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Table 1. Experimental, harmonic and anharmonic vibrational frequencies (cm™) and intensities for adenine molecule.

Exp. Calculated
Argon matrix® B3LYP B3LYP-D3 B3LYP-DCP Assignment®
Mode harm I(harm) anharm  I(anh) harm I(harm) anharm I(anh) harm  I(harm) anharm I(anh)

1 3569° 3731 57 3536 45 3730 57 3534 45 3746 65 3552 44 VasymNH2
2 3508° 3647 87 3482 72 3648 87 3482 72 3651 89 3484 74 VNgH
3 3452¢ 3598 85 3445 74 3596 85 3443 75 3608 102 3449 97 VemNH2
4 3243 0 3116 2 3241 0 3112 1 3272 0 3149 1 vCgH
5 3057 3171 17 3045 21 3169 17 3042 21 3195 16 3068 18 vCoH
6 1633 1660 599 1621 163 1662 593 1624 273 1714 600 1678 348 dsissNH2, vCsCe, VCsNe
7 1612 1639 112 1594 67 1638 112 1594 79 1683 111 1641 91 VN3Cs, vCsCs
8 1599 1608 6 1565 2 1609 9 1565 2 1631 58 1586 80 dsissNH2, vC4Cs, vCsCs
9 1482 1518 9 1483 9 1517 6 1482 7 1555 22 1521 25 VN7Cg, 6CgH
10 1474 1503 76 1463 38 1503 79 1463 25 1539 35 1498 7 VN1Cs, 8CH, vC2N3, vCeNe
11 1419 1435 31 1406 19 1435 30 1406 19 1483 45 1453 29 vC4Cs, VC4Ny, 5C2H
12 1389 1417 8 1381 6 1416 8 1379 7 1455 23 1419 10 SNgH, 8C2H, vC4Ng, vCeNg
13 1345 1368 48 1337 24 1367 45 1337 22 1416 66 1384 38 3C2H, vCsNg, 3CsH, vCeNg

14 1328 1359 27 1330 33 1357 31 1328 34 1398 29 1370 18 VN1Co, VCsN7, vC4Cs
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15 1290 1333 58 1298 51 1331 58 1296 55 1377 37 1348 36 VCaNs, VN1C,

16 1240 1266 23 1240 19 1264 24 1239 20 1290 19 1267 18 8CgH, VN7Cg, SNoH

17 1229 1245 13 1224 3 1245 13 1224 7 1269 12 1250 8 SroaNHz2, vCsN7, vCoN3

18 1127 1144 22 1124 11 1144 21 1122 1 1175 18 1155 11 vCaNs, r, vCeNe

19 1061 1078 19 1054 7 1078 19 1054 9 1107 19 1083 14 vCgNo, SNgH

20 1017 1016 7 994 7 1019 7 995 5 1021 3 998 1 SroacNHz, VN1 Cs

21 958 973 4 953 3 972 4 953 3 994 3 976 3 YCoH

22 927 944 15 929 12 944 15 929 11 955 14 942 11 o1, vCaCs

23 887 898 11 886 9 898 11 885 8 906 13 894 7 §R

24 848 854 4 814 20 853 3 813 19 834 2 867 2 YCeH

25 802 825 14 778 6 825 14 779 6 856 13 840 12 YCeH, TR, 1, YCoNe

26 717 725 3 715 2 725 3 715 2 741 3 732 3 VNSCs, Vg;’;';r']ig;’\‘g (ring

27 678 692 1 666 2 691 1 665 2 710 0 699 0 YCeNe, r, TR

28 655 666 7 651 10 666 7 651 10 680 6 668 7 T

29 610 618 0 610 1 618 0 609 1 625 1 618 1 dr, vCsCs, SR

30 566 581 61 545 6 580 60 544 0 591 61 578 50 YNoH, yCoH, 1R, r

31 534 29 487 141 534 18 498 214 537 3 532 3 5 R, YNgH

32 513 532 17 515 60 532 24 505 15 554 1 514 75 TNH,, YNoH

33 527 22 493 4 527 25 491 4 528 4 523 3 TNH, 3R, 3CeNs, VCaNg

34 503 512 3 487 45 513 3 486 60 542 53 528 36 TNH,, YNoH

35 300 0 293 0 300 0 202 0 306 0 302 0 Rr

36 276 277 15 274 14 281 14 277 13 282 12 280 12 8CeNe, SR, ot

37 214 240 134 240° 107 239 128 239° 103 228 1 228° 0 TR, YueggNH2

38 184' 207 94 208° 77 205 100 205° 8l 104 158 105° 101 YweggNHz, TRT

39 165 1 158 1 165 1 157 1 168 38 153 30 TRr, YCeNs
%From Ref.*.

°Abbreviations: v = stretching; & = in-plane bending; y = out-of-plane bending; © = torsional; sciss = scissoring; rock = rocking; wagg = wagging; asym = asymmetric; sym = symmetric; Rand r
refer to the 6-membered ring and 5-membered ring, respectively.
‘M odes excluded from the anharmonic calculation.

From Ref. .

"From Ref.1*,
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Table 2. Experimental, harmonic and anharmonic vibrational frequencies (cm™) and intensities for cytosine molecule,

Exp. Calculated
Argon matrix® ) .
(amino-oxo form) B3LYP B3LYP-D3 B3LYP-DCP Assignment
Mode harm I(harm) anharm I(anh) harm I(harm)  anharm I(anh) harm I(harm) anharm I(anh)

