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Theoretical parameters characterizing the electrostatic forces at individual atoms were applied in quantifying the
hydrogen bonding reactivities of atomic sites in the five primary nucleobases. To avoid ambiguities associated with the
usual formation of bidentate hydrogen bonds in the nucleobases, DFT M06-2X/6-311+G(2d,2p) computations were
employed in deriving electrostatic potentials at nuclei (EPN), NBO, and Hirshfeld atomic charges for a set of 64 model
molecules. For comparison, proton affinities for the proton-accepting sites and deprotonation energies for proton-
donating sites also were evaluated. The functional groups in the selected model molecules are able to form single
hydrogen bonds. The obtained correlation equations linking computed interaction energies and electrostatics-related
parameters were applied in deriving reactivity descriptors for individual atomic sites in the nucleobases. Among the
tested theoretical parameters, the EPN values provide the best correlations with hydrogen bonding energies. The
derived relationships were employed in defining a hydrogen bond reactivity descriptor for the atomic sites in the
nucleobases. The effects of base pairing on site reactivities also were assessed.

Key words: hydrogen bonding, nucleic acid bases, electrostatic potential, atomic charges, reactivity descriptors.

INTRODUCTION

The ability of different atomic sites in the purine
and pyrimidine nucleic acid bases to form hydrogen
bonds determines a number of key properties of
DNA and RNA. These include the formation of
double helix structure, the replication mechanisms,
and the interactions with proteins and biologically
active ligands [1-10]. In the present research we
present an efficient computational method for
evaluating hydrogen bonding reactivities of
individual atomic sites in the nucleobases. The
effects of base pairing on hydrogen bonding
abilities are also considered.

Numerous theoretical studies have focused on
guantifying the proton-accepting and proton-
donating abilities of the purine and pyrimidine
nucleobases [11-20]. Zeegers-Huiskens et al.[17-
20] analysed using DFT computations the
effectiveness of intrinsic basicities and acidities of
the hydrogen bonding sites in the nucleobases in
describing the interactions with a single water
molecule. In a computational study Medhi et al.
[21] characterized the reactivities of nucleobases by
determining proton and metal ion affinities of the
nucleobases accepting sites. In several theoretical
studies Wetmore et al. [11-14] examined the
hydrogen bonding abilities of the nucleobases in
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their interactions with small hydrogen bond
forming molecules: HF, H.O and NHs. A barrier in
quantifying the hydrogen bonding abilities of
individual atomic sites arises from the particular
structure of nucleobases. The interactions of
molecules with proton accepting or donating sites
in the bases involve in most cases the formation of
cooperative bidentate hydrogen bonds with
participation of neighbouring atoms. Thus, energy
differentiations between these two simultaneous
interactions cannot be evaluated from suitable
experiments or from theoretical modelling.
Information on site reactivities is particularly useful
for QSAR and docking studies as well as in
understanding fine mechanisms of interactions
involving nucleic acid fragments.

Electrostatic forces have been shown to play a
major role in defining the structure and properties
of  biopolymers  [1-10,25,26].  Electrostatic
interactions are also among the key factor in
hydrogen bonding in general [1,8, 9, 27, 28]. It was
of interest to follow how quantities, reflecting the
electrostatics at different sites in the nucleobases,
would be linked with their hydrogen bonding
reactivities. In the present research, we evaluate
three types of molecular parameters that are
intrinsically related to site electrostatics: NBO
atomic charges [29], Hirshfeld charges [30], and
electrostatic potentials at nuclei (EPN) [22]. In
addition, following the already established
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methodology [17-20], we also determined the
proton affinities (PAs) and deprotonation energies
(DEs) for the proton accepting and donating sites in
the primary nucleobases at the level of theory
employed in the present investigation. It thus
became possible to assess how well all five
theoretical parameters considered correlate with
hydrogen bonding energies.

Earlier studies from this laboratory [31-36]
revealed the accuracy of electrostatic potential at
nuclei (EPN) in characterizing the site reactivities
in hydrogen bonding. In a recent investigation [37]
on substituted benzenes, we showed that molecular
electrostatic potential (MEP) values, evaluated for
points in molecular space in close proximity to the
ring carbon nuclei, describe quantitatively site
reactivities of the respective positions. Using
Morokuma energy decomposition analysis [38,39]
for selected series of hydrogen bonded molecules
we also showed [35] that the different terms
contributing to interaction energies (polarization
interaction, exchange repulsion, charge transfer) are
linearly correlated with the electrostatic energy
term. These results emphasize the importance of
molecular ~ parameters  characterizing  site
electrostatics in quantifying hydrogen bonding
reactivities.

To avoid the difficulty of multiple hydrogen
bonding of model proton donor and acceptor
molecules (such as HF, H.O and NHs) with
neighbouring atoms in the nucleobases, we
conducted computations for series of molecules
containing functional groups in environments that
resemble the structural arrangements in the
nucleobases. The functional groups in the selected
model molecules are able to form single hydrogen
bonds. The established correlations between
reactivity descriptors and interaction energies were
than employed in characterizing quantitatively the
reactivity of individual proton-accepting and
proton-donating centers in the nucleic acid bases.

