	3.08
	0.009
	0.021
	0.0006
	-5.3

	FO2–O7
	2.34
	0.013
	0.045
	0.0014
	-11.2

	FS2–O7
	2.80
	0.010
	0.029
	0.0010
	-7.0

	FSe2–O7
	2.90
	0.011
	0.026
	0.0009
	-6.3

	FTe2–O7
	3.06
	0.010
	0.022
	0.0007
	-5.6

	CH3O2–S7
	2.17
	0.017
	0.061
	0.0016
	-15.8

	CH3S2–S7
	2.65
	0.013
	0.034
	0.0008
	-9.3

	CH3Se2–S7
	2.77
	0.012
	0.030
	0.0007
	-8.1

	CH3Te2–S7
	2.95
	0.012
	0.025
	0.0005
	-6.7

	HO2–S7
	2.19
	0.016
	0.059
	0.0016
	-15.2

	HS2–S7
	2.66
	0.013
	0.034
	0.0008
	-9.1

	HSe2–S7
	2.78
	0.012
	0.030
	0.0007
	-8.1

	HTe2–S7
	2.96
	0.011
	0.024
	0.0005
	-6.6

	FO2–S7
	2.22
	0.015
	0.056
	0.0017
	-13.9

	FS2–S7
	2.68
	0.012
	0.033
	0.0009
	-8.6

	FSe2–S7
	2.79
	0.012
	0.030
	0.0008
	-7.6

	FTe2–S7
	2.95
	0.011
	0.025
	0.0006
	-6.6

	CH3O2–Se7
	2.15
	0.017
	0.063
	0.0017
	-16.3

	CH3S2–Se7
	2.65
	0.013
	0.035
	0.0007
	-9.5

	CH3Se2–Se7
	2.76
	0.013
	0.030
	0.0007
	-8.2

	CH3Te2–Se7
	2.94
	0.012
	0.025
	0.0005
	-6.9

	HO2–Se7
	2.17
	0.017
	0.060
	0.0016
	-15.6

	HS2–Se7
	2.65
	0.013
	0.034
	0.0007
	-9.3

	HSe2–Se7
	2.77
	0.012
	0.032
	0.0006
	-8.3

	HTe2–Se7
	2.94
	0.012
	0.025
	0.0005
	-6.9

	FO2–Se7
	2.20
	0.015
	0.057
	0.0018
	-14.2

	FS2–Se7
	2.68
	0.012
	0.033
	0.0009
	-8.7

	FSe2–Se7
	2.78
	0.012
	0.030
	0.0008
	-7.7

	FTe2–Se7
	2.94
	0.012
	0.025
	0.0006
	-6.8

	CH3O2–Te7
	2.15
	0.017
	0.063
	0.0017
	-16.4

	CH3S2–Te7
	2.63
	0.013
	0.035
	0.0007
	-9.7

	CH3Se2–Te7
	2.72
	0.013
	0.032
	0.0007
	-8.9

	CH3Te2–Te7
	2.93
	0.012
	0.025
	0.0005
	-7.0

	HO2–Te7
	2.17
	0.017
	0.061
	0.0016
	-15.7

	HS2–Te7
	2.64
	0.013
	0.034
	0.0007
	-9.5

	HSe2–Te7
	2.73
	0.013
	0.032
	0.0007
	-8.7

	HTe2–Te7
	2.94
	0.012
	0.025
	0.0005
	-6.9

	FO2–Te7
	2.20
	0.015
	0.058
	0.0018
	-14.1

	FS2–Te7
	2.67
	0.012
	0.034
	0.0009
	-8.8

	FSe2–Te7
	2.75
	0.0123
	0.031
	0.0008
	-8.2

	FTe2–Te7
	2.94
	0.011
	0.025
	0.0006
	-6.7



	Table 1b. The H4∙∙∙Z7 interaction distance (rH6∙∙∙Z2), selected parameters at BCPs of H4∙∙∙Z7 interactions, and individual energies (EHB) of the O-H∙∙∙Z7 hydrogen bonds in NH2CHZ∙∙∙RCZOH complexes (with R= H, F, CH3; Z= O, S, Se, Te)