1 3563 3733 48 3540 37 3732 48 3538 37 3750 56 3562 24 VagmNH2
2 3471 3617 71 3450 53 3617 72 3451 56 3623 70 3457 49 VNi1H
3 3440 3597 83 3438 76 3595 84 3433 74 3608 104 3455 121 veymNH2
4 3221 2 3086 3 3220 2 3083 3 3270 0 3137 1 vCsH
5 3196 2 3047 4 3194 2 3043 3 3247 1 3109 2 vCeH
6 1734 1766 759 1736 469 1766 754 1738 442 1794 801 1761 381 vC,0
7 1656 1686 471 1647 255 1685 480 1649 283 1738 421 1702 203 vCsCs, VN3C4
8 1595 1629 138 1586 95 1631 129 1585 156 1641 267 1596 296 SsisNH2
9 1538 1568 151 1524 55 1567 149 1534 124 1617 148 1579 118 VN3Cy, vC4Cs
10 1475 1502 148 1461 51 1503 150 1460 126 1538 125 1498 59 VN3Cs, VC4N4, 6CeH
11 1422 1442 78 1412 58 1443 77 1412 60 1472 53 1435 36 6N H
12 1337 1355 52 1328 29 1355 55 1327 30 1377 34 1351 13 3CgH, VC4aN4, 0CsH
13 1244 1260 23 1225 24 1260 27 1226 28 1310 30 1271 25 vC2N3
14 1195 1213 50 1192 39 1220 50 1193 38 1236 49 1213 38 6CgH, 0N1H, vCsNy
15 1090 1125 2 1111 5 1131 3 1113 5 1139 3 1121 5 8CsH, vCsN31, vCsCs
16 1088 1092 44 1066 39 1093 44 1065 38 1108 31 1085 23 SroakNH2
17 989 1 970 0 988 1 969 0 1005 1 989 1 d ring, vC4Cs
18 970 0 941 969 0 940 1 993 0 971 0 yCeH
19 926 3 898 5 925 4 897 5 950 2 927 2 VN;1Ca, VC4Cs, SroaNH2
20 781 793 47 772 38 793 46 772 38 815 43 804 39 vC20, T ring
21 768 777 3 759 776 3 759 797 0 785 1 ¥CsH, YC4N4, yC0
22 743 769 4 751 4 768 4 750 4 793 3 780 2 ring breathing
23 717 728 37 700 3 727 37 708 3 739 2 723 2 GH ’Yﬂﬂg' YCNa,
24 615 641 53 607 53 638 53 606 53 647 55 637 49 YN:1H
25 576 578 3 572 2 578 2 571 2 585 2 579 2 d ring
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26 537 546 3 536 4 546 3 537 3 553 545 24 3 ring, TNH,
27 529 534 3 518 16 537 3 535 5 543 4 534 5 d ring, TNH,, 6C,0
28 526 13 498 22 526 13 494 12 550 517 20 TNH,, 5C,0
29 400 408 16 393 17 407 17 392 18 418 15 413 15 T ring
30 330 359 3 357 2 363 3 358 3 364 4 363 4 8CaNg, 6C20
31 216 214 218° 171 212 205 213° 164 YwaggNH2
32 203 5 194 3 202 13 187 7 204 15 198 8 YwaggNH2, T ring
33 141 2 135 2 140 2 134 2 136 2 134 2 T ring
*From Ref.®.
®From Ref.**.
‘Abbreviations: v = stretching; & = in-plane bending; v = out-of-plane bending; t = torsional; sciss = scissoring; rock = rocking; wagg = wagging; asym = asymmetric; Sym = symmetric.
%M odes excluded from the anharmonic calculation.
Table 3. Experimental, harmonic and anharmonic vibrational frequencies (cm™) and intensities for uracil molecule.
Exp. Calculated
Ar matrix® B3LYP B3LYP-D3 B3LYP-DCP Assignment”
Mode harm I(harm) anharm I(anh) harm I(harm)  anharm  I(anh) harm I(harm) anharm | (anh)
1 3482 3639 105 3473 88 3639 106 3473 88 3643 113 3475 86 vNiH
2 3433 3594 68 3427 17 3595 68 3430 55 3598 69 3429 56 VNzH
3 3130 3246 1 3111 0 3246 1 3109 0 3293 4 3162 3 vCsH
4 3205 2 3062 3 3203 2 3060 3 3252 1 3118 1 vCeH
5 1762 1798 623 1771 347 1799 630 1770 492 1832 644 1801 113 vC2=0
6 1733 1764 771 1749 436 1765 761 1749 232 1801 796 1773 417 vCs=0
7 1644 1673 61 1640 63 1672 62 1638 64 1728 32 1694 42 vCs=Cs
8 1473 1499 88 1463 55 1500 82 1463 52 1535 128 1492 88 v ring, N1H
9 1401 1381 33 1349 14 1383 48 1350 15 1401 9 1362 1 3NsH + 8CH
10 1389 1417 13 1386 9 1417 8 1386 8 1430 21 1396 17 v ring, 8N;H, dN3H
11 1359 1403 93 1372 73 1405 87 1371 69 1450 67 1418 49 v ring, 8N3H, 3CH
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12 1219 1227 2 1202 20 1230 8 1204 26 1225 84 1203 82 v ring, SNH, 6CH
13 1186 1195 107 1167 87 1199 106 1165 81 1277 11 1242 5 v ring, SNH, 6CH
14 1076 1085 5 1064 5 1087 5 1062 7 1109 8 1091 7 vring, 8CH, 8N:H
15 987 992 7 977 8 991 8 976 8 1005 6 979 5 d ring

16 963 964 9 942 9 968 9 946 9 994 68 973 49 v ring, dNzH, 3CH
17 958 973 0 949 0 972 0 948 0 1005 0 981 0 yCH

18 806 822 65 803 50 822 65 803 50 845 41 830 42 vyC+~0, yCH
19 757 769 34 746 32 769 34 745 32 792 5 778 4 vyC=0

20 759 770 3 753 2 769 3 752 2 794 7 780 7 ring breathing
21 718 731 17 713 14 731 17 712 14 745 5 732 5 yCH

22 662 689 66 643 58 687 66 641 61 699 20 679 19 YNsH

23 562 571 43 530 31 569 43 528 31 581 22 577 19 YNiH

24 551 559 5 550 5 561 4 560 3 572 59 563 57 d ring

25 537 542 7 535 7 542 9 535 8 555 2 548 1 3C=0

26 516 521 21 515 20 523 21 516 20 531 29 525 29 d ring

27 391 387 21 387 19 389 21 387 19 396 18 395 14 6C=0, 6 ring
28 411 401 22 391 24 400 22 390 24 411 22 407 20 torsion

29 185 170 0 163 0 170 0 162 0 170 0 168 0 torsion

30 155 2 147 2 154 2 146 2 153 2 152 2 torsion

2 From Ref 1451541,

® Abbreviations: v = stretching; & = in-plane bending; y = out-of-plane bending; t = torsional; sciss = scissoring; rock = rocking; wagg = wagging; asym = asymmetric; sym = symmetric.
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Table 4. Experimental, harmonic and anharmonic vibrational frequencies (cm™) and intensities for hypoxanthine molecule.

Exp. Calculated
(é\;gf’,z‘lmfﬁigﬁ) B3LYP B3LYP-D3 B3LYP-DCP Assignment”
Mode harm I(harm) anharm I(anh) harm I(harm)  anharm I(anh) harm I(harm)  anharm I(anh)

1 3465 3641 86 3475 71 3641 86 3478 71 3644 89 3479 74 VNgH
2 3428 3588 67 3421 52 3588 67 3422 48 3592 73 3422 58 VNi1H
3 3248 0 3120 1 3245 0 3116 1 3275 0 3150 1 vCgH
4 3182 3 3051 5 3180 3 3047 4 3211 2 3083 1 vCH
5 1753/1742 1790 719 1755 570 1791 718 1756 562 1829 703 1799 452 vCsO
6 1608 1626 85 1590 54 1625 85 1590 54 1673 87 1635 52 vC,N3, 6CzH
7 1556 1590 71 1549 53 1590 72 1549 26 1637 70 1598 58 VN3Cj, vC4Cs
8 1472 1526 29 1494 24 1525 28 1493 24 1571 16 1538 15 VN7Csg, vC4Cs
9 1424 1479 5 1441 2 1480 4 1440 1 1515 3 1474 2 VN7Cg, 6N1H
10 1400 1432 6 1398 2 1433 1397 2 1474 16 1436 8 ON;H, 8C2H, vC4Cs
11 1342 1403 19 1367 12 1402 19 1367 12 1439 26 1395 17 SNgH, 6CH
12 1338 1372 32 1336 28 1371 32 1336 27 1416 39 1379 35 vCsN7, 8C-H, vCaN3
13 1332 1355 5 1329 6 1356 5 1331 4 1387 3 1360 vC4Ng, vCsCs, 6CgH
14 1293 5 1265 3 1292 6 1264 3 1323 10 1293 4 SCgH
15 1173 1188 7 1162 62 1189 78 1162 63 1225 69 1197 56 3CeH
16 1100 1135 10 1110 15 1138 10 1111 13 1165 8 1139 12 VN1Cy, 6 NiH
17 1074 14 1048 18 1075 15 1048 18 1104 16 1079 16 vCgNg, & NgH
18 1049 1063 42 1032 41 1062 42 1031 41 1110 28 1083 21 VN;1Cs, & CsO
19 919 947 6 932 4 947 6 934 2 957 6 942 4 or
20 906 935 3 911 3 934 3 910 3 953 3 935 3 yC2H
21 877 902 9 887 7 901 9 886 7 911 1 899 6 SR
22 808 842 6 813 20 841 6 811 19 874 4 855 0 vyCeH
23 786 810 19 766 8 810 19 766 10 843 17 826 17 vCe0, R, 1r
24 701 741 40 709 31 740 39 708 29 755 33 742 31 YN:H, yCsO
25 687 701 10 689 11 700 10 689 11 723 8 712 9 VN3Cs, VN1Cs
26 663 675 24 650 19 674 24 649 20 685 22 673 27 r, YNiH
27 624 658 6 635 13 657 6 634 14 665 15 652 12 YN:1H, tr
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28 581 607 8 599 7 608 8 600 7 619 8 611 7 dr, vCsCs
29 560 581 115 524 86 580 114 526 86 590 111 578 101 YNgH
30 529 537 11 531 10 537 11 531 10 546 11 539 11 OR, 8CcO
31 510 539 5 501 79 538 5 501 79 548 4 540 5 YNgH
32 509 2 503 2 510 2 503 2 519 2 512 1 oR

33 322 1 318 1 322 1 318 1 326 1 323 1 5Ce0, 0rR
34 271 0 262 0 270 0 262 0 277 0 273 0 R

35 209 16 202 15 208 16 201 15 213 17 211 16 R

36 156 2 149 1 155 2 149 1 154 2 151 1 R

2From Ref.*,

® Abbreviations: v = stretching; & = in-plane bending; y = out-of-plane bending; t = torsional; sciss = scissoring; rock = rocking; wagg = wagging; asym = asymmetric; sym = symmetric; R and r refer to the 6-
membered ring and 5-membered ring, respectively.