COMPUTATIONAL METHODS

DFT computations employing the MO6-2X
functional [40] combined with the 6-311+G(2d,2p)
basis set [41] were applied in evaluating hydrogen
bonding energies and a set of molecular parameters
characterizing local properties of atomic sites in the
investigated systems. Both DFT method and basis
set employed have been shown to provide reliable
results for the energies of hydrogen bonding [42].
Harmonic vibrational frequency computations
showed that the optimized structures are true
minima in the potential energy surfaces. Zero point

vibrational energies (ZPE) and bases set
superposition error (BSSE) corrections [43] were
applied in evaluating the energies of complex
formation. The Gaussian09 program [44] was
employed for all computations. Site electrostatics at
the proton accepting and donating centers in the
nucleobases was characterized by EPN values,
NBO and Hirshfeld charges. The electrostatic
potential at nuclei was first introduced by Wilson
[45]. Politzer and Thruhlar [22] defined the
electrostatic potential at nuclei Y (Vv) by egn (1):

B 7 (r)
VY = V(Ry) = ZA:/:Y |RA—ARy| - f |rp—;y| (l)

In this relationship, the singular term for nucleus
Y is excluded. Za is the charge of nucleus A at
position Ra, and p(r) is the electron density
function. As mentioned, following the original
findings [31-34] that EPN values define
guantitatively the ability of molecules to form
hydrogen bonds, the EPN index was extensively
applied in describing both hydrogen bonding and
chemical reactivity of various molecular systems
[35,36,44-51]. In contrast to other theoretical
parameters that characterize site properties, the
electrostatic potential at nuclei is a rigorously
defined quantum mechanical quantity. The 1/r
dependence of EPN (Egn 1) determines
considerably greater contributions to Vy of negative
and positive charges in close vicinity of nucleus Y.

To have a clearer physical interpretation of the
variations of EPN (Vvy), we employed the shifts of
EPN in the studied derivatives (X) with respect the
values in selected small molecules, containing the
same atoms in the respective hybridization state.
For this purpose, we selected ammonia (sp*-
nitrogen), methanimine (sp?-nitrogen),
formaldehyde (sp?-oxygen), and hydrogen molecule
(for H atoms). The following relations were
employed:

For N(sp3): AV = Vn(X)-Vn(NH3) )
For N(sp2): AV = Vn(X)-Vn(H2C=NH) (3)
For O(sp2): AVo = Vo(X)-Vo(H.C=0) 4
For H: AV = Vi(X)-Vh(Hz) ®)

In the tables, we present the shifts of EPN
values as defined in Egns. (2-5). The proton
affinities (PA) of all nitrogen and oxygen atomic
centers for the series of model nitrogen and oxygen
containing compounds as well as for the
nucleobases were evaluated as the difference of the
ZPE corrected energies of protonated and neutral
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molecules. Deprotonation energies were also
determined for the proton donating N-H sites.

METHODOLOGICAL APPROACH

Nitrogen and oxygen atomic centers are the
principal proton accepting centers in the
nucleobases able to form hydrogen bonds, while the
N-H bonds may act as proton donors. As
emphasized, it is not possible to evaluate
theoretically the hydrogen bonding reactivities of
individual atomic centers in the nucleobases by
analyzing simply the energies of complex
formation with model molecules. In most cases,
proton donating or accepting molecules interact
cooperatively with two atoms in the nucleobases
[11-20]. These processes are illustrated in Fig. 1 for
the interaction of thymine with HF, H,O and C;H..
It is seen that two cooperative H- bonds are
simultaneously formed. Even if a weaker proton
donor such as C;H; is employed in modeling the
hydrogen bonding with a basic center, the
neighboring proton donating groups contribute to
the overall complexation energy by forming a m-
hydrogen bond (Fig. 1C). Our approach involves
four steps:

(1) The basic assumptions is that correlations
between hydrogen bonding energies and molecular
parameters established for model systems may be
also applied for the respective functionalities in the
nucleobases, following a verification. In general,
similarities of the molecular environment of proton
accepting and donating groups in the model
compounds and in the nucleobases suggest that this
is a well-based hypothesis. Nonetheless, to verify
further its validity we analyzed the relationships
between the employed molecular parameters
(atomic charges, EPN values) with computed
chemical properties of the respective atomic sites:
proton affinities and deprotonation energies.
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Scheme 1. Structure and numbering of atomic positions
in the primary nucleobases.

A

Fig. 1. Bidentate hydrogen bonding in thymine
complexes with HF, H,O and C;H; from MO06-2X/6-
311+G(2d,2p) computations.

These correlations include both the model
compounds and the nucleobases. Based on the
obtained results, the most appropriate molecular
parameter for the further analyses was selected. The
criterion employed was how accurately the
respective quantity (NBO and Hirshfeld charges,
EPN) describes the local chemical reactivity of
atomic sites.

(2) In the second step, we studied in detail the
relationships between energies of hydrogen
bonding and molecular parameters for the sets of
model compounds, containing the same functional
groups as the nucleobases. We considered
correlations of interaction energies with the already
selected site-related parameter as well as with
proton affinities and deprotonation energies. Series
of substituted pyridine, pyrimidine, purine, aniline,
pyridine-2(1H)-one, and imide derivatives (Scheme
2) were investigated computationally to
characterize the hydrogen bonding abilities of
nitrogen atoms in varying molecular environment.
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Scheme 2. Structures of model sets of molecules
containing nitrogen atoms in varying molecular
environment.

Computations for unsaturated cyclic amides and
cyclodienones (Scheme 3) were conducted in
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characterizing the reactivities of carbonyl oxygen
atoms. The proton affinities for the C=0 oxygens
were also evaluated. Finally, a suitable set of
derivatives (Scheme 4) was selected for analogous
computations, aimed at characterizing the proton-
donating properties of N-H groups in hydrogen
bonding. The arrows also indicate the chosen
direction of hydrogen bond formation. We
employed hydrogen fluoride as a model proton
donor/proton acceptor in these computations. The
established  relationships  between  molecular
quantities and interaction energies were than
employed in characterizing the ability of individual
atomic sites in the nucleic acid bases to form
hydrogen bonds. The accuracy of theoretical
predictions of hydrogen bonding energies by the
different theoretical parameters was assessed.

