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lonization Energies and Dyson Orbitals of Thymine and Other Methylated Uracild
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Electron propagator methods are applied to the calculation of photoelectron spectra of thymine and other C-
and N-methylated uracils. The Partial Third-Order electron propagator method is used. Excellent agreement
with existing experimental spectra is achieved. Relationships between reductions in ionization energies and
antibonding contributions from methyl groups in corresponding Dyson orbitals are discussed.

Introduction Methods

The P3 electron propagator approximatfohas been re-
viewed recently325This method has been successfully applied
to many organic moleculés?226and has proved itself to be a
reliable and inexpensive tool for assignment and interpretation
of PES. For vertical IEs below 20 eV of closed-shell molecules,
its average error is approximately 0.2 26 This method has
Been incorporated into the Gaussian-98 suite of progfams.

Photoionization is the initial event in a variety of complex
processes that lead to radiation damage of genetic matérial.
Methylation of nucleotides is considered to contribute to
mutagenesis and carcinogenésisz The presence of an elec-
trophilic group, such as methyl, changes electron-donating
properties of nucleobases. Photoelectron spectroscopy is amon
g]cignr:sghr;c:nggteh)elr;?;f g]f EE?IZ%%Z'SZS%UO”'C structure that In elec_tron propagator calculatiofs?® a pseudoeigenvalue

: problem is solved where

Photoelectron spectra (PES) of gas-phase, nucleic-acid bases
have been available for at least 25 year$. Assignments of [F + S(E)]yp™son = eyp®sn
the earlier spectra were done with the help of semiempirical
methods, whereas in later works, ab initio calculations in rather
small basis sets were employed. The role of configuration
interaction in determining the order of the final states was
considered in calculations employing Gaussian lobe basid®sets.
Recently, the first vertical and adiabatic ionization energies (IES) wDysoq(xl) —
of the major forms of the four DNA bases were calculated with
the B3LYP density functional model and the 6-31G* basis set x
as the energy differences between the ground and lowest ionizedf PreuralXe Xor X+ X)W caion
states'’ Calculated |Es were systematically lower than the cited (X, Xg, Xgy vy Xp) AX0X50X,4...0X
experimental data by 0.20.34 eV. A semiempirical AM1
Variant Of the Outer Valence Green Function was employed to Whel‘e the prOdUCt betWeen the N-e|eCtI'0n, neutl’a| wave funCtlon
obtain the first IE values of a number of isomers of DNA and the complex conjugate of the (N-1)-electron, cationic wave

based® ASCF AM1 values were published in the same work. function is integrated over all electronic coordinates exaept
o . . In the P3 approximation t&(E) employed here, each Dyson
Results of ab initio electron propagator calculations in the

) . NI - orbital is proportional to a canonical, HartreEock orbital, for
E:ggv\;hrgeggiﬁ; ézaisi%%r?gxglé?;ﬁgi:; gu::\rlnln(;z nondiagonal couplings between the latter orbitals are neglected.

d hvl e I th exis The square of this proportionality factor is known as the pole
and 9-methylguanine. Excellent agreement with existing  gyength. In the present calculations, all pole strengths are

experimental PES was achieved. between 0.87 and unity. (The latter limit pertains to the case
Of all the nucleic acid bases, only uracil and thymine do not where correlation and relaxation corrections to Koopmans's

have tautomers that are close in energy to the major formstheorem results vanish.) Such values validate the use of

occurring in nucleotide%! Thus, PES obtained for methylated perturbative methods such as P3.

uracil and thymine will not be obscured by the presence of Molecular geometries were optimized with MBPT(2) total

tautomers. He(l) PES of thymine have been published in severalenergie®’ and the 6-311G** basis. The same basis was used in

papers—12Only one work contained spectra of other methylated electron propagator calculations at the optimized geometries.

uracils, ref 9. All calculations in this work were performed with GAUSS-
Here, we present the results of ab initio, electron propagator /AN-982" Molecular diagrams and orbital plots were graphed

calculations on the vertical IEs of thymine and other methyl by MOLDEN.*!

uracils.

