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Energy decomposition analysis setup
The hydrogen bonding in the model systems was analyzed in the conceptual framework
provided by the Kohn-Sham molecular orbital model, using a quantitative bond energy
decomposition analysis (EDA)"® implemented in the ADF2014 package at the
BLYP-D3(BJ)/TZ2P and S12g/TZ2P levels (both functionals lead to the same findings).
The hydrogen bond energy, A Ej,4, contains two components [Eq. (1)].

AEg, = AE, .+ AE, (1)

In this formula, the preparation energy, AE

eps 18 the amount of energy required to

deform the separate bases from their equilibrium structure to the geometry that they
acquire in the pair. The interaction energy, AE,,, corresponds to the actual energy
change when the prepared bases are combined to form the base pair.
A E,, can be divided into four components as shown in Equation (2).

AE, =AYV,

st T A Epyi + AE + AEy, ()

The term AV, corresponds to the classical electrostatic interaction energy between
the unperturbed charge distributions of the prepared (i.e. deformed) bases and is usually
attractive. The second term in Equation (2), A E,,;, refers to the repulsive interactions
between the fragments, which are caused by the fact that two electrons with the same

spin cannot occupy the same region in space. A E,,,; was computed by enforcing the

auli
Kohn-Sham determinant of the superimposed fragments to obey the Pauli principle by
antisymmetrization and renormalization. The stabilizing orbital interaction term, AE;,
was estimated in the final step of the energy partitioning analysis when the Kohn-Sham
orbitals relax to their optimal form. This term can be further partitioned into
contributions by the orbitals belonging to different irreducible representations of the
point group of the interacting system [Eq. (3)]. In systems with a clear ¢ and =

separation, this symmetry partitioning proves to be very informative.

AEoi = AEoi,a + AEoi,rr (3)



The last term A E

4isp 1N €quation (2) refers to the dispersion correction term.
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Table S1. EDA analysis (in kcal-mol") of the A**-T"° base pairs (N and O series) using

the BLYP-D3(BJ)/TZ2P level.

X8 H NH, NH™ NH, NH," H H H
Y6 H NH, H H H NH NH, NH;
Bond Energy Decomposition™

AE,., 1.92 2.37 7648 3.16 1.85 341 246 68.41
AE,, -18.42 -18.23 -97.88 -18.39 -21.52 -21.33 -18.52 -95.57
AEpui 40.14 40.60 172 .88 40.42 38.85 45.73 40.53 152.24
AV 3207 3218 8868 3206 3347 3524 3250 7834
AE g, -5.39 -5.40 -5.05 -5.40 -5.30 -5.01 -5.39 -5.26
AE; -21.10 -21.25 -177.02 -21.35 -21.60 -26.82 -21.16 -164.22
AE, -19.55 -19.73 -164.10 -19.80 -19.42 -23.70 -19.61 -149.10
AE -1.56 -1.52 -12.92 -1.55 -2.18 -3.12 -1.55 -15.12
%o AV, 54.8 547 328 545 55.4 525 55.0 31.6
% AE,," 92 92 19 92 8.8 75 9.1 2.1
% AE,™ 36.0 36.1 654 36.3 358 40.0 358 66.3
AEg, .4 -16.50 -15.86 -21.40 -15.23 -19.67 -17.92 -16.06 -27.16

X8 H OH (0% OH OH," H H H

Y6 H OH H H H (0 OH OH,"

Bond Energy Decomposition'™

AE,., 1.92 1.88 75.00 1.90 1.77 3.27 1.95 72.07
AE,, -18.42 -18.53 -95.98 -18.37 -21.80 -20.97 -18.59 -101.51
AEp,; 40.14 4053 17221 4005 3877 4502 4061 14745
AV 3207 -32.33 8838 3197 3352 3483 3243 -76.13
AE, -5.39 -5.43 -5.08 -5.40 -5.30 -5.02 -542 -5.17
AE; -21.10 -21.29 -174.74 -21.05 -21.75 -26.14 -21.34 -167.66
AE, -19.55 -19.74 -162.01 -19.50 -19.5 -23.18 -19.78 -151.62
AE -1.56 -1.54 -12.73 -1.54 -2.24 -2.96 -1.56 -16.03
%o AV, 54.8 54.8 33.0 547 553 528 54.8 30.6
% AEy P 92 9.2 19 9.2 8.8 76 9.2 2.1
% AE,™ 36.0 36.1 65.2 36.0 359 39.6 36.1 67.3
AEgo 1650 -16.65 2098 -1647 2003 -1770  -1664  -29.44

[a] Computed at BLYP-D(BJ)/TZ2P with bases in C, symmetry and base pairs in C, symmetry. [b] The percentage values give the
contribution to the total attractive forces (i.e. AV + AEy; + AEy;,).




Table S2. EDA analysis (in kcal-mol") of the A**-T"° base pairs (N and O series) using

the S12g/TZ2P level.