(3) In the third step of our approach, we applied
scaling procedures, aimed at generalizing the
relationships between theoretical parameters and
hydrogen bonding reactivities. The scaling was
necessary because of different slopes and segments
in the plots of interaction energies vs. theoretical
parameters for the different types of functional
groups considered in the present research. The
generalized plots between hydrogen bonding
energies and scaled parameters revealed the
accuracy of the adopted approach.
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Scheme 3. Series of model compounds containing 0Xygen
proton accepting centers. The arrows point the atoms, for
which electrostatic potential at nuclei (Vo), atomic
charges (Onso, Quirsh), and proton affinities were
calculated. The arrows also indicate the chosen direction
of hydrogen bond formation.
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Scheme 4. Model compounds containing nitrogen
proton-donating centers. The arrows point the atoms, for
which electrostatic potential at nuclei (Vw), atomic

charges (qneo, Qnirsh), and deprotonation energies were
calculated. The arrows also indicate the chosen direction
of hydrogen bond formation.

(4) In the fourth step, we define a suitable
hydrogen bonding reactivity descriptor, based on
the derived relationships between interactions
energies and scaled molecular parameters.

RESULTS AND DISCUSSION

Correlations between site electrostatic
parameters and proton affinities

Proton affinity (PA) and deprotonation energies
(Egep) are quantities that reflects well local
properties of atomic sites in molecules. It was of
special interest to examine how well molecular
parameters associated with site electrostatics would
correlate with quantities (PA, Eqep) reflecting purely
chemical properties. Subsequent analyses of
relationships between hydrogen bonding energies
and molecular parameters may provide a clue for
selecting the quantity describing most accurately
the hydrogen bonding interactions. We evaluated
by theoretical computations the proton affinities
and electrostatics-related parameters (EPNs, NBO
and Hirshfeld atomic charges), for sets of
molecules containing nitrogen and oxygen proton
accepting sites.

Tables S1 and S2 present these theoretically
estimated quantities for the nitrogen and oxygen
atomic sites in the selected model molecules and
the five primary nucleobases. The last rows in
Tables S1 and S2 show the correlation coefficients
for the relationships between proton affinities and
the three local parameters. A very good correlation
between PAs and EPN (V) values for all
considered 54 nitrogen proton accepting sites is
established (correlation coefficient r = 0.986, n=
54). The plot is illustrated in Fig. S1. The
correlation covers the model compounds (Scheme
2) and the respective nitrogen centers in the
nucleobases. In contrast, the results reveal that the
evaluated NBO and Hirshfeld charges for the
nitrogen atoms do not correlate well with proton
affinities (Table S1).

Table S2 presents the theoretically evaluated
shifts of EPN values (AVo) and atomic charges for
the oxygen proton accepting centers for the series
of model compounds (Scheme 3). A good
correlation between PAs and EPN values (Vo) (r =
0.985, n = 24) characterizes the relationship
between these two molecular quantities (Fig. S2).
Again, the NBO and Hirshfeld charges for the
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oxygen atoms do not correlate satisfactorily with
proton affinities.

Table 1. Hydrogen bonding energies and reactivity
descriptors for nitrogen proton accepting centers in
model molecules (Scheme 2) from MO06-2X/6-
311+G(2d,2p) computations.

discussed so far. Still, the correlation between AVy
and Egep is superior than the correlations of Egep
with g4(NBO) and gw(Hirsh) (Table S3).

Table 2. Hydrogen bonding energies and reactivity
descriptors for oxygen proton accepting centers in
model molecules (Scheme 3) from MO06-2X/6-
311+G(2d,2p) computations.

AEcorr AVNa PA AEcorr A\]Ob PA
Molecule 1\ calimol 1] [keal/mol I [kealimol I] Molecule v cal/mol]  [kcal/mol]  [keal/mol]
sp? Cyclohexa-2,4-dienones
Pyridine -9.43 2.64 219.0 H 9.72 -22.41 209.0
Pyrimidines 4-CHs -10.11 -23.54 2111
H -8.27 10.47 208.6 4-NH. -10.00 -23.10 2118
4-CHs -8.78 6.14 214.6 4-F -9.14 -15.26 202.5
4-NH. -9.66 -2.18 224.0 4-Cl -8.91 -14.69 203.6
4-F -7.82 15.71 204.2 4-Br 9.21 -14.88 203.3
4-CHO -7.33 20.17 203.4 4-CHO -8.48 -13.63 202.0
4-CN -6.91 27.08 197.1 4-CN -8.56 -8.36 196.8
4-NO; -6.57 30.09 193.9 4-NO -8.81 -11.87 200.2
4-NO; -8.34 -6.91 195.6
Purines Benzoquinone
H -8.31 10.31 210.9 -6.92 1.31 188.6
2-CHs -8.57 7.71 214.3 Pyridin-2(1H)-ones
2-NH. -8.99 4.16 219.2 H -11.38 -36.91 217.4
2-F -7.83 15.44 206.5 5-CHs -11.61 -39.42 220.9
2-CHO -7.52 17.42 206.0 5-NH: -12.18 -41.99 224.7
2-CN -7.14 22.69 201.1 5-F -10.80 -30.38 213.3
2-NO; -7.16 24.78 199.1 5-Cl -11.15 -32.83 2135
Correlation 5-CN -9.53 -18.46 203.9
coefficientsd 0.991 0.985 5-NO; -9.22 -15.01 201.8
sp3 Correlation
Anilines coefficients @ 0.991 0.979
H -6.83 24.20 207.3 2Correlation coefficients for the relationships between AEy, an
4-CHs -6.90 18.96 210.0 molecular parameters. ® AV, is defined in egn 4.
4-OCHs -7.92 17.61 212.0
4-NH; -7.47 15.30 214.9 The relationships discussed above reveal good
j‘él 'g-g gg-gg ggg-g correspondence  between chemical properties
4:Br :6'06 2779 2031 (proton affinities, deprotonation energies) and a
4-CHO 4.93 3454 199.0 theoretical parameter (EPN) describing the
4-CN -4.84 37.74 195.0 electrostatic forces acting at individual atomic sites.
In the following discussion of hydrogen bonding
5-Amino-pyrimidines ; ; ; ; ;
interactions we will focus on the relationships
H -5.15 35.71 193.1 .
2-CHs 536 3250 1973 employing EPN, PAs, and Egp Values. The
2-NH> 6.31 26.90 204.7 computations showed that NBO and Hirshfeld
2-F -4.90 39.23 189.9 atomic charges are less successful in describing
g'g:::o ggg ‘5“15-‘2% 186.8 small variations in site reactivities for the
2:N02 :3'16 5360 considered extended series of molecules. The
Correlation results obtained also revealed the presence of
0.987 0.958