Table 5. Experimental, harmonic and anharmonic vibrational frequencies (cm™) and intensities for thymine molecule.

Exp. Calculated
Argon matrix® B3LYP B3LYP-D3 B3LYP-DCP Assignment®
Mode harm I(harm)  anharm I(anh) harm I(harm) anharm I(anh) harm I(harm) anharm  I(anh)

1 3479 3640 103 3473 86 3640 103 3472 85 3645 111 3472 72 vNiH
2 3432 3595 67 3430 50 3596 67 3431 53 3600 69 3430 50 VNzH
3 3196 4 3064 4 3194 4 3059 6 3244 2 3115 1 vCeH
4 2992 3111 14 2964 7 3110 14 2963 10 3173 7 3029 VagymCHs
5 2969 3089 9 2945 12 3088 9 2943 12 3141 2 2997 4 Vout-of-planeCH3
6 2939 3030 22 2937 18 3028 22 2934 18 3076 15 2969 11 VeymCH3
7 1767 1795 764 1767 499 1795 768 1768 492 1828 797 1794 222 vC20, vCoN3, VN1Co
8 1711 1748 637 1718 382 1749 629 1719 449 1788 661 1752 438 vC40, VN3Cy
9 1668 1699 39 1662 35 1700 38 1662 18 1759 2 1725 59 vCsCs, 8CeH, vC40, VN1Cg
10 1472 1499 79 1456 35 1499 76 1456 44 1540 126 1495 83 vCeNy, ON1H, dsisCH3
11 1455 1488 10 1452 4 1488 7 1450 4 1488 1 1451 1 OsissCH3
12 1431 1465 7 1428 1464 7 1428 5 1464 10 1430 7 vCHs
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13 1405 1419 61 1386 5 1419 70 1384 30 1463 44 1433 32 inv CHa, SN;H, vCoN3
14 1388 1421 32 1388 140 1423 25 1389 o7 1432 21 1402 17 inv CHa, 5N;H, vCoN3
15 1367 1399 7 1365 4 1405 8 1367 5 1418 5 1386 7 NGH, 5CeH
16 1357 1373 6 1343 9 1375 8 1344 5 1399 8 1370 4 5CeH, 5NgH
17 1220 1230 11 1198 12 1228 11 1196 13 1290 7 1258 11 VCs-CHa, VN1Cs
18 1183 1197 142 1173 66 1203 146 1174 81 1239 113 1211 62 8CeH, SN1H, YN1Cs
19 1139 1155 4 1127 5 1156 4 1126 5 1193 17 1170 11 VN3Cs, VN1 Cs
20 1046 1069 1 1043 1 1068 1 1043 1 1076 3 1053 3 S0 CHa, YueggCs-CHs
21 1004 1022 2 1003 2 1024 2 1005 2 1031 3 1014 1 8r0CH, 8 ring
2 959 965 13 947 12 969 13 948 12 987 12 964 9 SraCHa, SN3H, YN1C, VCoNs
23 889 911 16 889 9 910 16 886 5 931 11 911 8 YuegaCoH, ¥ ring
24 799 804 5 794 5 805 6 794 4 821 6 807 6 8 ring, vCs-CHs, VN1C;
25 763 786 35 760 19 786 % 761 19 813 % 798 31 VwwCiO Ywaggycrﬁ;f;m’ TueggNaH,
26 754 762 28 742 16 762 28 743 18 784 24 774 23 TGO, Ywaggr'i\‘rfg’ Tuagg NiH, ¥
27 727 734 5 722 4 736 5 722 4 767 5 755 4 VC4Cs, VCs-CHs, 8 ring
28 662 691 61 633 77 689 62 631 79 699 62 676 57 YWEQQN3H’YVVVB$§Z’(DY weogNaH,
29 601 606 1 601 1 610 1 604 1 618 1 613 1 8C,0, 8C40, 5Cs-CHa, 8 ring
30 545 570 59 507 36 567 59 504 38 576 56 se6 54 veeltl Ywag?i';'];ﬂ’ TueggCO, ¥
31 540 547 7 539 7 548 8 539 7 560 8 554 7 § ring, 5C,0
32 455 461 19 458 19 463 19 459 18 472 17 461 16 3 ring
33 406 17 389 21 405 17 388 2 416 17 410 16 yring
34 389 20 387 19 301 20 389 19 398 20 397 19 8C,0, 5C40, VN3Ca
35 303 0 293 0 301 0 292 0 308 1 310 1 YuegeCs-CH, ¥ ring
36 278 3 279 3 283 3 282 2 287 3 292 2 8Cs-CHs, 5C40
37 159 1 151 1 158 1 150 1 158 2 158 2 yring
38 153 1 148 0 150 1 151 1 166 0 172 0 © CHs
39 113 0 110 0 113 0 110 0 114 0 113 0 yring
3 From Ref. .

® Abbreviations: v = stretching; 5 = in-plane bending; y = out-of-plane bending; t = torsional; sciss = scissoring; rock = rocking; wagg = wagging; inv= inversion; asym = asymmetric; sym =
symmetric.
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Table 6. Deviations between computed anharmonic vibrational frequencies (in cm™) of nucleobases and experimental data®

adenine  cytosine uracil hypoxanthine thymine all
MAE" (weighted average)
B3LYP 12.0 11.2 11.8 11.3 9.3 111
B3LYP-D3 12.3 11.0 12.3 11.2 9.9 114
B3LYP-DCP 24.0 18.4 18.7 319 20.3 22.6
MINS (minimum value)
B3LYP -34 -23 -32 -36 -38 -38
B3LYP-D3 -35 -25 -34 -34 -41 -41
B3LYP-DCP -80 -14 -17 -6 -7 -80
MAX® (maximum value)
B3LYP 26 27 18 26 7 27
B3LYP-D3 25 28 16 25 8 28
B3LYP-DCP 55 46 72 66 57 72

a From Ref .31,32,34-36,39,145,147.

PM ean absolute error to the experimental results.
“Minimum negative deviation to the experimental results.

M aximum positive deviation to the experimental results.

Table 7. Deviations of harmonic and anharmonic vibrational frequencies (in cm'l) of nucleobases
computed with B3LY P-D3 and B3LY P-DCP respect to the B3LY P method.

MAE? MIN® MAX®
Aharm®  Aanharm® AGVPT2' Aharm® Aanharm® AGVPT2! Aharm®  Aanharm® AGVPT2'
adenine
D3 17 2.2 2 -14 -17 -19 15 18 20
DCP 18.7 29.1 6.8 -103 -102 -23 53 62 42
cytosine
D3 14 24 2.3 -4 -7 -6 7 17 14
DCP 21.2 24.0 48 -5 -1 -8 52 62 24
uracil
D3 1.3 15 12 -2 -3 -6 4 10 8
DCP 228 24.7 6.1 -2 1 -13 82 75 37
hypoxanthine
D3 0.8 1.0 0.7 -2 -4 -2 3 3 3
DCP 228 275 6.2 -2 1 -8 46 60 44
thymine
D3 17 1.4 14 -3 -5 -6 6 4 6
DCP 229 26.1 6.3 -1 -2 -14 61 65 52
all
D3 14 17 15 -14 -17 -19 15 18 20
DCP 216 26.4 6.1 -103 -102 -23 82 75 52

*Mean absol ute error.