The generalized Fock operatd, is supplemented by the
energy-dependent, nonlocal, self-energy operai(i), which
describes relaxation and correlation effects. To every,|there
corresponds a Dyson orbital defined by

Results and Discussion

T Part of the special issue “Donald Setser Festschrift". Structures. All possible rotational conformers were consid-
* To whom correspondence should be addressed. E-mail: ortiz@ksu.edu.ered. Figure 1 contains the atomic numbering scheme. All
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TABLE 1: Optimized Bond Lengths in Methyl Uracils, A
thym transC6 cissN1 cisN3 cis- cisN1,C5

N:C, 1.387 1.391 1.394 1.391 1.390
CoN3 1.388 1.384 1.384 1.392 1.386
N3Cy 1.404 1.408 1.408 1.414 1.402
C4Cs 1.466 1.459 1.457 1.458 1.462
CsCs 1.355 1.356 1.355 1.351 1.358
N:Cs 1.379 1.381 1.374 1.372 1.378
C,0 1.214 1.214 1.217 1.217 1.218
(o¥e] 1.220 1.218 1.218 1.221 1.221
N1Cuve 1.459 1.460
N3zCwe 1.463

CsCwe 1.499 1.499
CsCwme 1.499

NsH 1.013 1.013 1.013 1.013
N;H 1.009 1.010 1.009

CsH 1.082 1.081 1.081

CgH 1.086 1.085 1.085 1.086
CueHa? 1.093 1.090 1.090 1.087 1.090
CueHp? 1.094 1.095 1.092 1.091 1.092
CueHat® 1.093
CueHbs® 1.094

a3H, is an in-plane methyl group hydrogen; i$ an out-of-plane
methyl group hydroger?. Pertains to the C5-methyl group in N1,C5-
Figure 1. Atomic numbering scheme for uracil and methyl uracils. dimethyl uracil.

TABLE 2: Optimized Bond Angles in Methyl Uracils, deg
thym transCs cisN; cisN3 cis Cis-N,Cs

& ON1CoN3 112.2 1125 113.6 1135 113.4
OC2N3Cy 128.8 128.5 1291  126.3 128.9
ON3C4Cs 1141 113.2 112.4 1148 1135
0C4CsCs 118.4 120.9 120.0 119.9 118.5
0CsCeN1 122.5 120.1 1231 121.0 123.7
a b OCeN1Co 124.1 124.8 121.7 1245 122.0
0ON:C0 123.6 123.1 122.4 1217 122.8
ONsC,O0 121.0 120.7 120.9 120.0 1211
OCoN1Cwve 116.2 116.2
OCoN3Cuye 117.8
0CeCsCve  123.9 123.6
e UCsCeCuve 124.4
OC:N1H 115.0 114.6 114.4
OCoNsH 115.2 115.2 114.8 115.0
£ 0CeCsH 121.2 121.3  122.0
0CsCeH 122.2 1219 123.2 121.4
ON:1CuyeHa? 108.3 108.3
& d ON1CuyeHp? 110.2 110.2
ON3CyeHa 107.8
ON3zCuyeHp? 109.5
OCsCumeHa  111.0 111.0
= OCsCumeHr  110.4 110.4
UCeCumeHa 110.4
HCeCumeHb 110.4

a8H, is an in-plane methyl group hydrogen; i$ an out-of-plane
8. methyl group hydrogen.

e 2c) and trans is the opposite case. Farméthyl uracil, cis
Figure 2. Molecular diagrams of methyl uracils: (a) Thymine, (b) de_s'gnates a conformer with the in-plane methyl hydrogen
6-methyluracil, (c) N-methyluracil, (d) N-methyluracil, and (e) N oriented toward ¢ (Figure 2d) and trans corresponds to the
methylthymine (N, Cs-dimethyluracil). opposite orientation. Four possible orientations of methyl groups

were considered in NCs-dimethyl uracil. In each case, a cis
minimum structures exhibit Cs symmetry. Optimized structures orientation corresponds to either in-plane methyl hydrogen
are presented in Figure 2. Bond lengths and angles are given indirected toward @ The trans-cis notation designates the N
Tables 1 and 2. methyl group in a trans orientation and-@ethyl in a cis
The foIIowing notation is used henceforth. In the cis orientation. Figure 2e disp|ays the eisis structure.
conformation of thymine (Figure 2a), one of methyl hydrogens  Tqtg) energies of all minima (min) and transition states (TS)
lies in the ring plane and is in a cis position towarg @hereas  5re presented in Tables 3 and 4. Note thatéthyl uracil has

the trans conformation corresponds to the opposite orientationyyo minima. For N,Cs-dimethyl uracil, the ciscis and trans
of the same methyl hydrogen. Fors-@ethyl uracil, a cis cis minima have nearly identical energies.