coefficients?

Table S3 present the theoretically evaluated
deprotonation energies and molecular parameters
for N-H proton donating sites in series of model
compounds (Scheme 4) and in the nucleobases. The
shifts in EPN values for the N-H hydrogen
correlates with Egep, though the correlation
coefficients (r = 0.956) is lower compared to the
plots between proton affinities and AVvy values

12

outliers in the PA/EPN and Ege,/EPN relationships.
Most critical for the purposes of the present
investigation is the assessment of how well these
molecular guantities would describe the abilities of
atomic centers to form hydrogen bonds.

Zeegers et al. [17-20] have applied PAs and Egep
in characterizing the hydrogen bonding reactivities
of the nucleobases. The derived by these authors
relationships are based on analyzing the interaction
energies of nucleobase functionalities with water
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molecule. As discussed, bidentate hydrogen bonds
with neighboring polar groups in the bases form in
almost all cases.

Table 3. Hydrogen bonding energies,
electrostatic ~ potential at  nuclei, and
deprotonation energies for N-H hydrogen in
1,6-dihydropyrimidine and aniline derivatives
from M06-2X/6-311+G(2d,2p).

. . AEcorr AVHb Edep
Derivative  ncomol]  [keal/mol]  [kcal/mol]
1,6-Dihydro-pyrimidines
H -4,57 31.89 -363.50
4-OCHs -4.69 33.33 -361.05
4-NH> -4.72 31.32 -363.05
4-F -5.25 41.67 -354.94
4-Cl -5.33 41.99 -352.15
4-Br -5.41 41.67 -350.29
4-CHO -5.42 41.24 -353.23
4-CN -5.77 41.57 -347.53
4-NO2 -5.85 50.27 -345.29
Anilines
H -3.64 17.14 -374.40
4-OCHs -3.54 13.31 -377.40
4-NH> -3.38 11.05 -377.89
4-F -3.94 19.77 -372.49
4-Cl -4.05 22.91 -367.67
4-Br -4.04 27.37 -366.35
4-CHO -4.49 30.57 -355.47
4-CN -4.84 33.77 -354.91
4-NO2 -5.18 36.91 -348.79
Correlation 0979 0.964

coefficient 2

Correlation coefficients for the relationships between AEcor
and AVy ® AVy is defined in egn (5).

The specific structure of H,O, however, may be
a factor influencing the nature of such cooperative
bonding. In the present work, we aim at
establishing relations that are free of such effects

Relationships between hydrogen bonding
energies and molecular parameters

Based on the above results it is possible to
explore dependences between hydrogen bonding
energies and molecular parameters for the sets of
model molecules. As discussed, the selected model
molecules (Schemes 2-4) possess atomic centers
that are able to form single hydrogen bonds,
without the complications of cooperative bonding.
Our study focuses at analyzing how well proton
affinities, deprotonation energies, and electrostatic
potentials at atomic sites correlate (and predict) the
hydrogen bonding energies for the sets of model
molecules.

Interaction energies are, certainly, the most
accurate descriptor of the ability of individual
atomic centers to form hydrogen bonds. For the

model derivatives, hydrogen bonding energies,
associated with individual atomic sites, were
theoretically evaluated. As mentioned, hydrogen
fluoride was employed as a model proton donor or
acceptor molecule. The established good
correlations for the PAJ/EPN and Ege/EPN
relationships show that a molecular parameter,
representing the electrostatic forces acting at
particular atomic sites, may well predict site
chemical properties for both model systems and the
nucleobases (Table S1-S3). We explored the
relationships between interaction energies and EPN
values and proton affinities for the molecules
shown in Schemes 2 and 3. Deprotonation energies
were evaluated for proton-donating N-H bonds
(Schemes 4). These model systems possess
hydrogen bonding functional groups with sp? and
sp® nitrogens, sp? oxygen, and N-H bonds in
structural environments similar to those in the
nucleobases. As shown, NBO and Hirshfeld
charges were found to be less successful in
describing site reactivities in the selected model
systems.  Nonetheless, in the  Supporting
Information we provide comparative tables (Tables
S4-S6) that contain data for these two types of
atomic charges.

