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The potential energy surfaces of the neutral and anionic thymvirager complexes are investigated using
high-level ab initio calculations. Both dipole-bound (DB) and valence-bound (VB) anionic forms are considered.
Four minima and three first-order stationary points are located, and binding energies are computed. All minima,
for both anions, are found to be vertically and adiabatically stable. The binding energies are much higher for
valence-bound than for dipole-bound anions. Adiabatic electron affinities are in th28GémeV range for

VB anions and the 460 meV range for DB anions, and vertical detachment energies are in the98%8

meV and 16-70 meV range for VB and DB anions, respectively. For cases where literature data are available,
the computed values are in good agreement with previous experimental and theoretical studies. It is observed
that electron attachment modifies the shape of the potential energy surfaces of the systems, especially for the
valence-bound anions. Moreover, for both anions the size of the energy barrier between the two lowest energy
minima is strongly reduced, rendering the coexistence of different structures more probable.

1. Introduction (RET). Recorded spectra of uracil (U) and thymine (T), obtained
by PES® and RET experimenfsshowed a typical feature of
DB anions: a sharp, intense peak between 0 and 0.1 eV. This
particular shape of the spectrum is a consequence of the fact
that the attachment of an electron in a DB state does not perturb
fthe geometry of the neutral precursor significantly. In a

Electron trapping by nucleotide bases has a crucial importance
in understanding the mechanism of DNA-base damage due to
high energy radiation. Radical anions resulting from electron
attachment to DNA and RNA bases may participate in a chain

of chemical reactions that can lead to a permanent alteration o - .
the original bases. Generally, two different types of anions can Subsequent study, RET spectroscopy showed that it is possible

be produced by an excess electron attachrhéntonventional to obtain a VB anion of isolated uracil by eI_ectron attachment
one, called a valence-bound (VB) anion, is obtained when the t© the Ar=U complex, followed by evaporation of argéh.
excess electron occupies a valence molecular orbital. VB anions  The first theoretical calculations of electron attachment on
are characterized by significant changes in geometry upon theisolated urac#® and thyminé® were restricted to dipole-bound
capture of the electron. The second type, usually referred to asanions only. Later, a first positive estimate of AEA for the
a dipole-bound (DB) anion, is found in polar molecules that thymine VB anion was calculatéd.Recently, we have rein-
exhibit a large dipole moment in their neutral form. The vestigated both valence- and dipole-bound anions of thymine
minimum value of the dipole moment needed to bind an electron at a high level of theory® This work supported the previous
was first estimated by Fermi and Teller in 19%4For molecular  evidence for the simultaneous existence of both DB and VB
systems, this value depends on the molecular moment of idertia, adiabatically stable anions of isolated thymine, with the VB

but as a rule of thumb the value 2.5 D is usually adoptéd.  anion having a small adiabatic but a large vertical stability. The
DB anions, the excess electron is loosely bound primarily pB to VB orbital electron transfer has been studied by
because of the electrostatic charge-dipole interactidrand Sommerfeld® who postulated the possibility, for isolated uracil,

dispersion interactiofis'! between the electron and the neutral of 5 decay of the higher energy VB state via a vibrationally
molecule. The resulting anionic wave function is very diffuse, aycited DB state. For systems where the VB anion is the most
and only small geometrical relaxation occurs upon electron giple. like hydrated DNA bases, DB states may act as

capture. . “doorways” to the formation of VB anion.
Electron attachment to DNA bases has been studied exten- . . i :
Hydration of nucleic acid bases is of fundamental importance

sively, both experimentally and theoretically (for a recent review, b biological pr. take bl i an viron-
see ref 12). It is usually described in terms of properties such ecause biological processes take piace In an agueous enviro
ment. A consistent number of studies have focused on the

as adiabatic electron affinity (AEA), vertical electron affinity ) . . S .
(VEA), and vertical detachment energy (VDE) microhydration of uracil, which is the structurally simplest base.
L : . ; o Neutral complexes composed of up to seven water molecules
Two main experimental techniques for the investigation of . o
P d g have been studied by ab inittb?® and DFT methodd* 3!