X8 H NH, NH™ NH, NH," H H H

Y6 H NH, H H H NH NH, NH,'

Bond Energy Decomposition™

AE,., 1.74 1.67 78.66 1.82 1.84 3.11 1.78 70.72
AE,, -18.04 -17.89 -100.96 -18.02 -21.06 -20.79 -18.18 -97.00
AEp,; 3137 3249 16453 4042 3196 3885 3263 14441
AV 2824 2870 8673 2822 3052 -3235 2912 7594
AE g, -3.34 -3.36 -3.16 -3.35 -3.32 -3.15 -3.36 -3.27
AE; -17.83 -18.31 -175.61 -18.04 -19.18 -24.15 -18.32 -162.21
AE, -16.50 -16.99 -162.95 -16.72 -17.23 -21.29 -16.97 -147.49
AE -1.32 -1.33 -12.66 -1.32 -1.95 -2.86 -1.35 -14.72
% AV, 572 57.0 327 56.9 57.6 542 573 31.5
% AEy, P 6.8 6.7 12 6.8 6.3 53 6.6 14
% AE,™ 36.1 364 66.1 36.4 36.2 40.5 36.1 67.2
AEg, .4 -16.30 -16.22 -22.30 -16.20 -19.22 -17.68 -16.40 -26.28

X8 H OH (0% OH OH," H H H

Y6 H OH H H H (0 OH OH,"

Bond Energy Decomposition'™

AE,., 1.74 1.81 77.14 1.81 1.88 3.16 1.84 73.24
AE,, -18.04 -18.23 -98.79 -18.06 -21.37 -20.67 -18.25 -101.75
AEpui 31.37 3448 165.13 32.60 33.54 39.88 33.30 141.67
AV 2824 2996 -86.89 2886  -3138 3290 2939 7458
AE, -3.34 -3.39 -3.17 -3.35 -3.33 -3.17 -3.38 -3.24
AE; -17.83 -19.37 -173.86 -18.45 -20.21 -24 47 -18.78 -165.60
AE, -16.50 -17.94 -161.34 -17.08 -18.09 -21.67 -17.39 -150.11
AE -1.32 -1.43 -12.52 -1.37 -2.11 -2.81 -1.39 -15.49
%o AV, 6.8 56.8 329 57.0 57.1 543 57.0 30.6
% AEg," 36.1 6.4 1.2 6.6 6.1 52 6.6 1.3
% AE,™ 36.1 36.7 65.9 364 36.8 404 364 68.0
AEgo 1630 -1642 2165  -1625  -1949  -17.51  -1641 2851

[a] Computed at S12g/TZ2P with bases in C, symmetry and base pairs in C, symmetry.

contribution to the total attractive forces (i.e. AV + AEy; + AEy;,).

[b] The percentage values give the




Table S3. EDA analysis (in kcal-mol") of the A**-UY° base pairs (N and O series) using

the BLYP-D3(BJ)/TZ2P level.

X8 H NH, NH NH,  NH, H H H
Y6 H NH, H H H NH NH, NH;
Bond Energy Decomposition™

AE, ., 1.85 245 76.44 3.15 1.63 322 2.35 69.58
AE,, -18.62 -18.45 -98.59 -18.64 -21.29 -21.49 -18.71 -98.53
AEpy 4038 4075 17173 4061 3870 4572 4073 15140
AV 3236 -3243 8867 3235 3340 3540 3275  -78.16
AEg, -5.34 -5.34 -4.99 -5.36 -5.26 -4 .93 -5.33 -5.15
AE; -21.29 -2143 -176.65 -21.54 -21.34 -26.88 -21.35 -166.62
AE, -19.71 -19.89 -163.73 -19.96 -19.20 -23.75 -19.78 -151.14
AE -1.58 -1.54 -12.92 -1.58 -2.14 -3.13 -1.57 -1548
% AV, 54.9 54.8 32.8 54.6 55.6 527 55.1 312
% AE ;" 9.0 9.0 18 9.0 8.8 73 9.0 2.1
% AE,™ 36.1 36.2 654 364 35.6 40.0 359 66.7
AEg .4 -16.77 -16.00 -22.15 -15.49 -19.66 -18.27 -16.36 -28.95

X8 H OH (0% OH OH," H H H

Y6 H OH H H H (0 OH OH,"

Bond Energy Decomposition'™

AE,., 1.85 2.01 74 .95 1.94 1.57 2.96 1.93 73.49
AE,, -18.62 -18.81 -96.72 -18.58 -21.55 -20.94 -18.86 -105.56
AEpyy 4038 4067 17106 40.19 3861 4476 4091 14634
AV 3236 -3259 8833 3223 3341 3476 3276 7599
AEg,, -5.34 -5.37 -5.02 -5.35 -5.25 -4.94 -5.37 -5.06
AE; -21.29 -21.52 -174 .43 -21.19 -21.49 -26.00 -21.64 -170.86
AE, -19.71 -19.94 -161.70 -19.63 -19.28 -23.05 -20.05 -154.29
AE -1.58 -1.57 -12.73 -1.56 221 -2.95 -1.59 -16.57
% AV, 54.9 54.8 33.0 54.8 55.6 52.9 54.8 30.1
% AE ;" 9.0 9.0 19 9.1 8.7 75 9.0 22
% AE,™ 36.1 36.2 65.1 36.1 35.7 39.6 36.2 67.7
AEg .4 -16.77 -16.80 -21.77 -16.64 -19.98 -17.98 -16.93 -32.07

[a] Computed at BLYP-D5(BJ)/TZ2P with bases in C, symmetry and base pairs in C, symmetry. [b] The percentage values give the
contribution to the total attractive forces (i.e. AV + AEy; + AEy;,).




Table S4. EDA analysis (in kcal-mol") of the A**-UY° base pairs (N and O series) using

the S12g/TZ2P level.