Table 1 shows the computed hydrogen bonding
energies (AEcor) for the nitrogen centers (proton
acceptors) for the series of model pyrimidine,
purine, and aniline derivatives (Scheme 2). These
values are juxtaposed to theoretically derived
molecular parameters: AVn and proton affinities.
The results obtained reveal that no common
relationship between AEcor and any of these
molecular parameters is found when molecules
containing both sp?> and sp® nitrogens are
simultaneously considered. The data obtained
demonstrate that the pyridine type nitrogens form
distinctly stronger hydrogen bonds than the aniline
type nitrogen atoms (Table 1). It was thus
necessary to investigate separately these two sets of
complexes. An excellent correlation between
interaction energies and AVy (sp? N) (r =0.991, n =
15) for the entire set of substituted pyrimidines and
purines was found (Table 1). A good correlation,
though with lower correlation coefficient (r =
0.985, n = 15), was established between proton
affinities and AEcor (Table 1).

The correlation between AEcor and Vy values for
the series of aniline derivatives is also quite
satisfactory with correlation coefficient r = 0.987.
Again, this correlation is superior to the correlation
between AEc and proton affinities for molecules
containing sp® nitrogen centers (r = 0.958).

13
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The equations reflecting the above relationships
are as follows:

AEcor = 0.097AVy (sp? N) -9.390 (6)
n=15, r=0.991
AEcorr = 0.121AVn(sp® N) -9.511 @)
n=16, r =0.987

The differences in slopes and intercepts in Eqns.
6 and 7 reflect the lower hydrogen bonding ability
for the sp® nitrogen atoms in amino group
environment. An appropriate scaling of Vn(sp® N)
to reflect these difference results in the relation:

AVN(Sp3 N)scated = 1.24 AVN(Sp3 N) (8)

The segments in egns. (6) and (7) are very close in
value and, thus, the simplified relation 8 holds to a
good approximation. Using the AVn(sp® N)scared the
following relation covering all nitrogen proton
accepting sites is derived:

AEcor = 0.096AVNscaled -9.40 (9)
r=0.99%4,n=31

AV comprises AVy for the sp? nitrogens
(scaling factor = 1) and AVn(Sp® N)scaiea Obtained
from egn (8). Using eqn (9) it becomes possible to
prepare a reactivity scale for all nitrogen proton
accepting centers in the model molecules.

To derive analogous relationships between
structural variation in carbonyl compounds and
molecular parameters (EPN, PAs), associated with
oxygen proton accepting sites, a series of 18
carbonyl containing derivatives of cyclohexa-2,4-
dienone and pyridin-2(1H)-one (Scheme 3) were
considered.

To avoid cooperative bidentate hydrogen
bonding of the model proton donor in the case of
the aza heterocyclic molecules the hydrogen bond
at the carbonyl oxygen was modeled at the side of
the C=C double bond adjacent to the carbonyl
moiety (Scheme 3). The computed corrected
energies of hydrogen bonding (AEcor), electrostatic
potentials at nuclei (Vo), and proton affinities (PA)
for the carbonyl oxygen sites are given in Table 2.
The excellent correlation coefficient (r = 0.991)
between the computed EPN values and energies of
hydrogen bonding (ZPE and BSSE corrected)
shows the near linear relationship between these
guantities. A good correlation coefficient (r=0.979)
characterizes the dependence between AEc, and
proton affinities. As in the case of nitrogen proton-
accepting centers (Table 1), the electrostatic
potential at nuclei values provide superior
correlations with interaction energies compared to
proton affinities for the series of carbonyl

14

derivatives. This result reflects the strong
dependence of hydrogen bonding on the
electrostatic interaction between proton donor and
acceptor molecules. The relationship between AVo

values and AEcn results in the following
expression:

AEcorr(C:O) =0.1 12AVO - 7382 (10)
n=18,r=0.991

Equation 10 holds for two different series of
cyclic compounds containing C=0O functionality.
This result shows that in spite of different
molecular environment (ketone C=0 group in the
first set and amide C=0 group in the second set) the
same relationship between interaction energies and
EPN values holds. Successful applications of EPN
in quantifying hydrogen bonding reactivities of
carbonyl derivatives belonging to different classes
2527 gre in harmony with the present results.

Considerations of the slopes and segments of
egns. (9) and (10) results in the following
expression for the scaling of AVo:

AVo(sp? O)scated = 1.167AVo(sp?0) - 18.01 (1)

Considering eqns (9-11) we arrive at a general
relation quantifying the hydrogen bonding
reactivities of all proton-accepting sites. Scaling of
AVo eqgn. (11) is necessary to obtain such an
equation. The derived general relation is:

AEcor = -0.106 AVy**d - 9.22 (Y=N,0) (12)
n=49,r=0.995

Egn (12) provides a general scale for the
hydrogen bonding abilities of all proton accepting
site. It is based on the scaled values of the
respective AVy values. AV, are presented in
Table 6. The plot between hydrogen bonding
energies and AV,*%* js shown in Fig. 2.

