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Structures and Vibrational Spectra of Adenine and Protonated Adenine
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Abstract  The structures and vibrational spectra of neutral and protonated adenine molecules were calculated at the
B3LYP/aug-cc-pVTZ level. For neutral adenine, the NOH adenine configuration is more stable in energy of about
32.76 kJ - mol™ (6.28 kJ- mol™ by using the polarization continuous model (PCM)) than N7H adenine. Based on the
potential energy distribution (PED) calculated using the scaled quantum mechanical field (SQMF) procedure, we corrected the
assignments of some N9H adenine fundamental vibrations. There are five stable configurations for protonated adenine
and the isomer of adenine that is protonated at the N1 position is the most stable. Based on vibration analysis, we
assigned the fundamental vibrations of this configuration and analyzed the Raman spectra of adenine in the HCIO,
(pH=1) solution.
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Fig.1 Structures and atomic numberings of N9H, N7H and five low-energy configurations of protonated adenine
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1 B3LYP/aug-cc-pVTZ 7
Table 1 The relative energies of neutral and protonated adenine molecules calculated at
B3LYP/aug-cc-pVTZ level
Eneray" Neutral adenine Protonated adenine
N9H N7H PINO P3N7 P3NO P7N9 PIN7
AE 0° 32.76 1.51 0° 6.84 35.58 45.78
AE? 0! 6.28 0! 1.64 7.11 3.74 9.59

a) The unit of the energy is in kJ-mol™; b) using PCM model; c¢) The total energies of NOH and P3N7 are —467.49634 and —467.87011 a.u.,
respectively; d) The total energies of NOH and P1N9 are —467.52400 and —467.98089 a.u. using the PCM model, respectively.

T N1C2 NICo
, N9H , , ,
N7H 6.28 kJ-mol™'( 1). C2N3  C6NI10
N7H N9H , , . 6(C2N1Co6)
2.30x10%  7.91x10™® C-m, O(NIC2N3) O(N1C6C5)
N7H NOH 26.48 kJ - ( 4.4° 3.5°  3.3°.
mol™(  1). , Boltzmann , PIN9
12:11:201 (D(N1C6N10H15)=0.1°),
, NO9H 24, ( 106 N-m™ 48 N-m™)
5 ( 92N-m” 58 N-m™)
1 1 S5 N1 N9H
PCM , N1
N1 NOH « 1, N9H
P1N9) , [27] 2.2
2 NOH )
NOH PIN9 28 2a 2b
, C6N10 )
0.0013 nm. N1 Giese McNaughton 2002 81,
(A=2361.9, B=1576.1, C=947.3) Bl 10 cm™ ,
(A=2371.9, B=1573.4, C=946.3)" NH,
, , 1633.1599.1229 1005 cm™,
1623.1579.
1219 990 cm™.
2 , NOH C6N10
2 a
Table 2 Optimized geometries of neutral adenine and protonated adenine?
L(N1I—C2) L(C2—N3) L(N1—C6) L(C6—N10) 6(NIC2N3) O(N1C6C5) #(C2N1C6) D(NICO6N10H14) D(N1C6N10H15)
neutral cale.1®  0.1338 0.1331 0.1339 0.1350 128.4 118.5 118.8 177.1 3.0
adenine calc.2¢ 0.1339 0.1331 0.1348 0.1343 128.4 118.0 119.0 177.4 2.6
expt.! 0.1338 0.1332 0.1349 0.1337 129.0 117.6 118.8
protonated calc.® 0.1365 0.1300 0.1364 0.1320 124.4 113.8 124.0 179.8 0.1
adenine expt. 0.1362 0.1306 0.1360 0.1322 125.5 114.3 123.2

a) bond length in nm, bond angle and dihedral angle in degree; b) B3LYP/aug-cc-pVTZ; ¢) B3LYP/aug-cc-pVTZ combining the PCM model;
d) from Ref. [28], and they are average values from 21 crystal structures of adenine; e) from Ref.[28], and they are average values from