	Complex
	rH6∙∙∙Z2
(Å)
	ρ(r)
(au)
	2
(au)
	H(r)
(au)
	EHB
(kJ.mol-1)

	CH3O2–O7
	1.689
	0.047
	0.102
	-0.011
	-61.8

	CH3S2–O7
	1.655
	0.050
	0.106
	-0.013
	-68.1

	CH3Se2–O7
	1.638
	0.052
	0.108
	-0.014
	-71.8

	CH3Te2–O7
	1.627
	0.053
	0.109
	-0.015
	-74.2

	HO2–O7
	1.668
	0.049
	0.103
	-0.012
	-66.2

	HS2–O7
	1.640
	0.052
	0.106
	-0.014
	-71.7

	HSe2–O7
	1.626
	0.054
	0.107
	-0.015
	-75.0

	HTe2–O7
	1.622
	0.054
	0.109
	-0.015
	-75.7

	FO2–O7
	1.605
	0.057
	0.108
	-0.018
	-81.4

	FS2–O7
	1.571
	0.062
	0.109
	-0.021
	-89.9

	FSe2–O7
	1.550
	0.065
	0.109
	-0.023
	-95.9

	FTe2–O7
	1.533
	0.068
	0.109
	-0.025
	-101.3

	CH3O2–S7
	2.216
	0.029
	0.046
	-0.005
	-27.0

	CH3S2–S7
	2.192
	0.031
	0.046
	-0.005
	-28.8

	CH3Se2–S7
	2.176
	0.032
	0.046
	-0.006
	-30.1

	CH3Te2–S7
	2.169
	0.032
	0.046
	-0.006
	-30.8

	HO2–S7
	2.193
	0.031
	0.045
	-0.005
	-28.9

	HS2–S7
	2.173
	0.032
	0.045
	-0.006
	-30.5

	HSe2–S7
	2.159
	0.033
	0.045
	-0.006
	-30.1

	HTe2–S7
	2.156
	0.033
	0.045
	-0.007
	-31.9

	FO2–S7
	2.129
	0.035
	0.044
	-0.008
	-34.5

	FS2–S7
	2.109
	0.037
	0.042
	-0.009
	-36.3

	FSe2–S7
	2.094
	0.038
	0.041
	-0.009
	-37.9

	FTe2–S7
	2.085
	0.039
	0.040
	-0.010
	-38.9

	CH3O2–Se7
	2.358
	0.025
	0.039
	-0.003
	-21.6

	CH3S2–Se7
	2.331
	0.027
	0.039
	-0.004
	-23.2

	CH3Se2–Se7
	2.315
	0.028
	0.038
	-0.004
	-24.3

	CH3Te2–Se7
	2.278
	0.030
	0.039
	-0.005
	-26.8

	HO2–Se7
	2.334
	0.027
	0.039
	-0.004
	-23.2

	HS2–Se7
	2.312
	0.028
	0.038
	-0.005
	-24.6

	HSe2–Se7
	2.298
	0.030
	0.038
	-0.005
	-26.0

	HTe2–Se7
	2.267
	0.031
	0.038
	-0.006
	-27.7

	FO2–Se7
	2.269
	0.031
	0.037
	-0.006
	-27.8

	FS2–Se7
	2.249
	0.032
	0.036
	-0.007
	-29.3

	FSe2–Se7
	2.234
	0.033
	0.035
	-0.007
	-30.5

	FTe2–Se7
	2.199
	0.036
	0.034
	-0.008
	-33.3

	CH3O2–Te7
	2.562
	0.022
	0.030
	-0.002
	-16.0

	CH3S2–Te7
	2.524
	0.024
	0.030
	-0.003
	-17.8

	CH3Se2–Te7
	2.501
	0.025
	0.030
	-0.003
	-18.9

	CH3Te2–Te7
	2.490
	0.026
	0.030
	-0.004
	-19.5

	HO2–Te7
	2.539
	0.023
	0.030
	-0.003
	-17.1

	HS2–Te7
	2.509
	0.025
	0.030
	-0.003
	-18.6

	HSe2–Te7
	2.486
	0.026
	0.029
	-0.004
	-19.8

	HTe2–Te7
	2.480
	0.026
	0.029
	-0.004
	-20.1

	FO2–Te7
	2.463
	0.027
	0.029
	-0.004
	-21.1

	FS2–Te7
	2.435
	0.029
	0.028
	-0.005
	-22.8

	FSe2–Te7
	2.416
	0.030
	0.026
	-0.006
	-24.0

	CH3O2–Te7
	2.406
	0.031
	0.026
	-0.006
	-24.6


	
Table S2. NBO charge at H4, H6, Z2, and Z7 atoms in RZ2-Z7 complexes with R= H, F, CH3; Z2(Z7) = O, S, Se, Te