X8 H NH, NH NH,  NH, H H H

Y6 H NH, H H H NH NH, NH;

Bond Energy Decomposition™

AE,., 1.66 2.30 78.79 1.81 3.40 2.94 2.21 71.99
AE,, -18.24 -18.10 -101.79 -18.30 -21.26 -20.95 -18.35 -99.97
AEpui 31.49 32.12 163.37 32.36 35.14 38.72 32.22 143.66
N 2847 2868 8668 2882 3217 3247 2906 -75.79
AEg, -3.30 -3.30 -3.11 -3.33 -3.29 -3.09 -3.30 -3.19
AE; -17.95 -18.23 -175.38 -18.50 -20.93 -24.10 -18.21 -164.65
AE, -16.61 -16.91 -162.73 -17.15 -18.82 -21.25 -16.87 -149.57
AE -1.34 -1.32 -12.65 -1.35 -2.12 -2.85 -1.35 -15.08
% AV, 573 57.1 327 56.9 57.0 54.4 575 31.1
% AE " 6.6 6.6 12 6.6 58 52 6.5 13
% AE,™ 36.1 36.3 66.1 36.5 37.1 404 36.0 67.6
AEg .4 -16.58 -15.80 -23.03 -16.49 -17.86 -18.01 -16.14 -27.98

X8 H OH (0% OH OH," H H H

Y6 H OH H H H (0 OH OH,"

Bond Energy Decomposition'™

AE,.., 1.66 1.85 77.17 1.72 1.57 2.90 1.78 74 .85
AE,, -18.24 -18.52 -99.61 -18.28 -21.12 -20.68 -18.51 -105.49
AEpui 31.49 34.39 163.61 3242 32.49 39.96 33.23 140.83
N 2847 3011 8665 2895  -30.83 3302  -1954 7449
AE4, -3.30 -3.32 -3.12 -3.31 -3.27 -3.11 -3.31 -3.16
AE; -17.95 -19.47 -173.44 -18.43 -19.50 -24 .51 -18.89 -168.67
AE, -16.61 -18.01 -160.94 -17.06 -17.46 -21.70 -17.48 -152.68
AE -1.34 -1.45 -12.50 -1.38 -2.04 -2.81 -141 -15.99
% AV, 6.6 56.9 32.9 57.1 575 545 463 302
% AEy, " 36.1 6.3 12 6.5 6.1 5.1 79 13
% AE,™ 36.1 36.8 65.9 364 364 404 453 68.5
AEg .4 -16.58 -16.67 -22.44 -16.56 -19.55 -17.78 -16.73 -30.65

[a] Computed at S12g/TZ2P with bases in C, symmetry and base pairs in C, symmetry.

contribution to the total attractive forces (i.e. AV + AEy; + AEy;,).

[b] The percentage values give the
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Table S5. EDA analysis (in kcal-mol") of the A**-T"° base pairs (halogen series) using

the BLYP-D3(BJ)/TZ2P level.

X8 F Cl Br H H H F Cl Br
Y6 H H H F Cl Br F Cl Br
Bond Energy Decomposition™

AE,., 1.76 1.73 1.71 2.08 2.07 2.02 1.92 1.79 1.78
AE,, -18.26 -18.30 -18.30 -19.02 -18.92 -18.90 -18.76 -18.71 -18.69
AEpui 39.05 39.31 39.12 41.01 40.65 4048 39.87 39.71 39.25
N 3150 3167 3157 3271 3242 3233 3206 3191  -31.66
AEg, -5.36 -5.37 -5.37 -5.44 -5.44 -5.45 -541 -542 -542
AE; -20.44 -20.58 -20.48 -21.88 -21.70 -21.61 -21.16 -21.09 -20.85
AE, -18.93 -19.04 -18.96 -20.26 -20.08 -20.00 -19.59 -19.50 -19.30
AE -1.51 -1.53 -1.52 -1.62 -1.62 -1.61 -1.57 -1.58 -1.56
%AV, M 550 550 550 545 544 544 547 546 547
% AEy, 94 93 94 9.1 9.1 9.2 9.2 9.3 94
% AE,™ 35.7 35.7 35.7 364 364 364 36.1 36.1 36.0
AEg 04 -16.50 -16.57 -16.59 -16.94 -16.85 -16.88 -16.84 -16.92 -16.91

[a] Computed at BLYP-D;(BJ)/TZ2P with bases in C, symmetry and base pairs in C; symmetry. [b] Percentage AE; of all attractive
forces (i.e. AV + AE,; + AE,).

Table S6. EDA analysis (in kcal-mol") of the A**-T"° base pairs (halogen series) using

the S12g/TZ2P level.

X8 F Cl Br H H H F Cl Br

Y6 H H H F Cl Br F Cl Br

Bond Energy Decomposition'™

AE,., 1.60 1.52 1.40 1.90 1.82 1.74 1.73 1.46 1.35
AE,, -17.88 -17.83 -17.90 -18.61 -18.47 -18.47 -18.35 -18.21 -18.25
AEpui 30.01 29.36 29.68 32.85 31.79 32.00 30.94 29.47 30.05
AVes 2749 2717 2735 -2923 2856 2867 -28.15 2728  -27.59
AEg,, -3.32 -3.31 -3.32 -3.39 -3.37 -3.38 -3.35 -3.33 -3.36
AE; -17.06 -16.71 -16.91 -18.85 -18.33 -18.42 -17.78 -17.07 -17.35
AE, -15.80 -1542 -15.64 -17.44 -16.95 -17.04 -16.45 -15.77 -16.04
AE -1.27 -1.29 -1.27 -1.40 -1.38 -1.38 -1.33 -1.30 -1.31
%AV, M 574 576 515 568 568 568 570 572 57
% AE " 6.9 70 70 6.6 6.7 6.7 6.8 70 70
% AE,™ 35.6 354 355 36.6 36.5 36.5 36.1 358 359
AEg .4 -16.28 -16.31 -16.50 -16.71 -16.65 -16.73 -16.62 -16.75 -16.90