13 crystal structures of protonated adenine.
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Fig.2 Calculated and experimental Raman spectra ’
of adenine and protonated adenine molecules >
(a) calculated using B3LYP/aug-cc-pVTZ for adenine molecule; . 5 ,
(b) solid powder with excitation at 632.8 nm for adenine molecule; (P1N9) 3
(c) calculated using B3LYP/aug-cc-pVTZ and PCM model for ’
protonated adenine molecule PIN9; (d) Raman spectrum
of protonated adenine molecules dissolved in HCIO, (0.1 mol-L™) 3 500-1600
with excitation at 325.0 nm cm™ 3] . [11]
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Table 3 Theoretical and experimental vibrational frequencies and assignments of protonated adenine

vfem™  Vpgw/em™  vped/em™ F/(kmemol™) 10'S¢/(nm*+amu™) veu/cm PED Mode description®
- - 3480 283.7 98.6 3329 516(98) NH, as str
- - 3370 632.3 495.8 3224 515(99) NH, s str
- - 3229 616.8 410.1 3098 s14(99) NH str
- - 3156 29.7 285.0 3053 s13(99) CH str
- - 3138 624.5 284.9 3013 s12(94) CH str
- - 3114 17.0 212.6 3000 s17(93) NH str
1690 - 1691 1366.7 4.8 1682 s11(34),55(32) CN str
1634 1616 1628 237.0 67.1 1620 52(23),528(21),56(16),511(12) CN str
1617 1584 1603 46.4 61.8 1595 528(58),529(14) NH, sciss
1596 - 1592 17.5 29.6 1584 $3(19),s10(13),s2(11),s4(11),524(10) CN str
1512 1502 1506 50.4 355.9 1499 54(26),58(23),525(17),s3(10) CC str+CN str
1474 - 1454 92.5 12.7 1447 s11(19),56(16),529(15) CN str+CH bend
1416 - 1440 35.5 119.7 1433 $8(25),510(24),53(16),52+54+522(27) CN str
- - 1428 1.7 92.5 1421 524(26),51(23),529(22),55(16),52(11) CH bend+CN str
1396 - 1394 101.9 243.3 1387 59(29),526(21),5s25(11),52(10),5s4(10) CN str+NH bend
1359 1352 1359 53.9 34.4 1352 524(34),5s8(11),s2(10) CH bend
1330 1313 1321 26.7 143.3 1314 57(42),s6(11) CN str
1226 - 1251 62.0 85 1244 525(31),58(19),56(10) CH bend+CN str
1172 - 1179 45.6 15.1 1173 51(25),527(18),529(12) CN str+NH, rock
1128 - 1143 12.0 28.3 1137 s1(21),s3(10),s10(10) CN str
1066 - 1083 10.1 26.3 1077 59(50),526(33),525(10) CN str+NH bend
1004 - 1002 1.9 12.2 997 527(52),56(23),51(8) NH, rock
- - 954 1.9 1.7 949 s31(92) CH o-o-p
947 - 945 33.5 28.6 940 521(70),54(11) ring-str
- - 399 8.7 3.4 894 $32(109),539(27) NH o-0-p
902 - 897 378 17.7 892 s18(53),520(13) ring-str
812 - 817 10.0 3.4 813 538(43),535(40),530(23),s36(14) ring-tor
- - 724 92.6 0.9 721 $34(63),530(24),s35(14) N*H o-o-p
722 720 713 13.7 89.7 709 53(20),54+55+56+57+510+520+521(48) CN str
697 - 680 56.4 0.4 676 539(48),530+534+s37(24) ring-tor
646 - 650 46.3 0.2 647 539(50),530(28),533(21) ring-tor
622 616 621 148.9 0.2 618 533(99),538(46),539(21) N*H o-0-p
580 - 596 7.1 35.0 593 522(39),520(28),55(22) ring-str
566 - 568 2.4 2.1 565 §37(13),533(12),s35(12) ring-tor
530 526 528 27.0 7.7 525 520(22),523(20) ring-str
- - 513 13.3 0.2 510 s41(92) NH, tor
509 503 511 1.2 7.7 508 519(66) ring-str
- - 384 317.6 2.8 382 s42(107) NH; o-o-p
- - 286 0.2 0.1 284 §36(35),540(30),537(13),534(10) ring-tor
- - 271 13.2 8.0 270 523(62),520(19) ring-str
- - 199 50.4 0.0 198 s40(53),536(23),s37(11) ring-tor
- - 152 19.0 0.8 151 537(64),535(39),536(18) ring-tor

a) IR of protonated adenine in gas from Ref.[11]; b) Raman Shift of adenine in HCIO, solution (pH=1) from Fig.2c; c) the calculated frequencies of

vibrational spectrum; d) the calculated IR intensity; e) the calculated Raman scattering factor; f) the calculated frequencies of vibrational spectrum

using the scaled quantum mechanical field (SQMF) procedure; g) abbreviations used: str, stretching; bend, bending; def, deformation; sciss,

cm
C8H

scissoring; rock, rocking; tor, torsion; 0-o-p, out-of-plane; s, symmetric; as, antisymmetric.
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