	
	CH3O-O
	CH3S-O
	CH3Se-O
	CH3Te-O
	
	CH3O-Se
	CH3S-Se
	CH3Se-Se
	CH3Te-Se

	q(H4)
	0.540
	0.547
	0.551
	0.554
	q(H4)
	0.517
	0.524
	0.528
	0.528

	q(Z7)
	-0.770
	-0.770
	-0.773
	-0.776
	q(Z7)
	-0.231
	-0.215
	-0.214
	-0.204

	q(H6)
	0.149
	0.138
	0.140
	0.140
	q(H6)
	0.213
	0.201
	0.201
	0.202

	q(Z2)
	-0.762
	-0.264
	-0.238
	-0.166
	q(Z2)
	-0.759
	-0.245
	-0.215
	-0.139

	
	HO-O
	HS-O
	HSe-O
	HTe-O
	
	HO-Se
	HS-Se
	HSe-Se
	HTe-Se

	q(H4)
	0.541
	0.545
	0.549
	0.553
	q(H4)
	0.515
	0.520
	0.523
	0.522

	q(Z7)
	-0.772
	-0.771
	-0.774
	-0.777
	q(Z7)
	-0.227
	-0.211
	-0.170
	-0.201

	q(H6)
	0.147
	0.138
	0.139
	0.138
	q(H6)
	0.211
	0.199
	0.173
	0.200

	q(Z2)
	-0.748
	-0.254
	-0.225
	-0.147
	q(Z2)
	-0.744
	-0.233
	-0.128
	-0.119

	
	FO-O
	FS-O
	FSe-O
	FTe-O
	
	FO-Se
	FS-Se
	FSe-Se
	FTe-Se

	q(H4)
	0.552
	0.559
	0.562
	0.566
	q(H4)
	0.524
	0.531
	0.534
	0.532

	q(Z7)
	-0.775
	-0.774
	-0.776
	-0.780
	q(Z7)
	-0.216
	-0.200
	-0.199
	-0.189

	q(H6)
	0.147
	0.140
	0.143
	0.145
	q(H6)
	0.208
	0.198
	0.200
	0.202

	q(Z2)
	-0.751
	-0.275
	-0.254
	-0.195
	q(Z2)
	-0.747
	-0.252
	-0.226
	-0.161

	
	CH3O-S
	CH3S-S
	CH3Se-S
	CH3Te-S
	
	CH3O-Te
	CH3S-Te
	CH3Se-Te
	CH3Te-Te

	q(H4)
	0.516
	0.524
	0.527
	0.529
	q(H4)
	0.516
	0.523
	0.526
	0.528

	q(Z7)
	-0.259
	-0.246
	-0.246
	-0.246
	q(Z7)
	-0.160
	-0.137
	-0.135
	-0.133

	q(H6)
	0.211
	0.199
	0.200
	0.199
	q(H6)
	0.210
	0.197
	0.198
	0.198

	q(Z2)
	-0.759
	-0.246
	-0.215
	-0.138
	q(Z2)
	-0.760
	-0.244
	-0.207
	-0.135

	
	HO-S
	HS-S
	HSe-S
	HTe-S
	
	HO-Te
	HS-Te
	HSe-Te
	HTe-Te

	q(H4)
	0.515
	0.519
	0.522
	0.524
	q(H4)
	0.514
	0.518
	0.520
	0.522

	q(Z7)
	-0.256
	-0.243
	-0.243
	-0.244
	q(Z7)
	-0.154
	-0.132
	-0.130
	-0.129

	q(H6)
	0.210
	0.197
	0.198
	0.197
	q(H6)
	0.208
	0.195
	0.196
	0.196

	q(Z2)
	-0.743
	-0.234
	-0.202
	-0.119
	q(Z2)
	-0.744
	-0.231
	-0.193
	-0.115

	
	FO-S
	FS-S
	FSe-S
	FTe-S
	
	FO-Te
	FS-Te
	FSe-Te
	FTe-Te

	q(H4)
	0.522
	0.530
	0.532
	0.533
	q(H4)
	0.523
	0.530
	0.531
	0.532

	q(Z7)
	-0.247
	-0.234
	-0.234
	-0.235
	q(Z7)
	-0.138
	-0.115
	-0.113
	-0.112

	q(H6)
	0.207
	0.197
	0.199
	0.200
	q(H6)
	0.204
	0.194
	0.196
	0.197

	q(Z2)
	-0.746
	-0.253
	-0.227
	-0.161
	q(Z2)
	-0.747
	-0.251
	-0.218
	-0.157



	Table S3a. The change in the bond length (∆r, Å) and stretching frequency (∆ν, cm-1) of Csp2-H and O-H bonds in the RZ2-Z7 complexes compared to their corresponding monomers, with R= H, F, CH3; Z2= O, S, Se, Te; Z7 = O, S