electronic properties of molecular anions are photoelectron _y X
spectroscopy (PES) and Rydberg electron-transfer spectroscopyReCently, & system consisting of uracil and 4fDHnolecules
as been investigated using ab initio molecular dynamics

T Part of the special issue “tyen Troe Festschrift”. simulations¥ raising interesting questions about the role of finite
* Corresponding author. E-mail: daniel.svozil@uochb.cas.cz. temperature and system size on DNA bases hydration. Thy-
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mine—water complexes were considered as well in some of the
aforementioned work&:23 ™~ . mai
Regarding the composite effects of hydration and electron vo{\éf“‘ . Jor groove edge
attachment, it was shown experimentally by Bowen et*ahat W .
the addition of a single water molecule strongly stabilizes the '~ 0 H
valence-bound anion of uracil. Very similar results were A || /
obtained for microhydrated thymirfé:the onset of the PES \ B ca A /H
spectrum for a singly hydrated thymine, corresponding to the H C
AEA value, was found around 0.3 eV, while the maximum N / \ ~ TH
(VDE) was located around 0.9 eV. N3 Cs

The first theoretical calculations by Adamowicz e#4failed c
to reproduce the stabilization effect of hydration on the valence-
bound anion of uracil. Three structures, corresponding to three 2 C6
energy minima of the complex, were considered, and calcula- / \ / N
tions converged to adiabatically and vertically stable DB anions 0 N1 H
in all configurations. The reason VB anions were not found is D |
probably due to the fact that geometry optimizations were Mg,
performed only at the HF level of theory. The addition of two Of'g,\o
water molecules allowed one to converge the calculations to a e eq,
VB anion U-(H,0);~, the energy of which approached the Se
energy of the neutral systethialthough a still slightly negative Figure 1. Chemical formula and atom numbering of thymine. Atoms
value of the AEA was computed. This result is in disagreement of water are indicated in text asy@nd H,. In nucleoside, the sugar is
with experimental finding@ bonded to the N1 atom. Adenlrje is bonded toliB and G=C4. Minor

. . . and a major groove edges are indicated. Positions of water in our system

Ortiz et al¥” performed calculations of the uraeivater are denoted with A, B, C, and D.
complex at the MP2/6-31+G** level of theory. Four minimal
structures of the complex (plus three isomeric forms) were attachment on the shape of the potential energy surface of the
considered. Only valence-bound anions were obtained, and threghymine—water complex.
out of the four minima were found to be adiabatically stable.
Although these results are in better agreement with experiments2. Methods
than previous calculations, the authors anticipated that “larger

basis sets and more complete correlation methods are likely tothymine molecule: atoms of water are denoted in the text as

produce larger VDEs and AEAS™. Oy and H,. First, four minimum energy structures, obtained
VDEs of the same four BH,O complexes were computed  exploring the potential energy surface of the neutral thymine
by Gutowski et af® The authors found that the level of theory  water complex by a molecular dynamics/quenching technique,
used, B3LYP/6-3++G**(5d), overestimates the VDE of bare  were taken from a previous study of Hobza et3abtructures
uracil by approximatively 200 meV and, therefore, they assumed were then reoptimized at MP2 level with the 6-31G* basis set,
that the same error may affect the results obtained for the and vibrational frequencies were computed at the same level to
hydrated uracil. ensure the minimum character of the stationary points. Three
An interesting anionic form of the YH,O complex was transition-state (TS) structures connecting pairs of minima were
discovered by Adamowicz et &° who found a structure (called  optimized at the same level of theory. Intrinsic reaction path
AISE, anion with internally suspended electron) with the (IRC) calculation$’ were performed to compute a minimum
electron positioned between uracil and water; this structure hasenergy path passing through the seven (four minima and three
a high VDE but a quite large negative AEA and, therefore, can TS) stationary points.
only exist as a metastable state that will interconvert to either ~ Different levels of theory (in particular basis sets) were used

a stable valence form of anion or that will lead to electron to study VB and DB anions of the thyminevater complex. In
detachment. both cases, the frozen core approximation was used for
To the best of our knowledge, only minimum energy correlated calculations, and VEA, AEA, and VDE were obtained

configurations were considered so far in theoretical calculations Tom the supermolecular approach using the following refation-

