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The atomic properties of neutral and protonated forms of uracil and some model compounds, computed from
B3LYP/6-31++G**//B3LYP/6-31G** charge densities with the QTAIM theory, indicate thatelectron
reorganization plays a significant role in the protonation processes. This reorganization is substantially different
for O=C—C=C and G=C—C—X (X = N, O) units, involving transfers of electron population between all
atoms in the first case but not across the>Cbond in the second unit. O-Protonation is basically favored
over the N-protonation because of the lower electron population transferred to the proton. The stability sequence
of N-protonated forms can be rationalized in terms of the closer position of the proton, when attached to N3,
to regions of larger electron population (carbonyl groups).

Introduction H+ e H+t
In a recent paperusing the Quantum Theory of Atoms in \ Ho \ﬁ
Molecules (QTAIM)23 we have demonstrated that neither the at J
evolution experienced by the atomic properties of uracil and H Os\cz/ 3\C4/°10
+

cytosine upon protonation nor the delocalization indexes | | \d_t H+
calculated for the neutral species can be explained by the N, Cs
resonance model (RM)Similar conclusions were also obtained \C/ ~
- . . H7 6 His

for other heterocycles containimgdelocalized systenfsiising |
both QTAIM theory and stockholder char§égbased on the Hyp
Hirshfeld schem®. Other previous evidence about the short- _. . . . .

. . . . Figure 1. Atom numbering for uracil and nomenclature for its possible
comings of the RM were also publisied? as was detailed in O-protonations.
Part | of this papet.

According to the RM, the protonations of uracil at O10 Al the optimized structures were characterized as minima in
(Figure 1) are predicted to be more stable than those at O8ne frequency calculation. The QTAIM atomic properties were
because four resonance forms can be drawn for the first one,.5 - 1ated using the AIMPAE program on charge densities
whereas only three correspond to the protonations at O8 (Figurecalculated at the B3LYP/6-31+G** level and performing a
2)._ 'I_'Ile prediction kegps in line with the calcylated proton /- separation of the atomic electron populations.
affinities (PAs} shown in Table 1. Nevertheless, if the electron We observed that the error in the determination of the
charge reorggnization in the process is not described Co"e,Ctlyinteratomic surfaces of the carbonyl carbons, measured by
by the RM, it is not reaso_nable tq _acc_ept the RM explanation L(L2),2 was substantially reduced when the integrations were
for the sequence of relative stabilization of protonated forms performed considering the existence of second and third
of these molecules. Therefore, looking for a more reliable jqrsections between every integration ray and those interatomic
interpretation, we have analyzed how the pop.ulatN(m)', and surfaces. Thus, the absolute values achievedL{62) were
the ener_gy,E(Q), of every atom.Q, evolve in the d|verse_ always smaller than 4.6 18 au. Integration errors expressed
protonation processes. It is our goal to answer the following ,¢ gifferences between total properties and those obtained by

questions: (a) why is the protonation of uracil more favored at ¢, .\ mation of ; 5
: . ) properties of the fragmert&IN(€2) or E-ZE(Q2)]
010 than at 08? and (b) why is the protonation of uracil at N3 were always smaller (in absolute value) than 3.6%18u and

g_rf(?ferred to thart1 at hol_? These questions are answered in; 7 4 mof?, respectively, which was found to be accurate
ifterent epigraphs of this paper. enough as compared with other works carried out at similar
. . theoretical levels.
Computational Details
B3LYP/6-31G** full optimizations were carried out for the  Results and Discussion

neutral and_ protonated forms_ of uracil and some model O-Protonation of Uracil. According to the RM, the positive
molecu_les (vinyl ketone, formamlo_lbl,-methylformgm|de, meth- charge of the proton should be delocalized over more atoms
yl formiate, and formaldehyde) using the Gaussian98 progfam. when it is bonded to O10 than when attached to O8 (Figure 2).
- o - This would explain why protonations at O10 are preferred to
* Corresponding author. E-mail: mosquera@uvigo.es.