	
	CH3O2-O7
	CH3S2-O7
	CH3Se2-O7
	CH3Te2-O7

	∆r(Csp2-H)
	-0.0060
	-0.0059
	-0.0060
	-0.0063

	∆ν(Csp2-H)
	84
	74.3
	72.3
	74.0

	∆r(O-H)
	0.0256
	0.0273
	0.0291
	0.0300

	∆ν(O-H)
	-517
	-550
	-584
	-599

	
	HO2-O7
	HS2-O7
	HSe2-O7
	HTe2-O7

	∆r(Csp2-H)
	-0.0059
	-0.0059
	-0.0058
	-0.0060

	∆ν(Csp2-H)
	83.9
	71.9
	64.1
	63.4

	∆r(O-H)
	0.0283
	0.0295
	0.0311
	0.0311

	∆ν(O-H)
	-566
	-604
	-620
	-622

	
	FO2-O7
	FS2-O7
	FSe2-O7
	FTe2-O7

	∆r(Csp2-H)
	-0.0069
	-0.0071
	-0.0072
	-0.0075

	∆ν(Csp2-H)
	104.9
	92.9
	91.9
	91.1

	∆r(O-H)
	0.0368
	0.0411
	0.0447
	0.0482

	∆ν(O-H)
	-742
	-827
	-895
	-958

	
	CH3O2-S7
	CH3S2-S7
	CH3Se2-S7
	CH3Te2-S7

	∆r(Csp2-H)
	-0.0005
	-0.0002
	0.0000
	-0.0002

	∆ν(Csp2-H)
	18.1
	3.3
	-2.8
	-6.0

	∆r(O-H)
	0.0202
	0.0212
	0.0225
	0.0231

	∆ν(O-H)
	-421
	-441
	-467
	-477

	
	HO2-S7
	HS2-S7
	HSe2-S7
	HTe2-S7

	∆r(Csp2-H)
	-0.0006
	-0.0002
	0.0001
	-0.0001

	∆ν(Csp2-H)
	19.4
	2.3
	-4.3
	-8.0

	∆r(O-H)
	0.0224
	0.0231
	0.0244
	0.0247

	∆ν(O-H)
	-464
	-477
	-500
	-504

	
	FO2-S7
	FS2-S7
	FSe2-S7
	FTe2-S7

	∆r(Csp2-H)
	-0.0019
	-0.0016
	-0.0013
	-0.0013

	∆ν(Csp2-H)
	37.5
	22.2
	14.9
	8.5

	∆r(O-H)
	0.0288
	0.0308
	0.0328
	0.0346

	∆ν(O-H)
	-595
	-642
	-683
	-717



	Table S3b. The change in the bond length (∆r, Å) and stretching frequency (∆ν, cm-1) of Csp2-H and O-H bonds in the RZ2-Z7 complexes compared to their corresponding monomers, with R= H, F, CH3; Z2= O, S, Se, Te; Z7= Se, Te

	
	CH3O2-Se7
	CH3S2-Se7
	CH3Se2-Se7
	CH3Te2-Se7

	∆r(Csp2-H)
	0.0004
	0.0007
	0.0009
	0.0009

	∆ν(Csp2-H)
	6.3
	-9.5
	-15.9
	-21.8

	∆r(O-H)
	0.0190
	0.0201
	0.0214
	0.0233

	∆ν(O-H)