[kcal/mol]
3
1

corr

AE

304

r=0.995,n=49
-304

T T T T

-12 -8 -4
AV, ***! [kcal/mol]

Fig. 2. Plot of hydrogen bonding energies vs. scaled
electrostatic potentials at nuclei (Vv in in model
pyrimidines, purines and carbonyl derivatives
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Following the same approach we derived
relationships between interaction energies and
molecular parameters for the N-H proton-donating
groups in the series of model 1,6-
dihydropirimidines and anilines shown in Scheme
4. Table 3 presents the computed energies of
hydrogen bonding and molecular parameters. A
good correlation (r = 0.979) is established between
AVy and interactions energies (Fig. 3), while the
respective relationship with Egep is characterized
with lower correlation coefficient (r = 0. 964).
These results confirm that the shifts of EPN provide
superior correlations with the hydrogen bonding
energies compared to proton  affinities/
deprotonation energies. . No scaling of EPN values
is necessary in this case since the correlation
involves only N-H group hydrogens. Eqn (13)
shows that more negative AV values correspond to
higher interaction energies.

[kecal/mol]

AE
corr
B
1

r=0.979,n=18 bt

T T T T T
10 20 30 40 50
4V, [keal/imol]

Fig. 3. Energies of hydrogen bonding (AEcor) vs. shifts of
electrostatic potentials at of proton-donating groups
(AVy) in substituted aniline and 1,6-dihydropyrimidine
derivatives.

Thus, AVy can directly be employed in deriving
suitable hydrogen bonding reactivity descriptor for
N-H proton-donating groups. The following
equation applies:

AEcorr = '0068AVH = 252 (13)
n=18,r=0.979

Hydrogen bonding reactivity descriptors for
nucleobases

AVy may be employed in characterizing the
hydrogen bonding reactivities in the nucleobases
and their polymeric derivatives. It is only necessary
to compute the respective scaled electrostatic
potential values for the proton accepting centers
(AV*ed), Even easer assessment of bonding
abilities comes by comparing the predicted
hydrogen bonding energies using Egn. 12.

It is appropriate to introduce a special hydrogen
bond descriptor (HBgescr) for reactivities of atomic
sites in nucleobases. We define this descriptor as
the absolute values of the predicted energies of
hydrogen bonding for particular sites in the bases
using Egns (12) and (13):

HBgescr = |AEprdicted| (14)

The HBugeser Values are given in the last columns
of Tables 4 and 5. Table 4 shows the order of
reactivities of all proton-accepting sites in the
nucleobases. Inspection shows that the most
reactive center for hydrogen bonding is the N3
nitrogen in uracil (HBgeser=18.17).

Table 4. Scaled EPN values, predicted energies of
hydrogen bonding (AEpredicted, in kcal/mol), and
hydrogen bond descriptor (HBdescr) values for proton-
accepting centers in the primary nucleobases.

’l;l:scelseo- AVy séAaXi\,{a AEP":b HBdescr
Adenine
N1(sp?) -1.84 -1.84 -9.02 9.02
N3(sp?) 1.86 1.86 -9.42 9.42
N7(sp?) 6.88 6.88 -9.95 9.95
NO(sp®) 61.81 76.64 -17.34 17.34
N10(sp®) 339 420 -13.68 13.68
Guanine
N1(sp%) 56.85 7049 -16.69 16.69
N3(sp?) 9.76 9.76 -10.25 10.25
N7(sp?) 0.81 0.81 -9.31 9.31
N9(sp%) 60.94 7556  -17.23 17.23
N11(sp%) 45.07 55.89 -15.14 15.14
010 -29.58  -3452  -556 5.56
Thymine
N1(sp3) 54.49 67.57 -16.58 16.58
N3(sp3) 64.47 79.95 -17.69 17.69
o7 -20.16  -2353  -6.73 6.73
08 -19.94 2327 -6.75 6.75
Uracil
N1(sp3) 55.98 6941 -16.58 16.58
N3(sp3) 68.12 84.47 -18.17 18.17
o7 -19.75  -23.04 -6.78 6.78
08 -16.69  -1948  -7.16 7.16
Cytosine
N1(sp3) 53.87 66.81 -16.30 16.30
N3(sp2) -6.74 -6.74 -8.51 8.51
N7(sp3) 38.77 48.07 -14.32 14.32
08 -41.87 -48.86 -4.04 4.04

2 Obtained from egn (8) and eqn (11) ® Predicted values using eqn (12).

Among the oxygen atomic sites, the O8 atom in
uracil (HBgeser= 7.16) is predicted to possess highest
reactivity. Table 5 compares the relative reactivities
of proton-donating atomic sites in the nucleobases.
The values of reactivity descriptors are obtained
using relation 14. The effects of base pairing on
hydrogen bond reactivities are illustrated in Table
6. The last column contains HBgeser Values for the
atomic sites in base pairs. The numbering of atomic

15
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sites is shown in Scheme 5. Comparison of Tables
4 and 6 reveals the effects of pairing on hydrogen
bonding reactivities.
Table 5. Shifts of EPN values, predicted energies of
hydrogen bonding (AEP®dced jn kcal/mol), and
hydrogen bond descriptor (HBqeser) Values for proton-
donating centers in the primary nucleobases.

5.74. Distinct shifts are also found for the other
base pairs (Tables 3 and 6).

Table 6. Scaled EPN values, predicted values of hydro
gen bonding energies (AEP®dced in kcal/mol), and
hydrogen bond descriptor (HBgescr) for proton-accepting
centers in Adenine-Thymine, Adenine-Uracil, and

Nucleo-bases AVi? AEPF b HBgescr Guanine-Citosine base pairs.

Adenine Base pair AVy AVyseled — AEPT HBgescr.