* Dpto. Quimica Orgaica. those at O8 in a range from 27.9 to 44.7 kJ mMdhs computed
* Dpto. Quimica Fsica. at the B3LYP/6-3%+G**//B3LYP/6-31G** level;* Table 1).

10.1021/jp044529k CCC: $30.25 © 2005 American Chemical Society
Published on Web 04/02/2005



Resonance Forms in Pyrimidinic Bases J. Phys. Chem. A, Vol. 109, No. 16, 2008683

I i I i
+ +
Og N; 01g—H Og [\ Oro—H Os N3 O4g—H Og N3 O19—H
Y \C/ %04/ \04/ \04/
R E—— -
7 T g 1]

1 5 1\ =5 1 5 1% 5
H7/ \C|s \Hﬂ H7/ C|6/ \H11 H7/ \+CI€/ \H11 H7/ Cle/ \H11
Hiz Hiz Hiz Fiz
| 11 111 v

Hg Ho Hg
H +O N| 0] H 0] N| O H o] N| O
8 3 10 8 3 10 8 3 10
\C/ = \C/ \C/
N C| N C| JrN| Cl
1 5 1 5 1 5
NP N =
H7/ Cis/ \HH H7/ C|6/ \Hﬁ H7/ \C|6 \H11
Hiz Hiz Hiz
\Y4 VI VIl

Figure 2. Resonance forms for the uracil protonations at OXa\{) and O8 (V—VII).

TABLE 1: Proton Affinities, PA, and Variation of the Atomic Populations (in au and Multiplied by 10 3) for the Diverse
O-Protonations of Uracil (Figure 1)2

103 AN(Q) [au]

molecule  PA [kJ mol]] N1 N3 cé SH c5 o8 010 C2 C4a  N(HYP[au]
at 809.1 15 —10 55 —222 51  -79  —73 20 9 0.341
b+ 814.1 18 -11 31 -228 —49  -76  —69 20 31 0.337
o+ 842.0 ~13 18  —109 -230 -75 70  —65 10 185 0.351
d+ 853.8 -15 23  —-129  —225 —47  -73  -57 1 180 0.342

a All properties were calculated from B3LYP/6-3%-G**//B3LYP/6-31G** charge densities> Atomic electron population in the atomic basin
of the proton.

However, contrary to what should be expected according to the  0332r 0337y 03397 H
RM, the electron population of the nitrogen atoms is not ‘0 40 ‘0
significantly reduced by O-protonation. It even increased in 1\0\168 ) 10.031 J@g&
some cases (Table 1). On the contrary, the atomic population | X 1‘/0""‘ 4 Nf//"'6 Za 2_He
0
H

NN
of C6 displays the trends expected according to the RM, §s4 o0 00 NEvoss M ZNO_II‘:O‘”

027 0.089

decreasing when O10 is protonated. This fact could indicate ) N 10034
that the G=C—C=C and G=C—N—C units have a different HET0H, HZR HH9
behavior during protonation: the former follows a trend that 0.077 a) 0.09 b) 0~053:) 0.034°
keeps in line with the RM, and the latter does not. To prove
this hypothesis, we have computed the QTAIM atomic proper- ,,;, O‘_,H 0.007 0179 0"/H 0.007 0.156.--H0.008

4 4 4

ties of neutral and O-protonated forms of the s-trans conformer

of vinyl ketone, formamide, antl-methylformamide. 0.003 ooss |_(|1007 ALoorr i_(|)£.3006
Two already described facts are corroborated by the results 708 H SN °

obtained for the O-protonation of uracil and those obtained for ° -0.005 5 0.006 |-04127 5 0005 | 0.124

the remaining models employed in this work (formaldehyde, <0.234 -0.008 Hy 0013 CH3

formamide,N-methylformamide, and methyl formiate). Thus, 7|'l|)0w 8 ’

