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Fig. 1. Optimized geometries of the ground state 2-
thiouracil and its tautomers. The geometries have been op-
timized using the B3LYP method and the 6-311++4+G(2d,
2p) basis set (Colors in graphical representations corres-
pond to atom types as follows, red: oxygen; white: hydro-

gen; gray: carbon; blue: nitrogen; yellow: sulfur).
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F 1 BIRMERESS T RO AR S AR E W R AR R L, R4 HE SR 2% BSSE, CP RIEJS S G RE AEce FMBIRAR 1
Table 1. Relative energies, BSSE, CP-corrected binding energies AEcp and dipole moment of 2-thiouracil and its tau-

tomers.

Method 2-thiouracil Tautomer 1 Tautomer 2 Tautomer 3
CCSD/6-3114++G(2d, 2p) 0 46.31 93.59 70.43
MP2/6-311++G(2d, 2p) 0 30.88 61.75 50.17

B3LYP/6-31G(d) 19 0 221.92 238.32 222.88
CCSD(T)/Aug-cc-pVDZ!'! 0 48.24 94.56 76.22
BSSE 0.54 0.43 0.61 0.49

AEFEcp /(kJ-mol 1) -18.37 -18.44 -22.33 -33.63
u#/Debye 5.13 5.12 4.66 4.92
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Fig. 2. The evolution of the geometrical structures of 2-thiouracil and tautomer 1 during dissociation.
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Fig. 3. The evolution of the geometrical structures of tautomer 2 and tautomer 3 during dissociation.
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Fig. 4. The potential energy profile of the 2-thiouracil dissociation.
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Fig. 5. The potential energy curves for the N—H and the
C—H bond in 2-thiouracil dissociation obtained from
B3LYP/6-311++G(2d, 2p) calculations.
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Fig. 6. The potential energy profile of the tautomer 2 dissociation.
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fife Bk R, AR AR 2T ik &
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K. et FE F E ARG 2 B C—H B L b2
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BrEWIREE N 12.15 kJ /mol. " H ML Z R, Hillk
W IE ] D 525 AR S O R ) (A5 L
l 4), Hofg g B g i T — 2.

i BSLYP/6-311++G(2d, 2p) A7z
T bR e AR FA R 2 7E BOMD AR4LI Bk 25
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RemhZe, El 7 s, TERE 2, 23 nil X s
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HE O—H B 1Y fiff 25 %+ 42 (115.05 kJ /mol) ik T H:
C—H §# F1 S—H 5 fif &5 % 2 (164.01 kJ/mol#l
185.35 kJ/mol), Bl s iz 5 A% S A A 2 (1 £k~ i
C—H 8. O—H # A S—H & iY $ Ak il A8 1k 4
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Fig. 7. The potential energy curves for the C—H , the
O—H and the S—H bond in tautomer 2 dissociation ob-
tained from B3LYP/6-311++G(2d, 2p) calculations.
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Fig. 8. The potential energy curves for the Ny—H bond in
tautomer 3 dissociation obtained from B3LYP/6-3114++G
(2d, 2p) calculations.
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B, C—H B8R S—H #fb =8 W 2, (i %A
AR A, XTI AT RRIE LY (4) =X e ilia
kM CCSD Jriki 5 1 AN ) o7 15t 0BT i S ik 2
RE, IR I LA S A R ) L TR R RE LA IR L R
B (TU-H) /9 B 3% 2 91 7 U s e B
He 3 AELAR SR A G5 AN Rz i S T s 1) S
S HE (bond dissociation energy, BE) , i 3%
FIHE (adiabatic electron affinity, EA) 1 (TU-H)
1% 1 H P # (appearance energy, AE) . 115 45
SENBE I Y A 2RI, TEGR IR e o) S H B AR 53

& 88.77 kJ /mol; K& H AR SRy K 1 Ny I

Ny (&, /M RE N 91.66 kJ /mol.