H —— sugar is attached here

Figure 1 shows the structure and atom numbering of the

of anionic hydrated uracil (or thymine); first-order transition SHiPS
states were characterized for the uragilater complex? but (T—Hy0) (T—H,0)
only in its neutral form. The energy barriers were found to be VEA= Er o) — Er-nio)y (1)
too high for thermal transitions between adjacent minima at
room temperature. _ =(T-H0 T—H,0)~
P AEA= E§T—H§o§ - EgT—Hio;— )

In the present contribution, the methodology applied to
isolated thymine previousl is used to investigate electronic (T—H,0) (T—H,0)
affinities of the thymine-water complex. Combining the two VDE=Ex o) — Errio) 3)
studies, we present an accurate investigation of the influence
on thymine of electron attachment, microhydration by a single where the subscript indicates whether the energy has been
water molecule, and microhydration and electron attachment computed for the neutral or anionic complex, and the superscript
at one time. Four minima and three transition-state structuresdefines at what geometry the energy is evaluated. This also
are considered, and for all geometries both DB and VB anions implies that the calculations of stationary points of the neutral
are found. Moreover, energies of transition states of the neutral complex were refined at the higher level of theory used for the
and anionic forms are determined to elucidate the role of electronanions, specified in the following subsections.
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Resolution of the identity MP2 (RI-MP2) optimizations were of neutral and anionic thymirewater complexes differ by less

carried out with the computer code Turbomole #.2ll of the than 2 meV).

remaining calculations were performed using GaussidA03. 2.2. Valence-Bound AnionsBecause of the relatively high
2.1. Dipole-Bound Anions.To describe dipole-bound elec-  computational demands of MP2 calculations with the employed

trons properly, standard basis sets (in our case-6&31and basis sets, the approximate resolution of the identity MP2 (RI-

aug-cc-pVDZ?) have to be augmented with an additional set MP2) method®“°was used for geometry optimizations. In the
composed of very diffuse functions. The nonspherlcal character R|-MP2 approximation, two-electron four-center integrals are
of the excess electron necessitates the inclusion of higher angulateplaced by linear combinations of two-electron three-center

momentum functions. It has been shown previotfsiyat the integrals, which are easier to compute, via the introduction of
inclusion of S and P functions already accounts for more than an auxiliary fitting basis set, and a lower number of integrals
90% of the binding energy at the MP2 level of theory. needs to be computed and stof&f° This allows a speedup

Therefore, only S and P additional diffuse sets were added. of RI-MP2 calculations compared with standard MP2 that
Within relatively broad margins, the exact position of the diffuse depends on the details of the calculations but reaches 1 order
sets has little influence on the resuftd®184Because the orbital  of magnitude easily85051Regarding the accuracy, it has been
occupied by a DB electron is centered outside the molecule shown on several systems that, with an accurate choice of the
toward the positive end of its dipole moment, it is common auxiliary fitting basis set, energies and structures computed with
practice to place them there. In our calculations, the additional MP2 and RI-MP2 methods do not show significant differ-
diffuse functions were placed on the atom closest to the positive ences'®5152 |n particular, interaction energies of selected
end of the dipole moment of the neutral complex. H-bonded and stacked DNA base pairs, computed with MP2

The additional S and P diffuse functions have exponents and RI-MP2 methods, are almost identitahnd we showed
= ouq %, i = 1..n.*° Three parameters have to be determined: in a previous contribution that the AEA of the VB thymine anion
the lowest exponenty,, the progression parameteg,and the differs only marginally ¢1 meV) when computed with MP2
length of the sequence (i.e., the number of additional S and Pand RI-MP2 method®
sets),n. To obtain these parameters, we followed the procedure A procedure similar to that adopted in our previous study of
developed by Gutowski et &. The value of the highest jsolated thymin& was applied to the geometry optimization of
exponent should be smaller than the exponent of the most diffusey/g anions. Geometries of the neutral complex were used as
function in the standard basis set by at least a factor of 2. In starting structures and were first optimized at the RI-MP2/6-
the present work, its value was obtained simply by halving the 371G+ |evel. Subsequent optimizations were performed at the
value of the smallest exponent appearing in the standard basisz|-Mp2/aug-cc-pVTZ level. The preliminary optimizations with
set. the 6-31G* basis set converged to complexes characterized by