N9-H 57.56 -6.44 6.44 Adenine (A-U)

N10-H 31.44 -4.66 4.66 N1(sp?) 3.53 3.53 -9.59 9.59

Guanine N10(sp?) 28.02 34.75 -12.90 12.90

N1-H 50.95 -5.99 5.99 Adenine (A-T)

N9-H 56.85 -6.39 6.39 N1(sp2) 2.98 2.98 -9.54 9.54

N11-H 40.91 -5.30 5.30 N10(sp3) 27.73 34.38 -12.86 12.86

Tymine Guanine (G-C)
N1-H 56.43 -6.36 6.36 N1(sp?) 4456 55.26 -15.08 15.08
N3-H 47.82 -5.77 5.77 N11(sp?) 28.11 34.85 -12.91 12091
Uracil 010 -28.16 -32.86 -5.74 5.74
N1-H 59.86 -6.59 6.59 Thymine (A-T)
N3-H 49.32 -5.88 5.88 N3(sp3) 39.19 48.60 -14.37 1437
Cytosine o7 -21.99 -25.66 -6.50 6.5

N1-H 44.93 -5.58 5.58 Uracil (A-U)

N7-H 39.22 -5.19 5.19 N3(sp3) 40.31 49.99 -1452 1452
2 AVy is defined in egn (5).  Predicted values for interaction energies o7 -21.88 -25.53 -6.51 6.51
using eqn (13). Cytosine (G-C)

N3(sp?) 36.15 36.15 -13.05 13.05
N7(sp3) 45.46 56.37 -15.20 15.20
7 7 08 -13.14 -15.33 -7.59 7.59
H, Heeeee-- 0 CH; H o He------ 0
10 N 7 10 \> \:

7 N \
<{ | \N1__H_r,g \ <, | j1 H=-N

N % e o

H N:s 0& H Oa

Adenine Thymine Adenine Uracil
0o M
L
HN; / N—H- ..,g;_\
N— #—N,
4 "N,H ----- o, 1H
H

Guanine Cytosine

Scheme 5. Structure and numbering of atom position in
base pairs Adenine-Thymine, Adenine-Uracil and
Guanine-Cy tosine.

In the A-U base pair, the HBgeser for the N1 atom
in adenine shifts from 9.02 to 9.59. For the N10
atom, the shift is from 13.68 to 12.90. Similar
HBueser Shifts are also found for the A-T base pair.
The HBuescr for the N1 atom in adenine changes
from 9.02 to 9.54, while for the N10 from
13.68 to 12.86. The respective HBgescr Values
for guanine in the G-C pair change also upon
base-paring. . The HBgescr Value for the N1 atom in
guanine shifts from 16.69 to 15.08, for the N11
atom from 15.14 to 12.91, and for O7 from 5.56 to

16

2 Obtained from eqns (8) and (11). ® Predicted values using eqn (12).

The shifts in HBgeser resulting from base pairing
may be distinct, though not large. This is in
harmony with the relatively small perturbations
caused by hydrogen bonding between the
nucleobases.

CONCLUSION

Hydrogen bonding reactivities of individual
atomic sites in the primary nucleobases were
characterized by applying theoretically derived
electrostatic-related theoretical parameters. Several
alternative quantities — electrostatic potentials at
nuclei (EPN), NBO and Hirshfeld atomic charges
as well as proton affinities and deprotonation
energies — were employed in the analysis. For all
studied systems, the EPN values provided the best
correlations with interaction energies. A new
reactivity descriptors (HBgescr) for the hydrogen
bonding reactivities of atomic sites in the
nucleobases is introduced based on predicted
interaction energies. Using the derived equations,
site reactivities for the primary nucleobases were
evaluated. The effect of base pairing was also
analyzed.
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model compounds (Scheme 2) from M06-2X/6-311+G(2d,2p) computations.

, IS an(NBO)  qn(Hirsh)
Molecule, Substituent PA [kcal/mol] [kcal/mol] [e] [e]
Pyridine 219.0 2.6 -0.4594 -0.1613
Pyrimidines
H 208.6 10.5 -0.4837 -0.1640
4-CH; 214.6 6.1 -0.4932 -0.1714
4-NH, 224.0 -2.2 -0.5268 -0.1909
4-F 204.2 15.7 -0.4941 -0.1676
4-CHO 203.4 20.2 -0.4657 -0.1528
4-CN 197.1 27.1 -0.4631 -0.1482
4-NO, 193.9 30.1 -0.4588 -0.1453
Purines (sp’ N)
H 210.9 10.3 -0.4885 -0.1971
2-CH; 214.3 7.7 -0.4877 -0.1987

S2





2-NH,
2-F
2-CHO
2-CN
2-NO;

Purines (NH)
H

2- CH;
2-NH,

2-F

2-CHO

2-CN

2-NO,

Anilines
H

4-CH;
4-NH,
4-F
4-CHO
4-CN
4-NO,

Pyridin-2(1H)-ones
H

5-NH,

5-NO,

5-CH;