# 2t CCSD T3 J5 % 345 B Ik vai ne S LA
7 SR A A3 AN [ A7 G U 7 1) S e B R, 4
PR TR FIRER (TU-H) 708 7 H B3 (R
4 kJ /mol)

Table 2.
batic electron affinity and the appearance potential
of the (TU-H) obtained from CCSD calculation

method of dehydrogenation of 2-thiouracil and its

The bond dissociation energy, the adia-

tautomer at different positions (all values in kJ/mol).

Bond  BE EA AE
S o B e = Ay
Ht A, Ny O B 5y e R AT TR 6 s 2-thiouracil N;—H  58.86  3630.73  2047.41
h (TU-H) . ZERUIKERER A SFAK 1, C fif Ny—H 10806 5957.95  46.31

B AT AR 71 7 (TU-H) M3 C—H 37822 21323 16499
M, FLAE 2k 378.22 kJ/mol A 382.08 kJ /mol. Tautomer1  N,—H  59.82  40.52 19.3

A VE RO, A2 AR M 2 W i R R

U8 T (TU-H) BOTE Bt H 4 B . Kopyra g
245 01 1T G2(MP2) HH Iy et EAR 045 1. i i s
N, 7 B 45 o K KA T e i 8 1A C—H 34348 22288  165.95
(TU-H), Hf#EfEHN 53.07 kJ /mol, HUKE Ny {7 Tautomer 3 N,—H 16595  60.79  105.17
B, R EHEN 96.49 kJ/mol. {HHE R, ik C—H 38498 22481  160.17
VR 5 3 AT SRR B R, A EATRO M SH 12067 19005 200

A PR T E FBE (/N T 289.46 kJ/mol), Ji HIEH F 3 th COSD H3 Iy ik 3 B IR s 0 S 3 17 A5
W 4 4 T3 FIRE/N T 213.23 1 Jmol. 335t SRR (6) AT (7) BT 0 MR RSB
H, NS0T 2R IEAE (L2 N (RS o)

N;—H %Eﬂ:‘n C—H %EE/‘J)EJ [%’ Xd‘ﬁ Hﬁﬁ %ﬁ%iﬂ"]’ﬂﬁ quired to obtain 2-thiouracil and its tautomer disso-
HEAEH]. [F, CCSD THA 45 SRR 2 1 A IR 85

ciation channels (6) and (7) by CCSD calculation
B4y T 5L AE T (289.46 kJ/mol) I e 5 S ey method (all values in kJ/mol).
FEMERYEIE. Bond

The minimum dissociation energy  re-

Ery—amy—+u+0 E(ru—my) - +n,

E BOMD BUGIRRNE b 7 RS gt Hemn N s
VBB T, 460 T 5B TR (TU-2H) . % e o
TR R T RERE 2 Al i (5) ORI (6) AR S Tautomer 1 N—HN;—H  507.24 91.66
WIETE L. BT, R CCSD Jy ¥ %o i Jigk g i N,—HC—H 528.74 160.17
oy ¥ RIH AR SRR rTREIZ AL (5) 20 (6) X Ny—HC—H 59145 162.09
AR EE TR MBI RIS, Bk P4 Twomer2 OTHSTH s 24
H BT d 1 /NI B 122 25— H, 50 F s oo o
B/\J%/J\%%ﬁg’ Eé§%§Uﬂ:%‘:€ 3. M%‘% 3 EI [/\/{E‘ Tautomer 3 N;.—HC—H 604:96 166:92
RS IEIE (6) =X EE AR B REVE A 89.10— N,—HS—H 640.66 329,01
362.78 kJ /mol, T fi &5 i (5) = 75 1 % 25 e C—HS—H 651.27 362.78
1E 446.73—651.27 kJ /mol 75 FBl N . 76 H AW i
B RN S R 5, A5 R R R s e S 4 2 B