PMinimum negative deviation.
“Maximum positive deviation.

“Deviation between harmonic frequencies.

“Deviation between anharmonic frequencies.

"Deviation of anharmonic shift for the selected method respect to B3LY P method.
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Table 8. Counterpoise-corrected binding energy (AEy;q) of hydrogen-bonded and stacked dimer

structures in kcal mol-1 compared to reference values.

AEing Ref Optimized geometry
Uracil-Uracil hydrogen-bonded
B3LYP -11.4 -135
B3LYP-D3 -14.9 -16.7
B3LYP-DCP -13.8 -15.8
Ref a(CBS) -15.7
Uracil-Uracil stacked
B3LYP-D3 -5.8 -9.3
B3LYP-DCP -39 -7.8
Ref a(CBS) -7.9
Adenine-Adenine hydrogen-bonded
B3LYP -9.3 -10.2
B3LYP-D3 -13.1 -13.9
B3LYP-DCP -11.8 -12.9
Ref b (CBS) -13.2
Adenine-Adenine stacked
B3LYP-D3 -5.6 -7.3
B3LYP-DCP -4.5 -6.6
Ref ¢ (CBS) -8.3
Adenine-Naphthalene stacked
B3LYP-D3 -2.3 -7.9
B3LYP-DCP +3.6 -7.1
Ref d (CBS) -85
a Rd.137
b Ref.lBS
c Ref.139

d Ref.l4°
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Table 9. Rotational constantsin cm™ of optimized dimer structures, computed with
B3LYP, B3LYP-D3 and B3LY P-DCP methods, compared with reference structures.

B3LYP B3LYP-D3 B3LYP-DCP Ref®
Uracil-Uracil hydrogen-bonded

A 0.046747 0.046663 0.047372 0.046977
B 0.007470 0.007558 0.007619 0.007910
C 0.006441 0.006505 0.006563 0.006770

MAE?, % 36 30 25

Uracil-Uracil stacked

A 0.022792 0.023083 0.022812
B 0.018301 0.018077 0.020433
C 0.017017 0.017235 0.019037

MAE® % 7.0 74

Adenine-Adenine hydr ogen-bonded

A 0.038408 0.038394 0.038869 0.038507
B 0.004313 0.004369 0.004408 0.004399
C 0.003878 0.003923 0.003959 0.003948

MAE?, % 13 05 05

Adenine-Adenine stacked

A 0.016851 0.017303 0.015827
B 0.013524 0.013326 0.014517
C 0.011780 0.011765 0.012261

MAE? % 57 7.2

Adenine-Naphthalene stacked

A 0.019729 0.019946 0.020394
B 0.011048 0.011366 0.011999
C 0.010480 0.010740 0.011592

MAE?, % 6.9 4.9

All
AVERAGE MAE?, % 25 4.7 45

#Mean absolute error.
b Rd.137-140
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Table 10. Structural parameters of optimized hydrogen-bonded and stacked dimer structures compared to reference structures™ %,

B3LYP B3LYP-D3 B3LYP-DCP Ref Error, % B3LYP  Error, % B3LYP-D3  Error, % B3LYP-DCP

Uracil-Uracil hydrogen-bonded

rN3-02 2.85978 2.82872 2.82865 2.68192 -6.6 -55 -55
r O4-N'1 2.7975 2.7743 2.76913 2.62376 -6.6 -5.7 -5.5
rH3-02 1.82963 1.79574 1.79794 1.65586 -10.5 -84 -8.6
r O4-H'1 1.76572 1.74032 1.73641 1.59862 -10.5 -89 -8.6
o N3-H3-0"2 172.59961 173.77026 173.09168 173.86721 0.7 0.1 04
a H3-02-C2 126.714 125.55512 12597066  125.2688 -1.2 -0.2 -0.6
o C4-0O4-H'l 128.91291 127.49196 127.72335 127.42064 -1.2 -0.1 -0.2
a O4-H'1-N'1 1752903  176.39592 175.80687  176.12931 0.5 -0.2 0.2
Uracil-Uracil stacked
rN3-C2 3.04174 3.12506 277937 -94 -12.4
r C2-N'3 3.04174 3.12506 2.77937 -94 -12.4
r N1-C'4 3.40125 3.38928 3.08074 -10.4 -10.0
r C4-N'1 3.40125 3.38928 3.08074 -104 -10.0
r C5-C'6 3.87457 3.75362 347734 -11.4 -7.9
r C6-C'5 3.87457 3.75362 347735 -114 -7.9
Adenine-Adenine hydrogen-bonded
rHa-N'1 1.97256 1.91889 1.93355 1.92463 -25 0.3 -0.5
r N6-N'1 3.00103 2.9498 2.96206 2.94839 -1.8 0.0 -0.5
rN1-H'y, 1.97255 1.91889 1.93355 1.92297 -2.6 0.2 -0.6
r N1-N'6 3.00103 2.9498 2.96206 2.9466 -1.8 -0.1 -0.5
a N6-H,,-N'1 178.78511  178.53519 177.83965  178.17496 -0.3 -0.2 0.2
a Hy-N'1-C'6 119.96032 120.1782 120.40863  120.29665 0.3 0.1 -0.1
a NI-H'4N'6 178.78511  178.53511 177.83968  178.16992 -0.3 -0.2 0.2
a C6-N1-H',, 119.96037  120.17823 120.4088  120.34323 0.3 0.1 -0.1
Adenine-Adenine stacked
rN1-C'8 3.5519 3.51297 3.32667 -6.8 -5.6
r C2-N'7 3.39262 3.35714 3.30988 -25 -14
r N3-N'7 3.69738 3.76167 3.53667 -45 -6.4
r C4-C'5 3.58781 3.63799 342621 -4.7 -6.2
r C5-C'4 3.62091 3.63801 3.42621 -5.7 -6.2
r C6-N'9 3.66363 3.65277 3.40615 -7.6 -7.2
r N6-H'9 3.82444 3.78039 3.4561 -10.7 -9.4
r N7-C2 3.29564 3.35714 3.30988 0.4 -14
rN7-N'3 3.74249 3.76169 3.53667 -5.8 -6.4
r C8-N'1 3.41169 3.51296 3.32667 -2.6 -5.6
r N9-C'6 3.55295 3.65275 3.40615 -4.3 -7.2
r H9-N'6 3.50834 3.78037 3.4561 -1.5 -9.4
Adenine-Naphthalene stacked
r N1-C'3 3.65537 3.54329 3.23751 -12.9 -9.4
rC2-C4 3.53176 3.50262 3.21905 -9.7 -8.8
r N3-C'10 3.53101 3.55512 3.28405 -75 -8.3
r C4-C'10 3.29891 3.29056 2.98317 -10.6 -10.3
r C5-C'9 3.79718 3.69504 3.37665 -12.5 -9.4

rcs-C1 3.7135 3.60016 3.30096 -12.5 -9.1
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rCe6-C2
r N6-C'2
rN7-C'1
r N7-C'9
rC8-C'8
r N9-C'7
r N9-C'6
r N9-C'5