[a] Computed at S12g/TZ2P with bases in C; symmetry and base pairs in C, symmetry. [b] Percentage AE,; of all attractive forces
(ie. AV + AE,; + AEy,).
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Table S7. EDA analysis (in kcal-mol™) of the A**-UY° base pairs (halogen series) using

the BLYP-D3(BJ)/TZ2P level.

X8 F Cl Br H H H F Cl Br
Y6 H H H F Cl Br F Cl Br
Bond Energy Decomposition™

AE,., 1.73 1.74 1.79 2.08 2.03 201 1.92 1.87 1.82
AE,, -18.43 -18.49 -1852 -19.30 -19.19 -19.18 -19.00 -18.95 -18.94
AEpui 39.20 39.28 39.28 41.19 40.92 40.67 39.89 39.69 39.29
N 3173 -3180 -3180 3299 3275 3262 3223 3207 -3186
AEg, -5.32 -5.32 -5.32 -5.39 -5.38 -5.38 -5.35 -5.35 -5.35
AE; -20.58 -20.65 -20.68 2212 -2197 -21.85 -21.31 -21.22  -21.02
AE, -19.05 -19.11 -19.13 2046  -20.31 2020  -19.71 -19.61 -19.43
AE -1.53 -1.55 -1.55 -1.66 -1.66 -1.64 -1.60 -1.61 -1.59
% AV g™ 551 550 550 545 545 545 547 547 547
% AEy, 92 92 92 8.9 9.0 9.0 9.1 9.1 92
% AE"™ 35.7 35.8 35.8 36.6 36.5 36.5 36.2 36.2 36.1
AEg 1670 <1675  -1673  -1722  -17.16  -1717 -1708 -1708 -17.12

[a] Computed at BLYP-D;(BJ)/TZ2P with bases in C, symmetry and base pairs in C, symmetry. [b] Percentage AE,; of all attractive
forces (i.e. AV + AE,; + AE,).

Table S8. EDA analysis (in kcal-mol™) of the A**-UY° base pairs (halogen series) using

the S12g/TZ2P level.

X8 F Cl Br H H H F Cl Br

Y6 H H H F Cl Br F Cl Br

Bond Energy Decomposition'™

AE,., 1.52 1.49 1.43 1.89 1.79 1.70 1.70 1.57 1.37
AE,, -18.05 -18.07 -18.11 -18.86  -18.69 -18.72  -18.58 -18.41 -18.48
AEp,ui 30.08 29.42 29.74 32.94 31.28 31.68 31.17 29.04 29.76
AV 2769 2736 2753 2945 2847 2868 2843 2722 2761
AE4, -3.28 -3.17 -3.27 -3.35 -3.31 -3.33 -3.32 -3.27 -3.30
AE; -17.16  -16.86 -1704  -19.00 -18.19 -18.38 -18.00 -1697  -17.33
AE, -15.88 -15.59 -15.76 -17.58 -16.80 -16.99  -16.65 -15.66  -16.00
AE -1.28 -1.27 -1.28 -1.42 -1.38 -1.39 -1.35 -1.31 -1.32
% AV g™ 575 577 515 569 570 569 ST 574 572
% AE " 68 6.7 6.8 6.5 6.6 6.6 6.7 6.9 638
% AE"™ 35.7 35.6 35.6 36.7 36.4 36.5 36.2 358 359
ABg 1653 -1658 -1668 1697 -1690 -1702 -1688 -1684 -17.11

[a] Computed at S12g/TZ2P with bases in C; symmetry and base pairs in C, symmetry. [b] Percentage AE,; of all attractive forces
(ie. AV + AE,; + AEy,).
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Table S9. EDA analysis (in kcal-mol™) of the A**-T"® and A**-U"° base pairs using

interacting fragments that involves the H3-proton transfer."

AXE_TY6 A6
X8 NH- o H H NH- o H H
Y6 H H NH,Y  OH, H H NH,"  OH,
AE,., 4.70 4.61 4.66 - 457 443 428 -
AE,, 5510 -5745  -6396  -5638 | -5523  -57.56  -6239  -54.24
AEpy; 4902 5040 4991 4458 | 4871 5003 4768 4226
NS 6150  -6440 6904 5964 | -6153  -6442  -6641  -56.80
AE,., -5.61 -5.64 -5.84 -5.74 -5.53 -5.57 -5.72 -5.60
AE, 3702 3781 3899 3558 | -36.87  -37.61  -37.94  -34.10
AE, 3007 -3109 3374 3143 | 2991 -3089  -3305  -30.29
AE, -6.95 -6.72 -5.26 -4.15 -6.96 -6.72 -4.89 -3.81
% AV 59.0 59.7 60.6 59.1 592 59.9 60.3 58.9
% AE g, 54 52 5.1 57 53 52 52 58
% AE, 35.6 35.1 343 352 355 35.0 345 353
AEgo 5040  -52.84  -59.30 ] 5066  -53.13  -58.11 -

[a] Computed at BLYP-D5(BJ)/TZ2P with bases in C, symmetry and base pairs in C, symmetry. [b] The percentage values give the
contribution to the total attractive forces (i.e. AV, + AE,; + AE;,). [c] The substituted thymine/uracil bases do not converge.