(i) the proton keeps a very important positive charge (between _ o i
0.70 and 0.65 au), which makes the protonated form closer to F'9ure 3. BSLYP/6-31++G**//B3LYP/6-31G** QTAIM computed
o electron interatomic transfers (values on continuous arrows) and

a R-O—-H" structure than to a RO'—H one, as was  \,jation of atomicr electron populations (values in italics) for (a)
previously observed for other carbonyl compourfsand vinyl ketone, (b) formamide, and (&)-methylformamide. All values
etherst!~13 and (i) practically all of the electron population  are in au. Interatomic transfers were computed assuming that the whole
gained by the proton is (i transfers do never reach 0.01 au in variation of the atomic populatio®yN(Q), of a terminal atom is due
the Series) as was also previous|y reported using dahbe to the (_alectror_l transfer Wlth its nelghboﬂ;N(Q) for the remaining
separation within QTAIM4 and stockholdér frameworks. atoms is obtained by adding the transfers to all the atoms they are
Regarding the first point, the substantial positive charge at the attached.
proton, we noticed that the usual criticisms on the magnitude (Figure 3), with a transfer of 0.23 au from C3 to O4. This
of QTAIM charge$’1° have been recently refuted by Bader transfer takes place as a continuous variation of#tiedectron
and Matta in a recent issue of this jours@l. molecular density (Figure 4), which reinforces theelectron
Looking at the variations of the atomicelectron populations,  density at the CC2 bond region and depletes those at=C2
N*(L2), with some detail, we observe that more than 85% of C3 and C+04 (just as the RM suggests). O-Protonation of
the total change experienced by theatomic populations of formamide andN-methylformamide increase$’(O4) (in 0.179
vinyl ketone in its O-protonation are localized at C3 and O4 and 0.186 au, respectively). This charge is mainly taken from
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(a) (b) (©

Figure 4. Plots for the variation of the molecularelectron density
experienced in the O-protonations of vinyl ketone (Bymethyl-
formamide (b), and formamide (c). Zones in blue correspond to
reinforcements and zones in gray to depletions in the protonated forms.
Plots done with MOLEKEL prograrft2?
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Figure 5. B3LYP/6-31++G**//B3LYP/6-31G** QTAIM computed
o (continuous arrows) ancdr (points arrow) electron interatomic
transfers for methyl formiate. All values are in au.

N*(N2) (depleted 0.127 au in formamide and 0.124 au in
N-methylformamide, Figure 3, which represents 68 and 64%,
respectively, of the total modification of atomicpopulations).
These modifications take place increasingAheharge density

at C—N and depleting it at the €0 bond (Figure 4), which is
again in line with the RM prediction.

We observe that the changes in the electron atomic
populations due to protonation are accompanied by intense
reorganization of the-electron density in the three molecules
(Figure 3) that are not considered by the RM. The modification

GonZaez Moa and Mosquera

TABLE 2: Differences between the Changes in the Atomic
Electron Population Due to Protonations d+ and a+ of
Uracil, AAN(R)=AN%(Q)-ANa"(Q), and Energy, AAE(R)2

1ICAANQ)  AAEQ) 10PAANY(Q) 10° AANT(Q)

atom [au] [kJ mol?] [au] [au]
Ht 1 —4.4 1 0
Oo. 23 —45.4 -9 33
Cs 163 —282.4 126 37
oP -2 11.2 0 -1
(o —-10 10.7 —-11 2
N1 —28 7.2 22 —51
N3 34 —69.2 14 20
C5 5 41.1 —112 117
C6 —186 268.4 —30 —156
H7 —19 311 —-17 -2
H9 -1 —-0.4 -1 0
H11 29 —29.8 23 6
H12 —11 10.4 -7 -4

a All properties were calculated from B3LYP/6-3%+G**//B3LYP/
6-31G** charge densitie$. Atoms of the unprotonated carbonyl group.

(—0.001,—-0.002, and 0.013 au for, respectively, formamide,
N-methylformamide, and methyl formiate).

So, we can state that the electron charge gained by the proton
during an O-protonation is basically and taken from the
attached oxygen. At the same time, the oxygen compensates
the charge loss receivingand. transfers from the rest of the
molecule. The presence of another electronegative atom (N or
0) in the molecule acts as a barrier to #helectron transfer
from the rest of the molecule, giving rise to qualitatively
differento-charge reorganizations for the O-protonation of the
O=C—C=C and G=C—X (X = OR, NR,) units. The former
involves electronic transfers along the whole molecule, so they
are more effective (reduce more the total energy). In contrast,
the latter reorganizes almost independentlydimopulation of
the HLCO™ and X units originating higher molecular energies.