conformation is assigned to the structure with an in-plane H
atom directed toward N A trans conformation (Figure 2b)

corresponds to the opposite orientation of the methyl group.
N;-methyl uracil displayed two possible conformations: cis  The following notations were used for combinations of
corresponds to an in-plane H atom oriented towagdFigure oxygen, lone-pair contributions: subscript “-” designates an out-
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TABLE 3: Methyl Uracil Total Energies +453. a.u.

J. Phys. Chem. A, Vol. 106, No. 36, 2002413

N;-cis N;- trans N-cis Ns-trans G-cis Gs-trans G-cis G- trans
—0.02057 —0.02006 —0.02097 —0.02094 —0.03309 —0.03081 —0.03255 —0.03509
min TS min min min TS TS min

TABLE 4: N 1,Cs-dimethyl Uracil Total Energies +492. a.u.

cis—cis cis-trans trans-cis trans-trans
—0.22266 —0.22044 —0.22231 —0.22009
min TS min TS

TABLE 5: Uracil and Methyl Uracil lonization Energies,
EV

molecule orbital P3 PES
Uracil T 9.54 9.5
o0- 10.15 10.1
T2 10.52 10.6
oo 11.12 11.2
73 12.91 12.63
Thymine cis trans
T 9.14 9.11 ~9.1
o0- 9.95 10.09 ~10
T2 10.43 10.42 10.40
o004 10.99 10.99 ~10.8-11.0
73 12.52 12.52 12.30
Ce-methyl cis trans
Uracil T 9.19 9.27 ~9.3
00- 9.92 9.95 ~9.7-10.2
T2 10.34 10.36 ~10.4
o0y 10.97 10.98 ~10.8-11.1
73 12.36 12.32 12.13
Ni-methyl cis trans
Uracil T 9.14 9.18 ~9.20
00- 10.00 10.01 ~9.9-10.05
02 10.37 10.38 ~10.4
o0y 10.96 10.97 ~10.8-11.0
73 12.38 12.32 ~12.10
Nz-methyl cis trans
Uracil T 9.37 9.37 ~9.2-9.5
00- 9.96 9.97 ~10
7T 9.94 9.94 ~10
00y 10.90 10.90 ~10.8-11
T3 12.47 12.45 12.27

TABLE 6: N 1,Cs-dimethyluracil lonization Energies, eV

orbital cis—cis cis—trans trans-cis trans-trans

type P3 P3 P3 P3 PES9
T 8.78 8.76 8.76 8.80 ~8.8
o0 9.95 9.94 9.95 9.96 ~9.8-10.¢
T2 10.28 10.27 10.27 10.28 ~10.3
o0 10.83 10.83 10.83 10.84 ~10.6-10.8
T3 12.04 12.03 12.03 11.95 11572

aA wide plateau with a peak at 10.0 eVA peak at~10.6 eV
followed by a plateau to 10.8 eV No picture for this ionization in ref
9.

of-phase combination, whereas-" is used for an in-phase
combination.

IEs of all four methyl-substituted uracils are compiled in
Table 5 together with those of uracil. IEs of; @s-dimethyl
uracil are presented in Table 6. Figures& present+0.05
contours of the Dyson orbitals. Relaxation and correlation
corrections to the results of Koopmans’'s theorem are ap-
proximately 2 eV for the oxygen, lone-pair hole states, but are
considerably smaller for the final states. The order of final
states predicted by canonical, Hartrdeock orbital energies is
71, 72, N1, Ny, andars for all molecules. This sequence differs
from the P3 predictions for all molecules except 3-methyl uracil.