Table S10. VDD atomic charges in the front atoms and the adenine/thymine C2 carbon

atoms of the A**-TY® base pairs.

VDD atomic charges Q, (a.u.)

X8 Y6 N6 H6 04 N1 H3 N3 o .
adenine  thymine

H H -0.171 0.135 -0.291 -0.187 0.153 -0.121 0.092 0.208
NH, NH, -0.177 0.127 -0.308 -0.187 0.151 -0.131 0.083 0.208
OH OH -0.176 0.130 -0.302 -0.184 0.152 -0.127 0.087 0.209
NH- H -0.184 0.116 -0.336 -0.080 0.147 -0.237 0.060 0.189
NH, H -0.176 0.128 -0.291 -0.187 0.153 -0.121 0.084 0.207
NH;* H -0.158 0.150 -0.285 -0.171 0.153 -0.118 0.115 0211
O H -0.184 0.118 -0.335 -0.083 0.147 -0.235 0.065 0.189
OH H -0.175 0.131 -0.290 -0.185 0.153 -0.121 0.088 0.207
OH," H -0.157 0.151 -0.284 -0.169 0.153 -0.119 0.117 0211
H NH- -0.176 0.123 -0.366 -0.189 0.132 -0.137 0.090 0.194
H NH, -0.172 0.133 -0.308 -0.188 0.150 -0.129 0.093 0.209
H NH;* -0.157 0.148 -0.284 -0.073 0.160 -0.223 0.110 0.205
H O -0.176 0.124 -0.358 -0.189 0.133 -0.136 0.090 0.192
H OH -0.172 0.133 -0.301 -0.188 0.152 -0.127 0.093 0.210
H OH," -0.155 0.150 -0.268 -0.072 0.164 -0.222 0.109 0.210
F H -0.172 0.135 -0.289 -0.184 0.153 -0.122 0.092 0.208
Cl H -0.171 0.139 -0.288 -0.185 0.152 -0.121 0.096 0211
Br H -0.171 0.138 -0.288 -0.185 0.150 -0.123 0.092 0.210
H F -0.171 0.134 -0.287 -0.188 0.155 -0.126 0.093 0212
H Cl -0.170 0.135 -0.285 -0.187 0.154 -0.125 0.092 0.208
H Br -0.171 0.134 -0.284 -0.185 0.154 -0.124 0.090 0.208
F F -0.171 0.134 -0.285 -0.182 0.155 -0.125 0.091 0212
Cl Cl -0.171 0.137 -0.283 -0.184 0.154 -0.126 0.093 0.210
Br Br -0.171 0.139 -0.283 -0.184 0.155 -0.122 0.096 0.210
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Table S11. VDD atomic charges in the front atoms and the adenine/uracil C2 carbon

atoms of the A**-U"° base pairs.

VDD atomic charges Q, (a.u.)

X8 Y6 N6 H6 04 N1 H3 N3 o e
adenine uracil

H H -0.171 0.136 -0.297 -0.186 0.151 -0.122 0.091 0213
NH, NH, -0.176 0.130 -0.315 -0.186 0.149 -0.128 0.082 0.210
OH OH -0.174 0.133 -0.305 -0.184 0.151 -0.125 0.089 0213
NH- H -0.185 0.117 -0.349 -0.078 0.147 -0.235 0.059 0.192
NH, H -0.177 0.133 -0.297 -0.185 0.152 -0.120 0.085 0212
NH;* H -0.157 0.150 -0.293 -0.169 0.154 -0.118 0.113 0214
O H -0.184 0.120 -0.347 -0.081 0.148 -0.234 0.064 0.192
OH H -0.175 0.136 -0.298 -0.184 0.152 -0.119 0.090 0212
OH," H -0.156 0.151 -0.292 -0.166 0.154 -0.118 0.116 0214
H NH- -0.175 0.122 -0.377 -0.192 0.131 -0.136 0.092 0.197
H NH, -0.171 0.133 -0.314 -0.188 0.148 -0.128 0.091 0211
H NH;* -0.155 0.148 -0.289 -0.073 0.162 -0.220 0.107 0.207
H O -0.175 0.124 -0.370 -0.192 0.132 -0.135 0.093 0.196
H OH -0.171 0.135 -0.305 -0.187 0.151 -0.128 0.091 0.216
H OH," -0.153 0.151 -0.274 -0.070 0.165 -0.218 0.108 0213
F H -0.171 0.139 -0.296 -0.183 0.153 -0.119 0.095 0212
Cl H -0.172 0.137 -0.296 -0.185 0.155 -0.121 0.092 0214
Br H -0.171 0.136 -0.298 -0.187 0.153 -0.119 0.092 0212
H F -0.171 0.137 -0.292 -0.185 0.152 -0.126 0.092 0.219
H Cl -0.171 0.137 -0.292 -0.186 0.152 -0.126 0.091 0.216
H Br -0.170 0.138 -0.292 -0.186 0.151 -0.125 0.091 0.216
F F -0.171 0.139 -0.291 -0.183 0.154 -0.123 0.094 0217
Cl Cl -0.171 0.140 -0.291 -0.184 0.153 -0.122 0.095 0214
Br Br -0.172 0.140 -0.292 -0.185 0.153 -0.123 0.094 0.216
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Table S12. NMR C2-adenine shielding values (ppm) computed with SAOP, KT2, and
S12g functionals in combination with the TZ2P all-electron basis for the A**-TY® and

AX®-U"° base pairs.