Thus, the models here employed allow us to assign the
preference for the O10 protonated forms to its simultaneous
inclusion in the G=C—C=C and G=C—N—C units, whereas
08 (the least preferred oxygen for protonation) is involved in
two O=C—N—C units. The protonation of the=€C—C=C unit

experienced by each atom depends on various factors that argjives rise to more extendedcharge transfers and more intense

commented on here for the protonation of vinyl ketone: (a)
the atomic number of the attractor; thus, H7 and H8 provide
more electron charge than C3 despite being further away from
the proton; (b) distance to the proton (tha$y°(H5) > AN°(H8)

> AN°(H7)); (c) bond orientation: the transfer or electron
charge further from the proton explains the small amount of
charge transferred from H6 to C2; and (d) the balance between
o and x transfers; thus, the substantial amountroé&lectron
population received by the oxygen causes C1 (closer to the
proton than C2) to lose lesselectron population than C2.

The reorganization of the-electron population is also intense
in formamide andN-methylformamide (Figure 3), but there is
a significant different trend: there is practically mecharge
transfer between the NRand the HCOH units.

The same behavior is observed when the conjugatetll C
bond ofN-methylformamide is replaced by a<© bond (methyl
formiate, Figure 5); there is an importanicharge transfer from
02 and C1 (0.092 and 0.058 au, respectively, amounting to 51
and 32% of the totat modifications) to O4 (that receives 0.172
au, 95.5% of the totat charge transferred), which is exceeded
by the variations experienced by the atomielectron popula-
tions. These variations take place minimizing the transfer of
the o-charge from the other heteroatom (N in formamide and
N-methylformamide and O in methyl formiate) to the=O bond

7t reorganizations. This is quantitatively shown in Table 2 using
the quantitieAAN(Q2), representing the difference between the
electron population experienced by a certdih atom in
protonations & and at (Figure 1), andAAE(L), which is the
corresponding energy difference. Protonatiofisathd at have
been chosen for generating the most stable cation with the proton
bonded, respectively, to 010 and O8 and because they place
the proton symmetrically with regard to the NBI9 bond, which
ensures that steric repulsions with this group and the remaining
units are similar. We observe that atoms with larg&N(Q)
values also present significadntAE(Q2) values, so the relative
stabilization of one atom in these protonations is associated to
its relative variation of the electron population. The atoms that
are affected in a most different way by each protonation are
the carbonylic carbon that fsto the proton, € and C6. Thus,
protonation e differs basically from protonationHa in the
electron charge lost by C6 and in that gained Iy This fact
agrees with the diverse charge displacements obtained for the
O=C—C=C and G=C—NR; units in the model molecules
(Figure 3). There is also a smaller but significant difference in
the stabilization of the oxygen bonded to the prothnE(O%).
N-Protonation of Uracil. The PAs of these processes were
found to be significantly lower (between 67 and 143 kJ THol
than those corresponding to the O-protonatib@ the other
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TABLE 3: Contributions to the Proton Affinity, PA, for the AE=- 607 kI.mol’! AE= - 604 kJ.mol’"
Diverse Protonations of Uracil, Containing the Variations of
the Atomic Energy, AE(R), AZPVE, and the Difference
between Summation of These Contributions and PAs
Obtained from Total Molecular Energy, €?