Uracil. P3 IEs and Dyson orbitals (DOs) are reviewed here
for the sake of comparison to other molecules. (An extensive
discussion of the IEs of uracil can be found in ref 21.) The

m3

Figure 3. Uracil Dyson Orbitals.

following IEs were predicted for uracil: 9.54, 10.15, 10.52,
11.12 and 12.91 eV. The first four values are in excellent
agreement with available experimental data (see Table 5). The
fifth IE, which pertains to arz DO, is somewhat higher than
the experimental value, however. This larger discrepancy is
likely to be due to complex correlation effects that the P3
approximation does not describe well. (Extensive configuration
mixing for this state was found in the Gaussian lobe calculations
of ref 16 as well.) Similar trends have been observed previously
in refs 26, parts d, g, j, and k. DO diagrams for uracil are
presented in Figure 37, and zr; DOs qualitatively confirm
simple depictions of atomic orbital contributions to MOs in ref
9 that were based on semiempirical, CNDO calculations. The
1 density is fairly delocalized over most heavy atoms with the
largest contributions from asCgs bonding lobe and an \atomic
orbital with the opposite phase. In addition, there are two
lobes localized on both oxygens. The DO of the level,
although dominated by oxygen contributions, is widely delo-
calized into the ring. Three lobes with alternating phases on
the oxygens and Nobtain in ther, DO. Oxygen contributions
predominate in they, 0O, orbital, but with the opposite phase
relationship between the oxygen-centered lobes. Far3iO,

two, three-centerr lobes have opposite phases. One of these
lobes is delocalized over the,&Cs fragment, whereas the other
settles on the OC{DI; region. G participation is not important.
The following order of P3 energies was obtained;, ny, 7>,

n,, andsrs.

C-methylated Uracils: Thymine and Cs-methyl Uracil.
Only the cis conformer of thymine is a rotational minimum.
Because the rotational barrier is only 1.43 kcal/mol, methyl
group rotation is almost free. IEs of two rotamers of thymine
are almost identical with the exception of the ionization from
the gO- orbital, for which a difference of 0.14 eV obtains. For
the first four ionizations, very good correspondence with
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Figure 4. Thymine Dyson Orbitals.

T3

experiment is achieved. The position of the fifthy band is
predicted at higher energy than observed; larger discrepancie
between theory and experiment are typical for highehole
IEs2122The trends observed for experimental ionization energy
shift$911are well reproduced in our P3 calculations. Maximum
shifts of 0.4 eV were obtained for ionizations from and s
levels. The IE of ar, level changes only slightly, by 0.1 eV
(0.2 eV in ref 9), while the IEs of tweo levels are affected by
0.06-0.20 eV. A comparison of the corresponding DO diagrams
of uracil and thymine gives an explanation for this phenomenon
(see Figure 4). All thymine DOs qualitatively resemble their
uracil counterparts. The only two DOs with appreciable
contribution from a methyl group are; andss. In both cases,

a pseudor lobe of CH is in antiboding conjugation with the
nearest €C s binding lobe. No such interaction takes place
for the 0O or 7, DOs.

A trans conformation of gmethyl uracil is a minimum and
the rotational barrier in this system is assessed as 1.49 kcal/
mol. P3 IEs for this conformation are in excellent agreement
with experimental PES of ref 9. The first IE is ony0.2—-0.3
eV lower than in the case of uracil and the DO for this level S
shows no participation from the methyl group (see Figure 5). " i
The shift with respect to uracil for the nextO- level is
essentially the same as for thymine and the respective DO does
not show any changes. The same is true for the next two
ionizations. For thers case, however, the shift is much stronger
than in thymine: 0.59 eV (P3) or 0.5 eV (PES). The corre-
sponding DO has a marked antibonding relationship between
the pseudor contribution of CH and the GCgN; lobe.

N-methylated Uracils: N;- and Nz-methyl Uracils. A cis 3
conformation of N-methyl uracil corresponds to a rotational Figure 6. Nj;-methyl Uracil Dyson Orbitals.
minimum. The barrier to methyl group rotation is very low. P3
ionization energies of theis and trans forms (a barrier top) approximately to the same extent as the respective levels in
are almost identical (see Table 5). In the experimental spectrumthymine (that is, by no more than 0.2 eV). Once again, P3 results
of Ni-methyl uracil, two IE values pertaining to levels are are in excellent agreement with the experimental pea&s.,
significantly shifted to lower energy. Of these, thelevel is w2 and 0O, DOs are essentially the same as in uracil (Figure
most significantly destabilized as the IE declines$§.5 eV 6). In thesr; DO, delocalization into the pseudolobes of CH
compared to uracil. Ther, and botho levels are shifted is somewhat less pronounced than in thymine. RO is

SFigure 5. Cs-methyl Uracil Dyson Orbitals.
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Figure 8. Nj;-methyl Thymine Dyson Orbitals.