AXS_TY(S AXB_UY6

X8 Y6 |SAOP KT2 SI2g AE,, |SAOP KT2 SI2g AE,.,
H H 30.66 4424 33.69 -16.50 30.77 4435 33.81 -16.77
NH, NH, 33.64 46.98 36.70 -15.86 33.73 47.06 36.80 -16.00
OH OH 31.97 45.60 35.14 -16.65 32.06 45.69 35.24 -16.80
NH™ H 52.04 65.60 57.50 -21.40 52.10 65.65 57.55 -22.15
NH, H 33.66 47.02 36.76 -15.23 33.77 47.13 36.87 -15.49
NH;* H 24.88 37.49 26.30 -19.67 24.82 37.58 26.39 -19.66
o H 50.13 64.11 55.73 -20.98 50.20 64.17 55.78 -21.77
OH H 3191 45.56 35.09 -16.47 3201 45.66 35.21 -16.64
OH,* H 24 .31 36.87 25.59 -20.03 2425 36.94 25.66 -19.98
H NH™ 29.38 42.12 3148 -17.92 2940 42.16 31.50 -18.27
H NH, 30.66 4421 33.66 -16.06 30.75 4430 33.75 -16.36
H NH;* 39.04 52.73 43.03 -27.16 39.25 5291 4323 -28.95
H o 2940 42.18 31.53 -17.70 29.35 42.15 31.50 -17.98
H OH 30.72 4428 33.74 -16.64 30.83 44 .38 33.85 -16.93
H OH,* 39.31 52.90 43.25 -29.44 39.60 53.15 43.53 -32.07
F H 30.39 44.18 33.59 -16.50 30.49 4428 33.70 -16.70
Cl H 3048 4406 33.31 -16.57 30.57 44.15 3341 -16.75
Br H 30.81 4434 33.58 -16.59 3091 44 43 33.68 -16.73
H F 3091 44 46 33.93 -16.94 31.00 44.55 34.04 -17.22
H Cl 30.88 44 46 33.94 -16.85 30.99 44 .57 34.05 -17.16
H Br 30.83 44 41 33.88 -16.88 30.94 4451 34.00 -17.17
F F 30.62 44 .38 33.82 -16.84 30.70 44 46 3391 -17.08
Cl Cl 30.69 4428 33.55 -16.92 30.78 4436 33.65 -17.08
Br Br 30.98 44 .49 33.76 -1691 31.07 44.58 33.86 -17.12
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Table S13. NMR C2-thymine/uracil shielding values (ppm) computed with SAOP, KT2,

and S12g functionals in combination with the TZ2P all-electron basis for the A**-T"°

and A**-U"° base pairs.

C2-thymine shielding of A**-T"® | C2-uracil shielding of A**-U"°

X8 Y6 |SAOP KT2 SI2g AE,,|SAOP KT2 SI2g¢ AE,.,
H H 34.00 44 41 36.46 -16.50 34.07 44 .61 36.49 -16.77
NH, NH, 36.06 46.83 38.73 -15.86 35.08 45.78 37.60 -16.00
OH OH 36.76 47.65 3942 -16.65 35.75 46.53 38.24 -16.80
NH™ H 28.42 38.75 30.35 -21.40 29.08 39.62 31.08 -22.15
NH, H 33.94 44 34 36.38 -15.23 34.00 44 .53 36.41 -15.49
NH;* H 34.69 45.19 37.25 -19.67 34.62 45.26 37.16 -19.66
(O H 28.42 38.76 30.36 -20.98 29.07 39.61 31.08 -21.77
OH H 3401 44 .42 36.46 -16.47 34.07 44 .60 36.49 -16.64
OH," H 34.75 45.26 37.33 -20.03 34.69 45.34 37.24 -19.98
H NH™ 32.89 4342 3543 -17.92 31.82 42.26 3421 -18.27
H NH, 36.11 46.89 38.80 -16.06 35.13 45.86 37.67 -16.36
H NH;* 35.20 46.46 37.85 -27.16 34.62 45.60 37.02 -28.95
H (O 32.60 43.20 35.07 -17.70 31.50 42.02 33.82 -17.98
H OH 36.75 47.64 3942 -16.64 35.74 46.53 38.23 -16.93
H OH," 36.63 47.65 39.15 -29.44 36.83 47.82 39.12 -32.07
F H 34.07 44 .50 36.54 -16.50 34.12 44 .67 36.56 -16.70
Cl H 34.09 44 51 36.56 -16.57 34.15 44 .69 36.58 -16.75
Br H 34.08 44 .50 36.55 -16.59 34.16 44 .69 36.58 -16.73
H F 37.09 47.82 39.56 -16.94 36.36 47.07 38.71 -17.22
H Cl 36.52 4722 39.13 -16.85 35.82 46.55 38.36 -17.16
H Br 36.34 46.98 38.93 -16.88 35.73 46.41 38.25 -17.17
F F 37.17 47.90 39.64 -16.84 36.42 47.15 3391 -17.08
Cl Cl 36.61 4732 39.24 -16.92 3591 46.65 38.47 -17.08
Br Br 36.43 47.07 39.04 -16.91 35.82 46.51 38.35 -17.12

Table S14. NMR C2-adenine shielding (o) values (ppm) computed with SAOP/TZ2P

level for the isolated adenine (A*®) bases and A**-U base pairs."”