3.73934
3.97407
3.57398
3.69806
3.40076
3.62581
3.5546

3.40637

3.58268
3.77379
3.47089
3.60085
3.38853
3.67613
3.60922
3.45271

3.26696
3.39036
3.1805
3.31383
3.12415
3.42655
3.36418
3.23149

-145
-17.2
-12.4
-11.6
-8.9
-5.8
-5.7
-5.4

-9.7
-11.3
-9.1
-8.7
-85
-7.3
-7.3
-6.8

Legend: Atoms of monomer 2 are indexed with apostrophe; r = distance between atoms in A; o = angle between
atoms in degree units. Uracil dimers: O2 = oxigen bonded to C2; O4 = oxigen bonded to C4; H3 = hydrogen
bonded to N3; H1 = hydrogen bonded to N1. Adenine dimers: Ham = amino group hydrogen atom.
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Table 11. Mean absolute errors (MAE) of structural parameters of optimized dimer structures,

computed with B3LY P, B3LY P-D3 and B3LY P-DCP methods, compared to reference structures™ 4,

MAE, % B3LYP  MAE, % B3LYP-D3 MAE, % B3LYP-DCP
Uracil-Uracil hydrogen-bonded 4.7 3.6 37
Uracil-Uracil stacked 10.4 10.1
Adenine-Adenine hydr ogen-bonded 12 0.2 0.3
Adenine-Adenine stacked 4.8 6.0
Adenine-Naphthalene stacked 10.5 8.9
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Table 12. Anharmonic vibrational frequencies (cm'l) of hydrogen-bonded uracil dimer, computed using B3LYP, B3LY P-D3

and B3LYP-DCP approaches, and corresponding shifts respect to the isolated molecule (Ahb).

B3LYP B3LYP-D3 B3LYP-DCP Assignment®
Mode anharm Ahb anharm Ahb anharm Ahb

1 3473 0.2 3472 -1.3 3473 -15 vN1H (M1)

2 3429 2.2 3427 -2.9 3432 31 vN3H (M2)

3 3111 0.2 3098 -10.2 3163 15 vC5H (M1)

4 3116 5.6 3117 8.0 3163 0.8 vC5H (M2)

5 3002 -424.6,-470.4 2926  -503.1,-546.4 2947 -482.0,-527.5 vN3H (M1), vN1H (M2)

6 3068 5.7 3066 6.6 3120 19 vC6H (M1)

7 3072 9.6 3072 124 3127 9.2 vC6H (M2)

8 2897 -530.0,-575.8 2870  -559.7,-546.4 2880 -549.4,-594.9 vN3H (M1), vN1H (M2)

9 1782 11.0 1783 135 1815 135 vC2=0 (M1)

10 1743 -6.4 1746 -2.7 1759 -14.0 vC2=0, vC4=0, v ring, SN1H (M2)
11 1700 -49.9 1699 -49.4 1735 -384 vC2=0, vC4=0, 3NH (M2)
12 1679 -70.8 1676 -724 1715 -58.1 vC4=0, v ring, N3H (M1)
13 1635 -4.2 1635 -38 1695 0.9 vC5=C6 (M2)

14 1625 -14.1 1624 -14.8 1685 -8.7 vC5=C6 (M1)

15 1511 48.6 1515 52.3 1535 423 SNIH (M2)

16 1474 102.0 1475 104.9 1514 95.4 vring, SN1H, 6N3H (M1)
17 1434 1445 1457 SN3H (M1)

18 1404 1403 1453 v ring, N1H, 6CH (M2)
19 1390 1390 1429 vring, 0N1H, 8CH (M1)
20 1387 13 1382 -3.6 1409 12.9 SN3H + 8CH (M2)

21 1360 111 1356 6.6 1381 19.1 3N3H (M2), v ring, 3CH (M1)
22 1356 6.9 1352 1.9 1371 89 SN3H, v ring (M2), 3CH (M1)
23 1231 1232 1248 ON1H, v ring, SCH (M2)
24 1202 1204 1262 v ring (M1)

25 1181 -214 1183 -21.8 1239 -29 v ring, 6N3H, 8CH (M2)
26 1188 20.9 1187 21.9 1211 7.4 SNI1H, v ring, 3CH (M1)
27 1076 1074 1101 3CH (M2)

28 1074 10.3 1073 115 1096 5.7 8CH, dN1H (M1)

29 980 24 981 5.0 1012 333 8 ring (M1, M2)
30 978 0.4 978 22 997 18.4 8 ring (M2, M1)
31 917 880 993 vCH, yN1H (M2), yN3H (M1)
32 958 -18.8 964 -11.4 984 51 8 ring (M1)
33 944 -4.8 943 -5.1 985 42 yCH (M1)
34 957 14.3 957 10.3 981 8.3 v ring, 6N3H, 6CH (M2)
35 797 832 922 yYN3H (M1), yN1H, yCH (M2)
36 728 738 877 yNI1H, yCH (M2), yN3H (M1)
37 800 -3.0 796 -6.3 833 32 yC4=0, yCH (M1)
38 811 7.7 809 6.2 834 44 yC4=0, yCH (M2)
39 768 145 767 15.2 791 11.0 ring breathing (M1, M2)
40 764 10.4 763 114 788 7.7 ring breathing (M1, M2)
41 740 -5.7 740 5.1 788 10.1 yC2=0 (M2)
42 729 -16.7 729 -16.1 776 -1.9 yC2=0 (M1)
43 713 -0.3 711 -1.9 737 55 yCH (M1)
44 711 708 730 vy ring (M2)
45 645 26 634 -6.6 685 6.1 yYN3H (M2)
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46 504 -25.2 536 8.3 599 21.9 yNI1H (M1)

47 570 204 572 123 586 22.7 3 ring (M2)

48 556 211 558 23.0 572 24.0 5C=0 (M1)

49 552 36.8 551 35.1 568 437 & ring (M1, M2)
50 519 3.9 520 4.0 530 5.7 d ring (M2)

51 543 156.1 543 155.8 558 162.1 8C=0, & ring (M2), 5 ring (M1)
52 527 140.0 527 139.9 539 143.2 8C=0, 4 ring (M1), é ring (M2)
53 402 11.3 400 10.3 422 14.6 T (M2)

54 377 -13.6 380 -95 422 15.1 T (M1)

55 411 416 425 3C=0 (M1, M2)
56 396 399 407 3C=0 (M1, M2)
57 170 169 190 T (M1, M2)

58 159 163 178 T (M1, M2)

59 152 -11.4 152 -10.2 170 17 T (M1, M2)

60 145 -2.2 148 15 164 12.1 t (M1, M2)

61 130 135 141 intermolecular mode
62 83 86 85 intermolecular mode
63 48 53 72 T (M1, M2)

64 62 62 69 intermolecular mode
65 14 9 25 T (M1, M2)

66 21 T (M1, M2)

& Abbreviations: v = stretching; 5 = in-plane bending; y = out-of-plane bending; T = torsional; sciss = scissoring; rock = rocking;

wagg = wagging; asym = asymmetric; sym = symmetric; M1 = Monomer 1; M2 = Monomer 2.

Table 13. Anharmonic vibrational frequencies (cm™) of stacked uracil dimer, computed using B3LY P-D3 and
B3LYP-DCP approaches, and corresponding shifts respect to the isolated molecule (Astacked).