08 (at) 08 (b+) 010 (ct) 010 (d+) N1 N3

/
AE(N1) —395 —107.0 —332 —323 489.3 —10.9 H/N,/ =
AE(C2) —101.0 —102.6 13.3 246 —520 —846 2 e
AE(N3)  —47.7 49 -56.1 —116.9 58  517.9 H Ty
AE(C4) 140 -—18.6 —3884 —3834 80.5 —238.9 -0.076 -0.074
AE(C5) 28.7 32.0 81.6 69.8 12.0 88.5 _ . -1 _ -1
AE(C6) —-787 -—433 1541  189.8 —3409 432 _ ABZ- B33kl _ AEm- 136k mol
AE(H7) 44.9 80.1 75.2 76.0 69.7 71.0 Figure 7. Variation of the atomic energy experienced byHgO and
AE(08) 36.5 354 —-87.0 -839 —139.1 —106.2 [NH>-CO-NHJ* fragments of uracil in the N-protonation processes. The
AE(H9) 82.2 53.2 48.2 81.8 78.6 61.3 Variations of atomic electron populations within theHgO fragment
AE(010) —95.1 -105.4 4.1 —9.0 ~69.8 —206.5 (in au) are also showmAN?(O10) in parentheses.
AE(H11) 76.4 75.4 75.9 46.6 92.2 78.8
AE(H12) 754 78.1 85.8 85.8 91.3 78.6 The protonation of uracil at N3 is favored over that at N1 by

AE(HT) —833.1 -8257 -8480 -837.5 -1059.7 —1052.3 more than 21 kJ maok. It should to be noticed that this trend

;§§VE _Sgié _813213 _843%502 _85?:;"?0 _71033 2 _731'2% 5 is not followed by N-protonations of more simple compounds.
¢ 34 59 07  —07 02 0o  Thus, the B3LYP/6-3%+G** PAs computed for N-formyl-

formamide and N-vinylformamide are, respectively, 687 and
776 kJ mot?!, and the PAs of formamide and vinylamine
computed at the same level are, respectively, 778 and 894 kJ

a All values in kJ mot?,

4

0.041 O: 0233 mol~1. So, no model cor_npounds can be employed_, ano_l we ha}ve
1"\ : 0.056 to analyze directly the differences of both protonations in uracil.
0.158 V\* 2%(\\\\H6 The variations of atomic energies due to both protonations
sH 0.106 N§H3 can be grouped considering the uracil molecule split into the
0~481l 0.056 two regions shown in Figure 7. Although the J#-CO—NH]*
7 region displays the largest variation of energy, its behavior is

Figure 6. B3LYP/6-31++G**//B3LYP/6-31G** QTAIM computed practically the same in both protonations. On the contrary, the
o (continuous arrows)_andt (points _arrow) electron in_teratomic C3H,0 region experiences energy variations that are significant
transfers for N-protonation of formamide. All values are in au. different in both protonations. This difference is practically that
observed between both N-protonated species. Looking at the
variation of atomic energies in this region (Table 3), we observe
that the carbonyl group (G4010) becomes very stabilized by
protonation at N3, whereas the protonation at N1 stabilizes
preferentially the C5C6 area. Both facts can be easily
explained because of the position of the large positive charge
in each case. As the electronic population of the=0A0 region
is larger than that of the G5C6 one, the first relative
stabilization exceeds the second one, and protonation at N3
results is favored.

Both N-protonations are accompanied by the same electron
charge transfer from thes8,0 region to the [HN—CO—NH] ™
one (0.161 au). Nevertheless, the charge reorganization is
different in both processes: (i) in the protonation at N1, the
electron population grows for C6 and decreases in the remaining
atoms, with an important-electron transfer from 010 (0.113
au); (i) on the contrary, in the protonation at N3, N(C4)

hand, the QTAIME(L2) values indicate that the proton is always
more stabilized in the N-protonated species than in the O-
protonated species (Table 3). The smaller PAs in N-protonation
are due to the important destabilization of the nitrogen bonded
to the proton (489.3 and 517.9 kJ m§l, whereas the energy
of the oxygen bonded to the proton does not differ from that
presented in the neutral form by more than 36.5 kJdihe
variation of atomic energies is related, once again, to the transfer
of electron population. Thus, N-protonation is destabilized with
regard to O-protonation because of the lower electronegativity
of nitrogen, which allows the transfer of more charge to the
proton from a better attractor (0.49 au from nitrogen instead of
0.34 au from oxygen).