The value of the progression parameter depends on the valuey nonplanar ring, and the following optimizations at RI-MP2/
of the dipole moment of the neutral molecdfezor molecules  aug-cc-pVTZ converged to the correct VB structures. In this
with dipole moments in the 3:04.5 D rangeq adopts values  \yay, we avoided artifacts of direct optimizations at the RI-MP2/
between 3.0 and 50:**To increase the numerical stability and  aug-cc-pVTZ level, that tend to converge to higher energies,

the efficiency of our calculation¥,we utilized a value ofj = corresponding to hybrid dipole-boungtalence-bound struc-
5.0. To determine the length of sequemg&CF orbitals of the  regl8

neutral complex were computed with the diffuse set present,

. ) ) - In the case of TS calculations, a proper choice of startin
andn was increased until the molecular orbital coefficients of prop 9

. . X ) guess structures proved to be particularly important. Thymine
tbhe _mosttdtl)ffuse sets \{vereﬂén(;)t dominant, that is, the extra diffuse atomic coordinates were taken from the RI-MP2/aug-cc-pVTZ
asis se eriame satura | ; & h h . foptimized geometry of one of the two minima connected directly
Because electron correlation effects change the properties ofy, 1he (ransition structure. The water molecule was initially

; iqanifi 11,45 i - ; it i
DlB anions ?flgr_n_flcantlﬁ_ ar?d beca]chs_e the computatlonho(l; placed in the same relative position to the thymine molecule as
electronic affinities requires the use of size-extensive methods, i, the neutral TS structure (optimized at the same level of

geometry optimizations were performed at the MP2/aug-Cc- yha4rv) Compatibly with minima calculations, final optimiza-

pVDZX Ie_vel X |nd|cat‘_es the additional diffuse basis set). tions were performed at the RI-MP2/aug-cc-pVTZ level.
Ass.umlng .th.at the difference petween CCSD(T) and MP2 Complete basis set (CBS) MP2 energies were estimated using

energies QXh'b'tS onlyasma_ll basis set dependéhtiCCSD- the extrapolation scheme developed by Helgaker &%l

(T) energies can be approximated as utilizing Dunning’s augmented correlation consistent basis sets

of double- and triplez quality:3

ECCSD(T) —
aug-cc-pvVDZX —

MP2 CCSD(T) _ =MP2 HF _ HF
Eaug-cc-pVDZX + (E6-31+G*X E6-31+G*X) (4) Eoo Eaug—cc—pVDZ

+
(E:L'J:Q-CC-pVTZ_ E:Eg-cc-pVD2/0-760691 )]
where ESSsPC) and ENRZ, ., are computed at MP2/aug-cc-
pVDZX geometries. EMP2 = Eg"u';?cc_pVDz+
Because no substantial spin contamination was observed in MP2 MP2
any calculations of DB anions, unrestricted CCSD(T) and MP2 (Eaug-CC-pVTZ_ Eaug-CC-pVDQ/ 0.703704 (6)
methods were used. To improve convergency, the HF/aug-cc-
pVDZX orbitals of the neutral complex were used as a starting  Because of the presence of a nonnegligible spin contamination
orbital guess. (B~ 0.80), single point energy calculations were performed
Because of the negligible geometry difference between DB for optimized structures with the spin-projected MP2 method
and neutral complexes, we assumed that zero point energy (ZPEYPMP2) with the aug-cc-pVDZ and aug-cc-pVTZ basis 3éts.
corrections are the same for DB and neutral complexes (as aBecause no substantial spin contamination was observed at the
check, we found that in the structure denoted below as D, ZPEsCCSD(T) level, unrestricted CCSD(T) was used in our calcula-
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plane; therefore, higher angular moment basis sets are required
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’,\Tz \\\ to describe the watetthymine interaction energy correctly.
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2 7 A set of six IRC calculations, two for every TS structure,
M. o h i have been performed to ensure that minima and TS are
B \’