B3LYP-D3 B3LYP-DCP Assignment®
Mode anharm Astacked anharm Astacked

1 3362 1111 3465 96 VNIH (M1, M2)

2 3374 -98.5 3465 -9.5 vN1H (M1, M2)

3 3394 -35.7 3401 -28.3 VN3H (M1, M2)

4 3396 -33.8 3400 -29.3 VN3HM1, M2)

5 3113 39 3163 0.7 vC5H (M1, M2)

6 3113 4.0 3162 0.5 vC5H (M1, M2)

7 3068 8.7 3125 6.8 vC6H (M1, M2)

8 3068 8.6 3125 7.1 vC6H (M1, M2)

9 1763 -71 1803 17 vC2=0 (M1, M2)

10 1762 -7.9 1797 -4.2 vC2=0 (M1, M2)

11 1727 -21.6 1745 -27.9 vC4=0 (M1, M2)

12 1689 -59.3 1734 -39.2 vC4=0 (M1, M2)

13 1634 -4.0 1694 0.2 vC5=C6 (M1, M2)

14 1635 -3.3 1692 -2.1 vC5=C6 (M1, M2)

15 1474 114 1503 10.7 v ring, SN1H (M1, M2)
16 1478 155 1501 8.6 vring, ON1H (M1, M2)
17 1385 -04 1401 51 v ring, 8N3H, 8CH (M1, M2)
18 1386 0.0 1399 3.7 v ring, SN3H, 6CH (M1, M2)
19 1384 134 1425 6.8 v ring, SN1H, 8N3H (M1, M2)
20 1376 5.7 1420 13 vring, ON1H, SN3H (M1, M2)
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21 1358 7.9 1371 9.5 v ring, NH, 6CH (M1, M2)
22 1347 -25 1371 9.1 v ring, SNH, §CH (M1, M2)
23 1211 6.4 1245 31 vring, 6CH, dNH (M1, M2)
24 1211 6.7 1243 1.6 vring, SCH, 8NH (M1, M2)
25 1170 4.4 1211 8.2 v ring, NH, 6CH (M1, M2)
26 1170 52 1208 45 v ring, SNH, CH (M1, M2)
27 1073 10.9 1093 21 vring, 0CH, SN1H (M1, M2)
28 1073 115 1093 25 vring, 5CH, SN1H (M1, M2)
29 985 9.6 987 7.9 d ring (M1, M2)

30 986 10.0 985 5.9 3 ring (M1, M2)

31 948 -0.8 981 0.9 yCH (M1, M2)

32 946 -2.3 981 0.2 yCH (M1, M2)

33 956 95 978 53 v ring, SN3H, 5CH (M1, M2)
34 953 6.9 978 5.4 v ring, N3H, 8CH (M1, M2)
35 808 5.7 832 23 yC4=0, yCH (M1, M2)
36 806 3.7 829 -0.5 yC4=0, yCH (M1, M2)
37 772 26.6 791 12.7 yC2=0 (M1, M2)

38 750 4.4 775 2.8 yC2=0 (M1, M2)

39 759 7.4 785 4.4 ring breathing (M1, M2)
40 756 4.4 785 5.2 ring breathing (M1, M2)
41 716 33 733 1.0 yCH (M1, M2)

42 720 7.6 730 11 yCH (M1, M2)

43 700 59.1 687 7.9 yN3H (M1, M2)

44 686 449 690 1.1 yN3H (M1, M2)

45 824 296.1 587 10.4 yN1H (M1, M2)

46 651 123.7 584 75 yN1H (M1, M2)

47 565 4.7 564 0.7 4 ring (M1, M2)

48 558 -1.9 563 0.3 & ring (M1, M2)

49 536 1.2 549 0.9 3C=0 (M1, M2)

50 536 0.6 548 0.3 3C=0 (M1, M2)

51 523 7.0 521 35 & ring (M1, M2)

52 526 10.0 521 -3.3 d ring (M1, M2)

53 411 21.2 419 11.8 t (M1, M2)

54 405 15.1 412 48 T (M1, M2)

55 389 11 395 -0.7 3C=0, § ring (M1, M2)
56 383 -4.0 396 0.1 8C=0, § ring (M1, M2)
57 195 188 T (M1, M2)

58 171 179 (M1, M2)

59 170 8.1 173 43 T (M1, M2)

60 165 19.2 149 -2.8 © (M1, M2)

61 82 66 intermolecular mode

62 47 49 intermolecular mode

63 34 29 intermolecular mode

64 17 16 intermolecular mode

65 intermolecular mode

66 intermolecular mode

2 Abbreviations: v = stretching; & = in-plane bending; y = out-of-plane bending; t = torsional; sciss = scissoring;

rock = rocking; wagg = wagging; asym = asymmetric; sym = symmetric; M1 = Monomer 1; M2 = Monomer 2.
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Table 14. Anharmonic vibrational frequencies (cm'l) of hydrogen-bonded adenine dimer, computed using B3LYP, B3LYP-D3
and B3LYP-DCP approaches, and corresponding shifts respect to the isolated molecule (Ahb).

B3LYP B3LYP-D3 B3LYP-DCP Assignment®
Mode anharm Ahb anharm Ahb anharm Ahb

1 3500 -36.2 3502 -32.3 3498 -54.2 VaymNH2 (M1, M2)

2 3500 -35.3 3502 -31.7 3499 -53.8 VagmNH2 (M1, M2)

3 3482 -0.9 3484 17 3479 -4.5 VNgH (M1, M2)

4 3481 -1.0 3483 1.6 3479 -4.6 vNgH (M1, M2)

5 3001 -443.6 2965 -478.0 2979 -470.4 VemNH2 (M1, M2)

6 2980 -464.7 2897 -546.0 2919 -530.6 VemNH, (M1, M2)

7 3112 -4.6 3102 -10.1 3149 -0.4 vCgH (M1, M2)

8 3111 -4.8 3101 -11.0 3149 0.0 vCgH (M1, M2)

9 3034 -10.5 3029 -13.6 3062 -5.6 vC,H (M1, M2)
10 3034 -10.8 3030 -12.1 3063 -4.7 vC,H (M1, M2)
11 1648 26.5 1647 23.6 1705 26.6 SissNH,, vCsCq, VCeNg (M1, M2)
12 1644 222 1645 21.6 1579 -99.8 BgissNH,, vCsCg, VCeNg (M1, M2)
13 1604 -17.0 1605 -185 1529 -149.6 VC:Cs, VCoNe, 8sssNH, (M1, M2)
14 1501 -30.9 1592 317 1652 -26.4 VCsCe, VCeNe, 8gisNH, (M1, M2)
15 1584 9.9 1584 -10.3 1647 6.5 VNZCy, vCsCo (M1, M2)
16 1584 19.6 1583 18.6 1629 435 3sissNH,, vC4Cs, vCsCs (M1, M2)
17 1492 -72.4 1495 -69.9 1533 -52.4 SgissNH2, vCeNg (M1, M2)
18 1490 6.9 1490 7.8 1536 145 VN;Cg, 6CgH (M1, M2)
19 1480 -2.7 1481 -1.4 1521 -0.3 VN-Cg, 8CgH (M1, M2)
20 1470 7.0 1468 5.2 1509 11.7 VN;Cq, 8C,H, vC,N3, vCeNg (M1, M2)
21 1418 121 1418 11.4 1467 148 vC,4Cs, vC4Ng, 3CoH (M1, M2)
22 1417 11.1 1414 8.3 1467 13.9 vC,yCs, VCyNg, 8C,H (M1, M2)
23 1380 -0.6 1380 0.8 1430 104 S8NgH, 8C,H, vC4Ng, vCgNg (M1, M2)
24 1380 -0.8 1380 0.4 1427 75 8NgH, 8C,H, vC4Ng, vCgNg (M1, M2)
25 1342 53 1342 5.1 1393 9.7 8C,H, vCgNg, 8CgH, vCNg (M1, M2)
26 1340 3.0 1340 3.0 1393 9.6 3C,H, vCgNg, 8CgH, vCgNg (M1, M2)
27 1324 -5.7 1323 -4.3 1385 155 VN;C,, vCsN, vC,Cs (M1, M2)
28 1324 6.1 1324 37 1383 133 VN;C,, VCeN5, vC,Cs (M1, M2)
29 1312 14.0 1312 16.4 1359 111 vCyN3, VN;C, (M1, M2)
30 1310 125 1311 151 1357 9.2 vC,N3, VN;C, (M1, M2)
31 1241 11 1239 05 1274 7.6 8CgH, VN,Cg, 3NgH (M1, M2)
32 1239 -0.8 1236 -28.0 1272 55 8CgH, VN,Cg, 8NgH (M1, M2)
33 1239 14.3 1242 171 1264 133 8roatNHa, VCsN5, vC,N3 (M1, M2)
34 1227 2.7 1229 4.9 1262 115 SroakNH», vC5N7, vC,N3 (M1, M2)
35 1135 11.8 1135 12.6 1168 131 VC4Ng, o1, vCgNg (M1, M2)
36 1132 8.8 1134 115 1166 104 vCy4Ny, 1, vCgNg (M1, M2)
37 1055 15 1055 15 1083 -0.5 vCgNg, dNgH (M1, M2)
38 1052 -1.4 1055 1.4 1082 -0.8 vCgNg, 5NgH (M1, M2)
39 1026 32.7 1032 36.8 1052 54.4 SroaNH», VN;Cg (M1, M2)
40 1018 24.6 1023 28.1 1043 454 SrockNH,, VN;1Cg (M1, M2)
41 934 -19.4 939 -13.2 968 -85 yCoH (M1, M2)
42 934 -19.0 941 -11.3 966 -10.7 yC,H (M1, M2)
43 931 24 932 35 946 3.8 dr, vC4Cs (M1, M2)
44 931 18 932 3.0 946 3.7 dr, vC4Cs (M1, M2)
45 896 10.6 899 135 909 14.6 8 R (M1, M2)
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46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84