]

Adenine (A*®) A¥-U VDD charges'”
X8 [C2(0) Ao |C2(0) Ao |AAW©) [0, AO,
H 29.39 0.00 | 30.77 0.00 | 0.00 0.091 0.000
NH™ | 43.59 1420 | 52.10™ 2133 | 7.13M 0.059 -0.032
NH, | 32.59 3.20 | 33.77 300 | 020 0.085 -0.006
NH," | 23.68 -5.71 | 24.82 594 | 024 0.113 0.022
O 41.53 12.15 | 50.20™ 1943 | 7.28M 0.064 -0.027
OH 30.80 142 | 32.01 124 | 0.18 0.090 -0.001
OH," | 23.05 -6.34 | 24.25 -6.52 | 0.18 0.116 0.025
F 29.31 -0.07 | 3049 -0.28 | 0.20 0.095 0.004
Cl 29.32 -0.07 | 30.57 -020 | 0.13 0.092 0.001
Br 29.67 0.28 | 3091 0.15 | 0.00 0.092 0.001

[a] Geometries optimized at the BLYP-D3(BJ)/TZ2P level.
[b] Proton transfer occurs in the N1---H3-N3 hydrogen-bond from uracil to
adenine.
[c] Absolute AA(0) calculated as Ac (AXS-U) - Ac (AX®).
[d] VDD atomic charges Q, (a.u.) in the C2-adenine atom of the A**-U base

pairs.
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Table S15. NMR C2-uracil shielding (o) values (ppm) computed with SAOP/TZ2P

level for the isolated uracil (U®) bases and A-U"° base pairs."

Uracil (U™®) A-UY® VDD charges'”
X8 | C2(0) Ao | C2 (0) Ao | AA(0) | O, AQ,
H 34.64 0.00 | 34.07 0.00 | 0.00 0.213 0.000
NH™ | 31.92 -2.73 | 31.82 225 047 0.197 -0.016
NH, | 35.83 1.19 | 35.13 1.06 | 0.13 0.211 0.002
NH," | 40.46 5.81 | 34.62™ 0.55 | 5.26™ 0.207 -0.006
O 31.80 -2.85 | 31.50 258 | 0.27 0.196 -0.017
OH 36.68 203 | 35.74 1.67 | 0.36 0.216 0.003
OH," | 42.88 8.24 | 36.83™ 276 | 548M 0.213 0.000
F 37.55 291 | 36.36 229 | 0.62 0.219 0.006
Cl 36.77 2.13 | 35.82 1.75 | 038 0.216 0.003
Br 36.72 2.08 | 35.73 1.66 | 042 0.216 0.003

[a] Geometries optimized at the BLYP-D3(BJ)/TZ2P level.

[b] Proton transfer occurs in the N1---H3-N3 hydrogen-bond from uracil to

adenine.
[c] Absolute AA(0) calculated as Ac (A-UY®) - Ac (UY9).
[d] VDD atomic charges Q, (a.u.) in the C2-uracil atom of the A-UY° base pairs.

Table S16. VDD atomic charges Q, (a.u.) in the C2 carbon atom of the isolated A*®,

TY and UY° bases.

Adenine (A*®) Thymine (T"°) Uracil (U™®)
X8 O AQ, O AQ, Ox AQ,
H 0.090 0.000 0.207 0.000 0.210 0.000
NH™ 0.042 -0.048 0.192 -0.015 0.193 -0.017
NH, 0.082 -0.008 0.206 -0.001 0.211 0.001
NH;* 0.115 0.025 0.220 0013 0.225 0.015
O 0.047 -0.043 0.191 -0.016 0.194 -0.016
OH 0.087 -0.003 0.209 0.002 0.213 0.003
OH," 0.119 0.029 0.225 0018 0.230 0.020
F 0.091 0.001 0.213 0.006 0.216 0.006
Cl 0.092 0.002 0.208 0.001 0.215 0.005
Br 0.091 0.001 0.208 0.001 0.216 0.006
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Table S17. NMR C2-adenine shielding (o) values (ppm) for the isolated adenine

(A*)¥ and the A**//A**-T™ bases computed with SAOP/TZ2P level.

Adenine Adenine
(AXS)[a] AXS//AXS_T[b]
X8 C2 (0) Ao | C2 (0) Ao | AA(0)“
H 29.39 0.00 29.70 0.00 0
NH™ 43 .59 14.20 4517 1547 1.26
NH, 32.59 3.20 32.82 3.11 0.09
NH;* 23.68 -5.71 2404 -5.67 0.04
O 41.53 12.15 4310 13.39 1.25
OH 30.80 142 31.09 1.39 0.03
OH," 23.05 -6.34 2348 -6.23 0.11
F 29.31 -0.07 29.61 -0.09 0.02
Cl 29.32 -0.07 29.60 -0.10 0.03
Br 29.67 0.28 29.94 0.23 0.05

[a] Geometries optimized at the BLYP-D3(BJ)/TZ2P level.
[b] A*® bases at the A**-T geometry.
[c] Absolute AA(0) calculated as Ac (AX//AX-T) - Ao (A®®).