N
c connected by a single minimum energy path. Because of the

high computational demand, calculations were performed at the

larger basis sets reduce the size of the energy barriers between
adjacent minima. Moreover, smaller basis sets, like 6-31G*,
consistently overestimate the energy of complex A. This is due
to the fact that the water molecule lies outside the thymine ring
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MP2/6-31G* level. Figure 3 shows the resulting path. The
situation is, however, somewhat more complex than it may
appear. Because of the high number of degrees of freedom of
the system and symmetry properties, more isoenergetic isomers
reaction coordinate [arbitrary units] of the stationary points exist. For example, the IRC branch
connecting structure T2 with minimum C converged to a

'
|

Figure 2. Relative energies and optimized geometries of stationary

points of the neutral complex. different, isoenergetic structure than the branch connecting
transition point, T3, with the same minimum, C (see Figure 4).
TABLE 1: Relative Energies, Expressed in kcal/mol, of The minimum energy path is therefore not unique because some
Neutral Complexes Computed at Different Levels of Theory bifurcation&® are present.
MP2 MP2t+AEcc? Valence-Bound Anion. Figure 5 shows the geometries of
complex 6-31G* aug-cc-pVDZ aug-cc-pVTZ CBS CBS CBZPE the VB anion stationary points. As expectéd’385¢elaxation
A 6.13 419 4.30 436 424 377 of the structure upon electr.on Qttachment Igads to majpr
B 157 1.65 157 153 1.53  1.40 structural changes. The thymine ring of the anion complex is
C 1.98 1.86 1.84 1.84 1.69 150 puckered significantly, and, in minimum structures the weaker
D 0 0 0 0 0 hydrogen bond between water and thymine is broken, leading
% g-gg i-gg i-gg i-;g i-g? ‘3‘-;8 to the creation of electron-deficient areas where the excess
T3 834 565 577 584 558 476 electron can attact. The puckering of the ring implies less
severe antibonding interactions, and, therefore, stabilization of
* AEcc = EgGire? — Epsnier the anion®® The H-bond pattern remains unchanged in structures

T1 and T3, whereas in T2 the NHO,, bond is replaced by
tions. As explained above, CCSD(T) energies were extrapolatedyyo CO-+-H,, bonds. We notice that the water molecule, in
as follows: structure T3, moves out of the thymine plane upon electron

attachment.

EgCSD(T)z ENPZ+ (Eg_‘;fféP - EQ,”_Z@G*) @) The relative energies of the different structures are reported

in Table 2. The energy barriers between structures A and B

Finally, because of the significant differences between neutral and C and D are lower than those in the neutral complex (less
and VB optimized geometries, ZPE corrections, calculated at than 1 kcal/mol). The stability order of minimal structures is
the RI-MP2/aug-cc-pVDZ level without the inclusion of any different than that for the neutral compl&38structure B now
scaling factor, were added to computed energies. We notice atbeing the lowest in energy.
this point that, for both VB anions and neutral complexes, the  Table 3 reports the computed values of AEAs and VDEs of
ZPE values of the TS structures were computed without minimum structures. At the PMP2/aug-cc-pVDZ and PMP2/
including the contribution of the single imaginary frequency. aug-cc-pVTZ levels, three and two complexes, respectively, still

have negative adiabatic electron affinities. The addition of ZPE
3. Results and Discussion corrections, computed at the RI-MP2/aug-cc-pVDZ level,

Neutral Complex. Figure 2 shows the minima and transition- combingd with_the extrapolation to the complete basi_s set Ii_mit,

results in positive AEAs for all of the structures. The inclusion

state structures for the neutral complex, optimized at the RI- ¢ sindl X . d with th
MP2/aug-cc-pVTZ level. Al structures are characterized by a ©f Single-point CCSD(TI)E é:gsr:g?%tlons CGomputed with the G

planar thymine ring. In structures-B, the water molecule ~ Pasis setAEccspm) 6-31+G* -3.1+G*) further increases

interacts with thymine via gHy++-O and NH--O,, hydrogen these values by about 20 meV; the final values of AEAs range

bonds. The water hydrogen and oxygen atoms involved in the from 66 to 287 meV. VDEs follow a similar trend, and our

H bond are coplanar with the thymine molecule, whereas the best estimates range from 698 meV for the least stable structure

second H atom is pointing out of the plane. Because of the 0 977 meV for the most stable one.