894
866°
749
827
716
793
673
720
718
670
667
649
646
632
624
541

535
527
464
465
528
525
460"
459°
284
284
311
308
217
208
145
151
93
77
10
39

8.2

12.8
-97.6
154
-105.1
54
35
4.4
0.7
-1.9
-54
22.0
14.6
-3.9
-0.5
47.3
39.9
-51.0
-50.1
12
313
-26.3
-27.9
-8.9
-9.0
37.7
345
-23.2
-32.7
-62.2
-56.4

895
891°
633
826
799
796
754
721
719
666
671
650
648
633
626
551
552
539
528
479
479
531
528
469°
467°
287
294
321
315
208
211
151
153
104
86
23
51

10.5

13.2
-14.2
16.2
-25.0
6.4
4.3
12
57
-0.5
-2.5
232
16.7
6.9
75
338
22.6
-18.8
-18.7
45.2
42.1
-21.7
-23.7
-5.5
16
44.2
37.8
-31.3
-28.5
-54.2
-51.8

906
828°
751
845
805
828
802
744
745
678
702
663
661

635
570
560
545
535
536
538
540
538
471°
469°
299
298
322
317
197
181
128
148
95
82
51
37

111

-21.6
-61.9
-11.3
-37.4
11.2
12.7
-21.3
25
-4.4
65
25.2
17.1
-7.8
-17.5
13.0
2.9
218
235
16.8
15.2
-57.4
-59.3
2.7
-4.0
21
36.8
-31.6
-475
229
25

SR (M1, M2)

NH, (M1, M2)

vCgH, TNH, (M1, M2)
yCegH (M1, M2)
vyCgH, ™NH, (M1, M2)
vyCgH, 1R, 11, YCeNg (M1, M2)
vCgH, 1R, 11, YCeNg (M1, M2)

VN3C,, vCsN7, vC4Ng (ring breathing) (M1, M2)
VN3Cy4, vCsN5, vC4Ng (ring breathing) (M1, M2)
vYCgNe, 1, TR (M1, M2)
yYCeNe, tr, TR (M1, M2)

r (M1, M2)

o (M1, M2)

3, vCsCe, SR (M1, M2)
8r, vCsCg, SR (M1, M2)
YNoH, yC,H, 1R, mr (M1, M2)
yYNgH, YC,H, 1R, tr (M1, M2)
5 R (M1, M2)

SR (M1, M2)

YNgH (M1, M2)

YNoH (M1, M2)
8roaNH,, SR, 8CNg (M1, M2)
8r0aNHp, SR, 3CeNg (M1, M2)
NH, (M1, M2)

T™NH, (M1, M2)

Rr (M1, M2)
tRr (M1, M2)
8CeNg, SR, 8r (M1, M2)
5CeNg, SR, 5r (M1, M2)
TRY, YyaggNH2 (M1, M2)
Rr, TNH, (M1, M2)
YweggNH2, TRr (M1, M2)
YwaggNH2, TRr (M1, M2)
intermolecular mode
intermolecular mode
Rr, yCeNg (M1, M2)
intermolecular mode
intermolecular mode

intermolecular mode

@Abbreviations: v = stretching; § = in-plane bending; y = out-of-plane bending; T = torsional; sciss = scissoring; rock = rocking;

wagg = wagging; asym = asymmetric; sym = symmetric; R and r refer to the 6-membered ring and 5-membered ring,

respectively; M1 = Monomer 1; M2 = Monomer 2.

®M odes excluded from the anharmonic calculation.
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Table 15. Anharmonic vibrational frequencies (cm'l) of stacked adenine dimer, computed using B3LYP-D3
and B3LYP-DCP approaches, and corresponding shifts respect to the isolated molecule (Astacked).

B3LYP-D3 B3LYP-DCP Assignment?
Mode anharm Astacked anharm  Astacked
1 3521 -12.8 3532 -20.5 VagymNHz (M2)
2 3506 277 3532 -20.7 VagmNHz (M1)
3 3491 9.0 3489 5.7 VNgH (M2)
4 3487 46 3489 55 VNgH (M1)
5 3423 -20.0 3430 -19.2 VemNH; (M2)
6 3422 211 3430 -19.6 VeymNH, (M1)
7 3115 38 3149 -0.2 vCgH (M1)
8 3109 2.6 3149 -05 vCgH (M2)
9 3050 8.1 3080 12.3 vC,H (M2)
10 3045 2.9 3080 12.4 vC,H (M1)
11 1625 1.0 1679 11 BgissNHo, vCsCg, VCeNg (M1, M2)
12 1625 11 1673 5.6 BgissNH,, vCsCg, VCeNg (M1, M2)
13 1599 43 1649 8.8 VN3C,, vC5Co (M1, M2)
14 1595 05 1647 6.4 VN3Cy, vCsCo (M1, M2)
15 1566 14 1587 11 BsissNHo, vC,Cs, vCsCq (M 1)
16 1565 0.2 1585 -05 BegissNHo, vC4Cs, vCsCq (M2)
17 1484 23 1521 0.1 VN;Cg, 3CgH (M1, M2)
18 1482 0.2 1520 -1.0 VN;Cg, 5CgH (M1, M2)
19 1464 1.2 1496 -1.3 YN;Cg, 8C,H, vC,Ng, vCeNg (M1, M2)
20 1463 -0.2 1495 -2.8 VN;Cg, 5C,H, vC,N3, vCeNg (M1, M2)
21 1406 03 1452 -1.0 vC,4Cs, VC4Ng, 8C,H (M1, M2)
22 1406 0.1 1452 11 VC,4Cs, VC4Ng, 8C,H (M1, M2)
23 1381 13 1415 -4.1 8NgH, 8C,H, vC4Ng, vCgNg (M1, M2)
24 1378 11 1415 -4.8 8NgH, 8C,H, vC4Ng, vCgNg (M1, M2)
25 1338 1.2 1380 34 8C,H, vCgNg, 8CgH, vCNg (M1, M2)
26 1336 -1.0 1377 -6.6 8C,H, vCgNg, 8CgH, vCeNg (M1, M2)
27 1328 05 1366 -35 WN;C,, vCsN7, vC4Cs (M2)
28 1325 2.7 1365 -4.4 YN;C,, vCsN7, vC,Cs (M1)
29 1299 33 1344 -3.9 vC,N3, VN;C, (M1)
30 1297 11 1342 -5.3 VC,N3, VWN;C, (M2)
31 1244 5.7 1263 -35 8CgH, VN;Cg, SNgH (M1, M2)
32 1242 36 1262 -5.2 8CgH, VN;Cg, 5NgH (M1, M2)
33 1227 22 1254 33 8r0aNH,, vCsN5, vC,N3 (M1)
34 1228 32 1252 15 8roaNHo, vCsN7, vC,N3 (M2)
35 1125 32 1156 0.3 VC,4Ng, 81, vCNg (M1, M2)
36 1120 -1.6 1153 -2.6 VC,4Ng, 81, vCNg (M1, M2)
37 1053 -0.2 1080 2.7 vCgNg, 8NgH (M1, M2)
38 1053 -0.4 1080 -2.8 vCgNg, SNgH (M1, M2)
39 1010 14.8 1011 134 8roaNHo, VN;Cg (M 1)
40 1005 10.6 1012 14.2 8roaNHo, VN;Cg (M2)
41 941 -11.5 973 -3.3 YC,H (M1)
42 947 5.1 973 -34 YC,H (M2)
43 931 24 941 -1.0 3r, vC,Cs (M1)
44 931 18 941 -1.2 31, vC,Cs (M2)
45 886 0.9 893 -1.9 3R (M1)
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46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66