Table S18. NMR C2-adenine shielding (o) values (ppm) computed at the SAOP/TZ2P

level and using the COSMO model for the isolated adenine (A**) bases and A**-T base

pairs.”*

]

Adenine (A™®) AT

X8 | C2 (o) Ao | C2 (0) Ao | AA(0)"
H 28.82 0.00 | 30.71 0.00 | 0.00
NH™ | 46.70 17.88 | 45.56™ 14.85 | 3.03M
NH, | 3243 3.61 | 34.26 355 | 0.06
NH," | 26.94 -1.88 | 28.58 213 | 025
O 44.86 16.04 | 43.48™ 1277 | 3.27M
OH 30.27 145 | 31.98 1.27 | 0.17
OH," | 26.12 -2.70 | 27.83 -2.88 | 0.18
F 28.52 -0.30 | 30.31 -041 | 0.10
Cl 28.77 -0.05 | 30.59 -0.12 | 0.07
Br 29.00 0.18 | 30.88 0.17 | 0.02

[a] Geometries optimized at the BLYP-D3(BJ)/TZ2P level
and using the COSMO model.
[b] Proton transfer occurs in the N1---H3-N3 hydrogen-bond
from thymine to adenine.

[c] Absolute AA(0) calculated as Ao (AXE-T) - Ac (AX®).
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Table S19. NMR C2-adenine shielding (o) values (ppm) computed at the B3ALYP/TZ2P

level for the isolated adenine (A*®) bases and A**-T base pairs."”

|

Adenine (A*®) AT

X8 | C2 (o) Ao | C2 (0) Ac | AA(0)"
H 21.55 0.00 | 22.44 0.00 | 0.00
NH- | 37.62 16.07 | 45.71™ 2327 | 7.20™
NH, |24.99 344 | 2561 3.17 | 027
NH,* | 14.59 -6.96 | 15.06 738 | 042
o |3622 14.67 | 4428" 2184 | 7.7
OH | 2349 194 | 24.07 1.63 | 031
OH," | 14.14 741 | 1445 799 | 058
F 22.23 0.68 | 22.55 0.11 | 057
cl | 2196 041 | 21.96 048 | 0.89
Br |22.10 0.55 | 22.64 020 | 035

[a] Geometries optimized at the B3LYP-D3(BJ)/TZ2P level.
[b] Proton transfer occurs in the N1---H3-N3 hydrogen-bond

from thymine to adenine.
[c] Absolute AA(0) calculated as Ao (AXS-T) - Ac (AX®).

Table S20. NMR C2-adenine shielding (o) values (ppm) computed at the SAOP/TZ2P

level and using the Spin-Orbit ZORA relativistic correction for the isolated adenine

(A*®) bases and A**-T base pairs."

Adenine (A*®) AT

X8 | C2 (o) Ao | C2 (0) Ao | AA(0)"
H 29.51 0.00 | 30.55 0.00 | 0.00
NH™ | 43.58 14.07 | 51.84™ 2129 | 7.220
NH, | 32.69 3.20 | 33.57 302 | 0.16
NH," | 23.79 =572 | 24.78 =577 | 0.05
O 41.73 1222 | 50.09™ 19.54 | 7.320
OH 30.92 141 | 31.76 1.21 | 0.20
OH," | 23.21 -6.30 | 24.19 -6.36 | 0.06
F 29.44 -0.07 | 30.29 -026 | 0.19
Cl 29.52 001 | 3046 -0.09 | 0.10
Br 29.70 0.19 | 30.64 009 | 0.10

[a] Geometries optimized at the BLYP-D3(BJ)/TZ2P level
and using the SO-ZORA correction.
[b] Proton transfer occurs in the N1---H3-N3 hydrogen-bond
from thymine to adenine.

[c] Absolute AA(0) calculated as Ao (AXE-T) - Ac (AX®).
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Figure S1. Calculated correlation between the C2-thymine shielding values (ppm) of
isolated thymine (T"®) bases and A-T"° base pairs. The proton transfer systems were not

included in the plot, due to its particular behavior.
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Figure S2. Calculated dependence of the NMR C2-shielding values (ppm) as a function

of the hydrogen-bond strength (kcal-mol™). a) C2-adenine shielding of A**-U, b)

C2-adenine shielding of A-U", ¢) C2-uracil shielding of A**-U, and d) C2-uracil

shielding of A-U"° base pairs. The proton transfer systems were not included in the plot,

due to its particular behavior.
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Figure S3. Calculated correlation between the C2-adenine shielding values (ppm) of
isolated adenine (A*®) bases and A**-T base pairs at the SAOP/TZ2P level and using the
COSMO model. The proton transfer systems were not included in the plot, due to its

particular behavior.
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Figure S4. Calculated correlation between the C2-adenine shielding values (ppm) of
isolated adenine (A**) bases and A**-T base pairs at the B3LYP/TZ2P level. The proton

transfer systems were not included in the plot, due to its particular behavior.

27
. g
Q\ZZ
NS
N
O
17 -
12 T T T
12 17 22 27

C2 (AXE.T)

23



Figure SS. Calculated correlation between the C2-adenine shielding values (ppm) of
isolated adenine (A*®) bases and A**-T base pairs at the SAOP/TZ2P level and using the

Spin-Orbit ZORA relativistic correction. The proton transfer systems were not included

in the plot, due to its particular behavior.
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