	-398
	-419
	-445
	-481

	
	HO2-Se7
	HS2-Se7
	HSe2-Se7
	HTe2-Se7

	∆r(Csp2-H)
	0.0002
	0.0007
	0.0010
	0.0010

	∆ν(Csp2-H)
	8.1
	-10.1
	-16.7
	-23.1

	∆r(O-H)
	0.0212
	0.0219
	0.0232
	0.0247

	∆ν(O-H)
	-440
	-454
	-477
	-503

	
	FO2-Se7
	FS2-Se7
	FSe2-Se7
	FTe2-Se7

	∆r(Csp2-H)
	-0.0011
	-0.0006
	-0.0003
	-0.0001

	∆ν(Csp2-H)
	26.1
	9.3
	3.0
	-7.3

	∆r(O-H)
	0.0272
	0.0290
	0.0310
	0.0341

	∆ν(O-H)
	-563
	-608
	-649
	-706

	
	CH3O2-Te7
	CH3S2-Te7
	CH3Se2-Te7
	CH3Te2-Te7

	∆r(Csp2-H)
	0.0009
	0.0013
	0.0018
	0.0017

	∆ν(Csp2-H)
	-0.7
	-18.2
	-28.1
	-32.8

	∆r(O-H)
	0.0180
	0.0196
	0.0214
	0.0220

	∆ν(O-H)
	-385
	-419
	-455
	-467

	
	HO2-Te7
	HS2-Te7
	HSe2-Te7
	HTe2-Te7

	∆r(Csp2-H)
	0.0006
	0.0013
	0.0018
	0.0018

	∆ν(Csp2-H)
	2.7
	-18.3
	-28.6
	-33.6

	∆r(O-H)
	0.0200
	0.0212
	0.0232
	0.0234

	∆ν(O-H)
	-426
	-450
	-488
	-491

	
	FO2-Te7
	FS2-Te7
	FSe2-Te7
	FTe2-Te7

	∆r(Csp2-H)
	-0.0005
	0.0001
	0.0006
	0.0008

	∆ν(Csp2-H)
	18.7
	-0.1
	-8.8
	-18.5

	∆r(O-H)
	0.0264
	0.0288
	0.0312
	0.0327

	∆ν(O-H)
	-560
	-614
	-666
	-694
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	Figure S1a. The relationship between the H6∙∙∙Z2 interaction distance and individual energy (EHB) of Csp2-H∙∙∙Z2 hydrogen bond in RZ2-Z7 complexes (with R= H, F, CH3; Z2(Z7) = O, S, Se, Te)




	[image: ]
	[image: ]

	RZ2-O7
	RZ2-S7

	[image: ]
	[image: ]

	RZ2-Se7
	RZ2-Te7

	Figure S1b. The relationship between the H4∙∙∙Z7 interaction distance and individual energy (EHB) of O-H∙∙∙Z7 hydrogen bond in RZ2-Z7 complexes (with R= H, F, CH3; Z2(Z7) = O, S, Se, Te)
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