presence of the methyl group, structure A is somewhat different ~ Schiedt et al. obtained, via electron spectroscopy experiments,

because the water is positioned outside of the thymine plane,a value of 0.3 eV for AEA and 0.9 eV for VDE of the thymine

and one of the two H bonds is substituted by two weak<CH water complex* Considering that the authors claim an accuracy

-0y, interactions. around 0.1 eV, our results are in excellent agreement with the
Regarding transition-state geometries, it can be noticed thatreported experimental values. In analogy to the urasdter

one hydrogen bond is always broken. In structures T1 and T3, complex3’ we suggest that the presence of several isomers may

the water molecule lies outside the thymine plane and is boundaccount for the broad shape of the peaks of the recorded spectra.

through a C&-H,, H bond, whereas in structure T2 it is A second comparison can be done with the results of Ortiz

coplanar with the thymine and the H bond is NtD,,. et al¥” and Gutowski et af® who performed ab initio
Table 1 shows energies of the stationary points relative to calculations for several uraeilwater minima. The similarity of

the lowest minimum at different levels of theory. As expected, the systems allows one to make a one to one correspondence
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Figure 3. IRC path in the potential energy surface of the neutral system.
QL ~ QL TABLE 2: Relative Energies, Expressed in kcal/mol, of
P s = Q ) Neutral Complexes, Valence-Bound and Dipole-Bound
w O Anions?
s neutral VB anion DB anion
v MP2/aug-cc-
Figure 4. Geometries of the two isomers of structure C as obtained at complex MP2/CBS-AEc® PMP2/CBSFAEcc? pVDZX+AEcc®
the end of two different IRC branches. A 424 (3.77) 0.45 (0.30) 2.912.44y
" B 1.53 (1.40) 0 0.58 (0.45)
C 1.69 (1.50) 2.78 (2.54) 0.57 (0.38)
7 D 0 1.49 (1.44) 0
2 T1 5.58 (4.76) 1.22 (0.69) 4.90 (4.08)
T2 4.67 (3.70) 4.34 (4.13) 4.52 (3.55)
5 T3 5.58 (4.76) 3.53(2.88) 5.30 (4.48)

(e ot W O ST i I )

I
I (R S 2 [ T S T R < ]

3 aValues in brackets are corrected for ZPREcc = ESSney —
%3 ENEZ o CAEcc = ESSng — EnbZ ey Y Calculated at Ageom-
g , etry.
LI:} y .
2 TABLE 3: Comparison of AEAs and VDEs of
3 Valence-Bound Anions of T-H,0 and U—H,0O System$
o T—H,0O (PMP2/CBS-AEccP) U—H0
complex AEA AEA+ZPE VDE AEA+ZPE VDE® VDEY

) A 193 287 977 214 900 1188

b reaction coordinate [arbitrary units| CBZ _ig 132 ?;g' 1:1'27 ?238 i‘égg
Figure 5. Relative energies and optimized geometries of stationary D —44 66 698 -7 630 955

points of the valence-bound anion. . ) o
aValues are in MeV. VEAs are not given because an anion in the

.~ geometry of neutral is not bounBAEcc = ESSire? — Eboa,ge
between the four minimum structures (see Table 3). The fact ; Results are taken from ref 37 and were computed at the PMP2/6-

,that both VDES and AEAs are larger for the-H,O ComP'eX 311++G(2df,2p) leveld Results are taken from ref 38 and were
in comparison to the results of-tH,O complex by Ortiz et computed at the B3LYP/6-31+G**(5d) level.

al3” may appear contradictory because increasing the system

size should result in lowering of the electronic affinitéS his estimates the VDE of bare uracil by about 200 meV, and a
is, however, explained easily by the fact that we used a higher similar error may affect the uraetwater complex results as
level of theory in the present calculations. As a confirmation, well.