67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84

887
827
829
799
798
718
717
674
669
647
647
611
611
558
558
526
528
513
515
493

482

456
425
296
294
275
213
203
420°
290°
274°
164
158
66

37
27

18
14.4
158
194
18.5

3.2

2.2

8.8

4.0
-4.0
-3.6

17

14
13.3
13.9
20.6
22.7
14.8
171

6.7

-9.0

-34.6
-66.4
4.4
22
-1.8
-26.5
-35.8
215.2
84.8
68.6
7.2
11

893
863
862
836
836
733
732
696
691
663
663
616
616
573
575
529
526
519
519
520

518

477
472
295
301
276
275
214
202
297°
291°
167
163
68
55
39
25
14

17
-36
-47
-41
-36
05
-0.9
-31
-8.0
5.3
-4.9
-1.9
25
-4.6
-33
-25
5.9
47
45
-31

-5.3

-51.8
-56.2
-6.4
-1.0
-4.2
-5.6
-14.1
-26.6
191.7
186.1
14.3
9.8

5 R (M2)
yCgH (M2)
yCgH (M1)
vCgH, TR, 11, YCgNg (M1, M2)
vCgH, TR, 11, YCsNg (M1, M2)

VN3C,, vCsN5, vC4Ng (ring breathing) (M2, M1)
VN3C,, vCsN5, vC4Ng (ring breathing) (M1, M2)
vYCgNe, tr, TR (M1, M2)
yCeNe, tr, TR (M1, M2)

r (M1, M2)

o (M1, M2)
3r, vCsCe, SR (M1, M2)
8r, vCsCg, SR (M1, M2)

YNgH, YC,H, 1R, tr (M1, M2)
yYNgH, YC,H, 1R, tr (M1, M2)

5 R (M1)

SR (M2)
™NH,, YNgH (M2), yYNgH (M1)

T™NH,, YNgH (M1), yYNgH (M2)

T™NH,, 8R, 8CgNg, vC4Ng, YNgH (M2), yYNgH (M1) (D3),
8r0aNH2, 8R, 8CgNg, YNgH (M1, M2) (DCP)
yYNgH, TNH, (M2, M1) (D3),
8r0aNH2, 8R, 8CgNg, YNgH (M1, M2) (DCP)
T™NH, (M2), YNgH (M1) (D3), TNH,, YNgH (M1, M2) (DCP)
TNH, (M1), yNgH (M2) (D3), tNH,, yYNgH (M1, M2) (DCP)
TRr (M1, M2) (D3), YyaggNH2, TRr (M1, M2) (DCP)
TRr (M1, M2) (D3), YyaggNH>, TRr (M1, M2) (DCP)
3CgNg, OR, dr (M1) (D3), 5CgNg, dR, dr (M1, M2) (DCP)
TRr (M1, M2) (D3), 3CgNg, 6R, or (M1, M2) (DCP)
wRr (M1, M2)

YwaggNH2 (M1) (D3), TRr (M1, M2) (DCP)
YwaggNH2 (M2) (D3), YyaggNH, (M1, M2) (DCP)
YuwaggNH2 (M2) (D3), YyyaqgNH, (M1, M2) (DCP)
tRr, yCe¢Ng (M1, M2)
tRr, YCe¢Ng (M1, M2)
intermolecular mode
intermolecular mode
intermolecular mode
intermolecular mode
intermolecular mode

intermolecular mode

@Abbreviations: v = stretching; 5 = in-plane bending; y = out-of-plane bending; T = torsional; sciss = scissoring;

rock = rocking; wagg = wagging; asym = asymmetric; sym = symmetric; R and r refer to the 6-membered ring

and 5-membered ring, respectively; M1 = Monomer 1; M2 = Monomer 2.

®M odes excluded from the anharmonic calculation.
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Table 16. Anharmonic vibrational frequencies (cm™) of adenine molecule in the stacked adenine-naphthalene dimer,

computed using B3LYP-D3 and B3LYP-DCP approaches, and corresponding shifts respect to the isolated molecule (Astacked).

B3LYP-D3 B3LYP-DCP Assignment®
Mode anharm Astacked anharm  Astacked
1 3520 -135 3537 -15.3 VagymNH>
2 3463 -18.5 3473 -10.7 VNgH
3 3425 -18.0 3433 -15.9 VemNH2
4 3117 52 3154 45 vCgH
5 3034 -8.1 3049 -18.6 vC,H
6 1627 34 1679 11 8esicNHa, vCsCs, VCeNg
7 1601 7.0 1648 7.8 VN3Cy, vCsCg
8 1562 2.8 1584 -14 SsissNH,, vC4Cs, vCCo
9 1483 12 1519 -1.9 vN,Cg, 6CgH
10 1464 0.4 1496 -15 VN;Cg, 8C,H, vC,N3, vCeNg
11 1408 15 1452 -1.0 vC4Cs, vC4Ng, 6C,H
12 1379 -0.9 1421 1.7 SNoH, 3C,H, vC4Ng, vCgNg
13 1338 12 1386 2.1 8C,H, vCgNg, SCgH, vCeNg
14 1326 -1.2 1367 2.9 YN;C,, vCsNy, vC,Cs
15 1301 4.9 1347 -0.9 vC,N3, VN;C,
16 1242 31 1271 45 8CgH, VN,Cg, SNoH
17 1227 25 1256 5.4 8roaNH,, vCsN5, vC N,
18 1122 0.1 1156 1.0 vC,Ng, 8t, vCeNg
19 1062 8.4 1089 6.0 vCgNg, NgH
20 1003 8.6 1011 131 Sr0akNHo, VN, Cq
21 954 15 970 -6.3 vCoH
22 931 2.2 944 15 3, vC,Cs
23 886 0.8 897 25 SR
24 805 -8.4 872 51 vCgH
824 114 yCgH
25 810 30.1 841 15 yCgH, TR, 11, YCeN,
26 718 33 734 18 VN3Cy, vCsN7, vC4Ng (ring breathing)
27 673 75 694 -5.4 vCgNe, tr, TR
28 654 31 665 -3.2 s
29 612 28 618 0.0 dr, vCsCe, OR
30 567 22.7 573 5.0 yNoH, yC,H, 1R, tr
31 523 18.3 532 0.2 O R, yNgH
32 518 20.0 520 8.1 TNH,, yNgH
33 522 30.5 520 58 yYNgH
34 461 -24.5 512 -11.2 T™NH,, 6R
35 291 -0.6 307 56 TRY, YoeggNH2
36 268 -8.6 275 -4.8 3CgNg, OR, or
37 218 212 203 -25.4 TR, YyogqNHa
38 168 -37.2 YeggNH2, TR
330° 1248 265" 159.4 YwaggNH2, TRr
39 164 74 166 13.6 Rr, YCsNg

#Abbreviations: v = stretching; 5 = in-plane bending; y = out-of-plane bending; t = torsional; sciss = scissoring;
rock = rocking; wagg = wagging; asym = asymmetric; sym = symmetric; R and r refer to the 6-membered ring
and 5-membered ring, respectively.

®M odes excluded from the anharmonic calculation.