AR SR A U R A B AR R A S R K — A
H, 0. FEff s i e v, BRARMENE e o K &
ST IIALE R Ny ANy 78, Hod /Mg B RE it

i i1 32 Fl BOMD # B Z5 & %5 3 77 bR BHIE 1
B3LYP Z4fkiz o, DL K 6-311++G(2d, 2p) L4,
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PRIE T AR T i M s 1 5 {1 A P, 1 BA A 2 3
J35 ak FE LG R BE B R 15 (CCSD/6-
311++G(2d, 2p)), FKUIELIRIENE S 3 S H AR 5
P TT LIRS R AR e A7 BOMD 48l 45 51 &
IR I i K A S b A A A fip g ot A —
NEZEMB ARG, BIFEE O & b8 N—H
i, C—H SR, [ HAE N A 80R C ik AE
i, TR B AR P i R S R —— ]
FCEME R T (TU-H); [Ali, a8 WEEH] T 1708
T (TU-S) #1 (TU-2H) BB &, R T 5B MR ZA
PRG35 B 2 i fh stk T34 ae i Ze 49
i, SEAR B RE, BT REAIRELL B T (TU-H) H
B IEATTHRENT H, & BUAE T 24 A 1k 27 g o
N—H MR 1A E LIS o KB, s+
(TU-H) AT i B 2R T N—H A, Ao
RIS TS5 R 5 A SCIR AR ST 45 R AT B A AT,
P P e I T T g e 4 T SE Y. BOMD #
PIAALAT LB 25 340 S50 I 35 WE 5 1 FE F, WO R
B AR, WE AR T IRZI M UG RETR IR I 4
MR 80 e 5 R v S P A LSRR 2 A
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Abstract

When biomolecules interact with high-energy particles and rays, they are directly ionized or dissociated,
then a large number of low-energy electrons are formed as secondary particles. These low-energy electrons will
attach to biomolecules, and trigger off the secondary dissociation, forming free radicals and ions with high
reactivity, which can damage the structure and function of the biomolecule and cause irreversible radiation
damage to the biomolecule. It is important to study the low-energy dissociative electron attachment (DEA)
process of biomolecules for understanding radiation damage to biological organisms. Currently, the theoretical
studies of DEA have mainly focused on the bound states of negative ions and the types of resonances in the
dissociation process. The dissociation process is well described by quantum computational method, but the
diversity and complexity of dissociation channels present in the dissociation process of 2-thiouracil molecule also
pose a great computational challenge to these methods. In addition, the quantum computational methods are
not ideal for dealing with the discrete states of chemical bonds and the problem of continuity coupling of
electrons. The dissociation dynamics of biomolecules mainly results from ionization and electron attachment. Ab
initio molecular dynamics simulation can reasonably describe these processes. In light of these considerations, ab
initio molecular dynamics simulation is used in this work to study dynamic variation process in DEA. The low-
energy electron dissociative attachment to 2-thiouracil in the gas phase is studied by using the Born-
Oppenheimer molecular dynamics model combined with density functional theory. It is found that an important
dehydrogenation phenomenon of 2-thiouracil and its tautomers occurs in the DEA process, and that the N—H
and C—H bond are broken at specific locations. Due to the loss of hydrogen atoms at the N and C sites, the
closed-shell dehydrogenated negative ion (TU-H)  forms, which is the most important negative ion fragments in
the dissociation process. The potential energy curves, the bond dissociation energy and the electron affinity
energy of the broken bond show that the N—H bond is the most likely to break, indicating the formation of the
negative ion (TU-H) mainly comes from the breaking of N—H bond. The theoretical calculations in this work
are in good agreement with the available experimental results, indicating that the chosen calculation method is
fully reliable. The BOMD simulations can not only dynamically recover the process of dissociative attachment
of low-energy electrons to 2-thiouracil, but also more importantly provide an insight into the mechanisms of
dehydrogenation and dissociation channels of 2-thiouracil molecules in DEA process.

Keywords: Born-Oppenheimer molecular dynamics, density functional theory, dissociative electron

attachment, 2-thiouracil
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