the AEA of the less-stable (with respect to electron detachment) Adamowicz et al. found a VB structure with the water
U—H,0 structure (D) was recomputed at the same level as we molecule placed above the thymine ring which, however, has a
employed for the FH,O complex. Consequently, we obtained large negative AEA £250 meV at the MP2/aug-cc-pvVDZ

an AEA of 132 meV, which is appreciably higher than th& level) 36 and a structure with the excess electron positioned
meV value reported in ref 37. between uracil and water, which is very high in enetYyy.
The electron binding energies obtained by Gutowski &t al. Finally, Figure 6a shows the HOMO of one of the minimum

are considerably higher than our estimates, but the authors found/B structure (C). The electron is localized mainly on the
that the level of theory used, B3LYP/6-3%G**(5d), over- thymine molecule, a fact that may account for the stabilization
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Figure 8. Geometry of the optimized dipole-bound anion structure
Figure 6. Highest occupied molecular orbital (HOMO) in valence- A .
bound (a) and dipole-bound (b) thymineater complex, structure C,
obtained at the MP2/aug-cc-pVDZ level. The isocontour surface is TABLE 5: AEAs, VDEs, and VEAs of the Dipole-Bound
drawn at a value of 0.04 for the VB and 0.008 for the DB anions. ~ Anion of T—H,0 Complexes and AEA of the Dipole-Bound
Anion of the U—H,0 Systent

T—H,0 (MP2/aug-cc-pVDZX)+AEccP U—H,0

are taken from ref 35 and were computed at the MP2/6G1X//
SCF/6-31-G*X level.

] complex AEA VDE VEA AEAS
B ] A 57 70 50
3 . B 50 60 41 36
= ] c 58 69 48 24
3 ] D 8 10 8 6
? § aValues are in MeV® AEcc = Egoia — Enbz oy ©Results
m -
2 o
= i
e d

The values of AEAs and VDEs (Table 5) are consistently
lower than those of the corresponding VB complexes, a finding
that is compatible with experiments on-,0% and T-H,03%*
complexes, in which only VB anions were observed.

Our results can be compared (see Table 5) to previous

reaction coordinate [arbitrary units]

Figure 7. Relative energies and optimized geometries of stationary

points of the dipole-bound anion. theoretical calculations of Adamowicz et®lon the U-H;0
complex. The authors located three minima at the MP2/6-
TABLE 4: Dipole Moments of Neutral Complexes 31+G*X//HF/6-31+G*X level. Because of the higher level of
Computed at the MP2/aug-cc-pVDZ Level theory used, our values of electron binding energies are slightly
complex dipole moment (D) larger than those computed for the—H,0O complex. We
A 4.01 obtained AEAs in the 857 meV range for the different
B 4.78 structures. VDEs and VEAs are slightly (few meV) higher and
c 5.34 lower, respectively, than the corresponding AEASs.
?1 i:g‘; Influence of Electron Attachment on the PES As explained
T2 2.49 in the introductory section, one of the goals of this study is to
T3 3.94 map the PES of both neutral and anionic thymimeater

systems. In the neutral complex (Figure 2), energy barriers
between the two adjacent minima that are lowest in energy are

of the water molecule with the more localized, covalently too high to allow for a significative thermal motion of the water

attached electron is stronger than that in the case of the verygoIeCUIe t;ett;]Neen tlhe_bltwo struc;tureslat ?Om tempelratture.
diffuse DB electron (Figure 6b). ecause of the negligible geometry relaxation upon electron

Dipole-Bound Anion. Figure 7 shows the optimized struc- attachment and weak elec_tron b"ﬁding- a similar shape of _the
tures of the DB anion complex. Table 4 reports the values of PE® iS observed for DB anions (Figure 7). However, we notice
the dipole moment for all neutral complexes, computed at the that, because of t'he difference in AEA between structure C and
MP2/aug-cc-pVDZ level. Optimization at the MP2/aug-cc- D, these two minima are now separated by a energy barrier of
pVDZX level led to geometries very close to those of the neutral ©Nly 0.38 kcal/mol.
complex. Consequently, isomerization energies (Table 2) are In VB anions (Figure 5), the energy barriers between adjacent
similar to those observed for the neutral molecule. In case of minima A—B and C-D are lower than in the neutral complex,
structure A, we did not find a DB anion with the water molecule and the energy barrier between the two lowest energy minima
positioned outside the thymine ring plane, as in the correspond-(A and B) is only 0.3 kcal/mol high. Therefore, in both VB
ing neutral complex. Energy minimization pushed the water back and DB anions, at ambient conditions, a significant delocaliza-
to the plane, and a DB anion structure (see Figure 8) was found.tion of the water molecule is expected, particularly in the region
Subsequently, a planar neutral structurewAs optimized, and  between the two low-lying structures (A and B for VB, and C
resulted very close in energy (few meV) to structure A. and D for DB anions).