T3 function and another lobe in an antibonding interaction with
the other oxygen lone-pair pattern. The last P3 IE of 12.47 eV
is a little higher than the experimental one, but the shift with

very strongly destabilized by antibondings conjugation respect to gracil is reprpduced W(_a"' As was the case 4n N
between CH and the nearest, three-centesOgN; fragment. methyl urgcn, an apprecable contrlbut[on from a methyl group
Additional destabilization might be caused by reduced bonding IN @n antibonding mode is observed in the corresponding
interaction in the NC,0 lobe (see Figures 3 and 6). D_O _(Elgure 7). The bonding character of the-NC,—O lobe is
The PES of N-methyl uracil (see ref 9) is significantly diminished as W?”' . . .
different from the spectra of all the other methylated uracils. Nrmethylthymine (N, Cs-dimethyl Uracil). Four stationary
The first experimental band is flat and very wide covering the points were obt:_;un(_ad In optimizations oi,&g,-d|_rnethyl uracil.
range 0f~9.2—9.5 eV with no clear maximum. The next band Of these, the ciscis and transcis conformations proved to
covers~9.5-10.2 eV and was assigned to two overlapping be minima. The largest rotational barrier is estimated as 1.39

features, a peak at10.0 eV caused by electron removal from Kcal/mol. P3 IEs do not change much due to rotation. The
ax, level, and a smooth shoulder to the left of it which was experimental PES of this dimethyl derivative of uracil consists
assigned to ionization from @O level. The following peak of of two dIStII’lCtllve areas: a wide, separately staqdlng band with
low intensity at~10.8 eV was assigned to ionization from & diffuse maximum at-8.8 eV and a very complicated energy

another lone-pair level. The last IE under consideration was set"©9i0n which results from a superposition of several bands. P3
at 12.27 eV and assigned tam level. resul_ts are in ex_cell_ent agreement W|_th experimental d_ata for
Two rotational minima were obtained in MBPT(2) optimiza- the first four |on|zat|_ons. The fifth IE is about 0.3 eV higher
tions of Ne-methyl uracil and their total energies differed only ~than the IE reported in ref 9. The presence of two methyl groups
by 0.02 kcal/mol. The IEs are nearly identical (see Table 4). '€ads to significant disturbances:of andzs levels. Both methyl
The first P3 IE value is 9.37 eV, which fits very well into the groups contribute to an_tlpont_jlng_, pseud@onjugation inzy,
observed band. The; amplitudes are almost exactly the same glthoug_h N-methy| part|C|pat|on.|s less pronounced. No such
as in uracil (compare Figure 3 and Figure 7). There is no interaction takes place for, or either of then levels and the
pseudax contribution from the methyl group and as a result, corresponding shifts with respect to uracil are smaller. The

this 71 level suffers the least destabilization by methylation of Strongest shift is observed for the level (0.87 eV with P3
any molecule here. 9.96 eV is predicted as the IE fromsthe versus 0.91 eV, experimental). The corresponding DO diagram

level. This value is well within the second band of ref 9. As in (Figuré 8) shows large antibonding contributions from both
all previous cases, the methyl group does not contribute to the Methyl groups and severely reduced bonding betweéhaid
DO and the resulting shift is small. In contrast to other methyl "%

uracils, ther, level is shifted by~0.6 eV with respect to uracil. Conclusions

P3 values are in excellent agreement with the experimental peak
position. A large, pseuda-methyl group contribution provides Agreement between P3 electron propagator predictions and
antibonding conjugation in the, DO (Figure 7). The next IE ionization energies inferred from photoelectron spectra is
is predicted at 10.90 eV. Once again, this value is in very good excellent. Correlated calculations are needed to produce the
agreement with the experimental band position. The corre- correct order of the final states. Figure 9 summarizes the shifts
sponding DO exhibits only small input from the methyl group, in IEs. In each molecule, the order of final statesris cO-,

with one lobe in a bonding pattern with an oxygen lone-pair m», 604, andszrs. Where the amplitudes of the DO are most

Figure 7. Ns-methyl Uracil Dyson Orbitals.
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