The QTAIM study of the neutral, N-protonated, and O-
protonated forms of formamide provide a model to compare
with some detail the electron charge reorganization involved

in O- and N-protonations. On one hand, the O-protonation . | han C6 in th h : 0173
(Figure 3) involves the transfer ofelectron charge from oxygen increases (less than In the other process, I.e., '.17 auvs
0.213 au), and the electron populations of the remaining atoms

to proton. At _the same t'm?’ the protqnated oxygen reCuper"’ltes’decrease (also less than in the other process). It has to be
the charge in two ways: a certain amount @felectron

population from its attached carbon (that also receives electron mekr;_tll.ongc'i tEathdesplte Iosmgl helectr:orr: chgrge, fO#O begﬁlmes
charge from its bonded hydrogen) and sameharge, mainly stabilized in both processes, although the origin of this stabiliza-

. . I tion is different in every case: repulsions diminish and
taken from the nitrogen through the mechanism shown in Figure . ) . . ;
; : - . attractions increase in the N3 protonation, whereas increased
4. Part of thisT charge is recuperated by the nitrogen with attractions exceed increased repulsions for protonation at N1
transfers from attached hydrogens. On the other hand, the P P '

N-protonation (Figure 6) takes place withoeelectron transfer
from nitrogen to the hydrogen. This charge is recuperated
through ao-electron transfer from the hydrogens and with a  The research reported in this work confirms the results
m-electron transfer, basically provided by the oxygen. The largest presented in partlabout the inadequacy of the RM to describe
difference between both protonations appears as an importanthe electronic effects experienced by pyrimidinic bases upon
o-transfer observed from nitrogen to oxygen (opposite tathe protonation. On the contrary, QTAIM provides simple explana-
transfer) in the N-protonation, whereas this transfer is not presenttions for the stability sequence of protonated forms of uracil
in O-protonation. where o-electron reorganization and electronegativity play a

Conclusion
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significant role. Thus, the QTAIM study of neutral and y %) _?a%er, R. F,\iWA\tKO”LS i{\ghg/lgleculesr A Quantum Thep@xford
H niversity Press: ew YOorkK, .

7 a) O-protonation s basioaly favered over e N-protonation (5) £20€r . ¥ Wihem Re 1501, o, 895

(4) Mandado, M.; Van Alsenoy, C.; Mosquera, R. A.Phys. Chem.
because of the lower electron population transferred to the protona 2004 108 7050.
from better attractors. Although the proton becomes more G (5|_) De PPjofé, F. \t/aghAlrfgggéazg.;lnggters, A.; Langenaeker, W.;
stabilized by a larger . glec_tron populatlon, this does not ee(r6|)n%Qséusséalirgr.);uﬁeeteers, A Van’AIsenc'JyOBem. Phys. LetR00Q
compensate the destabilization experienced by the protonatedsys 189,
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is substantially different for the ©C—C=C and G=C—C—X (12) Vila, A.; Mosquera, R. AChem. Phys. LetR00Q 332, 474.
(X = N, O) units. Whereas the former unit allows a more 84313 \F/;!g‘érf',;\AMJo_sﬁlr’uecrﬁé%ﬁ?giufggg{‘z O S . £ Robb
efficient reorganization (with large transfers andr transfers M. A. Cheeseman, J. R.. Zakrzewski, V. G.; Montgomery, J. A., Jr.;
extended throughout the whole molecule), the)XCbond acts Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
as a barrier foro-charge transfers in the latter unit. Thus, a-{ K(‘:Jgr'r’]‘h*i(- g-f ?\zg‘r']’:{u'\c"c-icé .Fa';'f)"’r‘ﬁ'eﬁ-? g‘,’”ﬁf{; rﬁ]o Bgrlogi'ﬁ\(/)-r?dags'v
protonation at 010 (involved in one=@C—C=C unit and one Oghterski, Ji; Pé’tersson, G. A ;&yala, P. Y Cw Q. Mérokama, K.; l\’/lalicl:’k,

O=C—C—NHR unit) is favored over protonation at O8 D.K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
(involved in two G=C—C—NHR units). Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,

o P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
(c) The stability sequence of N-protonated forms can be Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,

rationalized in terms of the closer position of the proton, when wm.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
attached to N3, to regions of larger electron population (two Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian
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