of VB anions compared with DB anions because of solvation
by water. As suggested by Adamowicz et®4lthe interaction
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4. Conclusions In B-DNA crystals, water molecules are also found in a
] ~ position between structure D and the methyl gréum this

In the present work we have studied the onset of solvation configuration, the water is weakly hydrogen bonded to theHC
of thymine anions and the influence of water on the stability of of the methyl group and stabilized by the interaction with the
DB apd VB states. We haye located fou.r minima and three phosphate group. Such a minimum energy structure was not
transition states on the thymingvater potential energy surface.  found in our calculations. Moreover, hydration of DNA bases
We have considered the neutral complex and two different gepends on the form of DNA, as was demonstrated clearly for
anionic forms, dipole- and valence-bound anions. Using high- guanine in Z-DNA and in B-DNA! Generally, it is difficult
level ab initio calculations, vertical and adiabatic electronic jn an X-ray crystallographic analysis to identify the H atoms,
affinities have been computed for minimum structures. but recently neutron diffraction experiments succeeded in

The main results can be summarized as follows: (1) determining most hydrogen atomic positions in the hydrated
Extrapolation to the complete basis set limit and accounting decameric d(CCATTAATGG)duplex>®
for the ZPE is necessary in order to obtain positive values of  Finally, the negatively charged phosphate group in DNA is
AEAs for each of the considered VB anion geometries. The compensated by the presence of cations. This very likely leads
resulting numbers fall between 66 and 287 meV for AEAs, and to changes in the local electric field, which may consequently
698-977 meV for VDEs. A good agreement is obtained, influence the position of the electron and its binding energy.
whenever available, with previous experimental and theoretical The creation of valence-bound anions (dipole-bound anions of
studies. Attachment of a VB electron to thymine leads to a DNA bases are not relevant to a biological syst§mis
significant geometry perturbation: the thymine ring is ap- accompanied by significant ring puckering of the planar base.
preciably puckered, and the hydrogen bond structure is modified. In addition to aromatic stabilization, the planarity of the neutral
The PES for the VB anion is different from the PES of the base ring is stabilized by the stacking and hydrogen-bonding
neutral complex because the stability order of the minima is interactions with neighboring bases, which would also affect
modified. Moreover, the energy barriers between adjacent the adiabatic electron affinity. Moreover, the character of an
minima A-B and C-D are lowered. In particular, the two  excess electron in DNA is still a matter of controvef3yt is
lowest energy minima, structures A and B, are now separatednot clear whether the surrounding polar medium leads to the
by a barrier only 0.3 kcal/mol high, so at ambient condition a delocalization of charge in DNA over adjacent base §&ff%s
considerable delocalization of the water molecule is expected Or not®*°” More research is certainly needed to establish the
between these two structures. (2) For DB anions, the optimizedbehavior of excess electrons in DNA. Studies of electron
geometries are similar to those of the parent neutral Comp|exl attachment to isolated and miCl’OhydratEd DNA bases represent
Consequently, AEAs, VDEs, and VEASs are very close to each one of the possible first steps in this direction.
other, and they are in the-&0 meV range. The PES of the )
DB and neutral thymine are similar to each other, as, with the  Acknowledgment. Support from the Granting Agency of
exception of structures B and C (that, however, differ only by the Academy of Sciences of the Czech Republic (Grant no.
a small fraction of kcal/mol in both anionic and neutral 'AA400400503) is gratefully acknowledged. We are grateful
complexes), the stability order of the minima remain unchanged. {0 Martin Kabelac for providing the structures resulting from
In analogy with the VB anions, we observed that the energy MP/auenching optimization.
barrier between the two lowest energy minima is lowered to
0.38 kcal/mol, so the same delocalization of the water molecule,
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