5-F

5-CN

5-cl

Imides
Imide 1
Imide 2

Nucleobases
Adenine
N1

N3

N7

N9

N10
Guanine
N3

N7

N9

219.2
206.5
206.0
201.1
199.1

170.2
174.0
179.8
165.2
165.6
159.7
157.5

207.3
210.0
214.9
204.6
199.0
195.0
193.0

176.0
186.8
158.8
180.9
173.3
161.4
172.6

186.4
174.3

222.0
220.2
213.6
177.6
200.0

209.4
225.0
179.6

4.2
154
17.4
22.7
24.8

67.7
65.0
60.7
73.3
74.6
81.0
83.2

24.3
18.9
153
23.9
34.5
37.7
40.8

57.0
52.7
80.0
53.9
63.4
76.2
64.9

49.9
63.7

7.4

1.9

6.9
52.5
33.9

9.8
0.8
60.9

-0.4828
-0.4806
-0.4887
-0.4832
-0.4823

-0.5840
-0.5834
-0.5894
-0.5832
-0.5798
-0.5774
-0.5764

-0.8213
-0.8156
-0.8196
-0.8151
-0.8004
-0.8008
-0.7967

-0.5898
-0.5852
-0.5734
-0.5881
-0.5844
-0.5796
-0.5819

-0.6913
-0.6923

-0.5720
-0.5434
-0.5011
-0.5772
-0.7865

-0.6013
-0.4537
-0.5702

-0.2000
-0.1930
-0.1933
-0.1889
-0.1876

0.1018
0.0988
0.0928
0.1076
0.1116
0.1155
0.1194

0.0720
0.0419
0.0290
0.0460
0.0806
0.0826
0.0917

0.1009
0.0922
0.1267
0.0956
0.1039
0.1208
0.1075

0.0544
0.0685

-0.2066
-0.2110
-0.2040
0.1004
0.1173

-0.2333
-0.1867
0.0985
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N11 186.5 45.1 -0.8132 0.0929

Thymine

N1 174.4 64.4 -0.6335 0.0812
N3 174.8 54.4 -0.6648 0.0777
Uracil

N1 172.4 55.9 -0.6704 0.0783
N3 169.0 68.1 -0.63696 0.0863
Cytosine

N1 185.3 53.9 -0.6192 0.0840
N3 2245 -6.7 -0.6165 -0.2182
N7 192.9 29.5 -0.7867 0.1195
Correlation coefficient® 0.986 0.167 0.817

®Correlation coefficients for the correlations with proton affinities
bAVN is defined in Egns. 2 and 3 in the main text.

Table S2. Proton affinities (PA), shifts of electrostatic potential at nuclei (AV,), and atomic charges
[do(NBO) and go(Hirsh)] for carbonyl oxygen proton accepting sites in the primary nucleobases and in
sets of model compounds (Scheme 3) from M06-2X/6-311+G(2d,2p) computations.

. PA AVy° ao(NBO)  qof(Hirsh)
Derivative [kcal/mol] [kcal/mol] [e] [e]
Cyclohexa-2,4-dienones
H 209.0 -22.4 -0.5735 -0.2803
4-CH3 211.1 -23.5 -0.5739 -0.2810
4-NH2 211.8 -23.1 -0.5713 -0.2785
4-F 202.5 -15.36 -0.5626 -0.2709
4-Cl 203.3 -14.9 -0.5618 -0.2707
4-Br 203.6 -14.7 -0.5616 -0.2705
4-CHO 202.0 -13.6 -0.5616 -0.2700
4-CN 196.8 -8.36 -0.5544 -0.2645
4-NO 200.2 -11.9 -0.5602 -0.2689
4-NO2 195.6 -6.9 -0.5525 -0.2629
Benzoquinone 188.6 13 -0.5110 -0.2370
Pyridin-2(1H)-ones
H 217.4 -36.9 -0.6543 -0.3450
5-CH; 220.9 -394 -0.6587 -0.3493
5-NH, 224.7 -42.0 -0.6659 -0.3555
5-F 213.5 -32.8 -0.6519 -0.3430
5-cl 213.3 -30.4 -0.6453 -0.3376
5-CN 203.9 -18.5 -0.6230 -0.3189
5-NO, 201.8 -15.0 -0.6156 -0.3127

Nucleobases
Guanine





010 213.2 -29.6 -0.6093 -0.3120

Tymine

07 204.9 -20.2 -0.6130 -0.3006
08 206.1 -20.0 -0.6424 -0.3324
Uracil

o7 208.5 -19.76 -0.6047 -0.3059
08 203.2 -16.7 -0.6362 -0.3270
Cytosine

08 226.6 -41.9 -0.6445 -0.3438
Correlation coefficient® 0.985 0.769 0.794

®Correlation coefficients for the correlations with proton affinities and molecular parameters
® AV, is defined in eq 4 in the main text.

Figure S1. Plot of theoretically evaluated proton affinities vs. shifts of electrostatic potential at the nuclei

for nitrogen atomic sites in model compounds (Scheme 2) and in the nucleobases.
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Figure S2. Plot of proton affinities vs. shifts of electrostatic potential at the nuclei for oxygen atomic sites

in model compounds (Scheme 2) and in the primary nucleobases.
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Table S3. Theoretical parameters for N-H proton donating sites in the set of model nitrogen compounds
(Scheme 3) and in the nucleobases from M06-2X/6-311+G(2d,2p).

- Edep AV,® ax(NBO) qu(Hirsh)
Derivative [kcal/mol] [kcal/mol] [e] [e]
1,6-dihydropyrimidines
H -363.4998 31.89 0.3914 0.1302
4-OCH; -361.0473 33.33 0.3930 0.1322
4-NH, -363.0383 31.32 0.3911 0.1298
4-F -354.9421 41.67 0.3920 0.1314
4-cl -352.1474 41.99 0.3968 0.1367
4-Br -350.2850 41.67 0.3970 0.1366
4-CHO -353.2339 41.24 0.3972 0.1368
4-CN -347.5278 41.57 0.3989 0.1384
4-NO, -345.2926 50.27 0.4008 0.1400
Anilines
H -374.3994 17.14 0.3747 0.1142
4-OCH3 -377.2192 13.31 0.3700 0.1108
4-NH2 -377.8860 11.05 0.3697 0.1093
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4-F -372.4906 19.77 0.3742 0.1143
4-cl -367.6720 22.91 0.3766 0.1167
4-Br -366.3538 27.37 0.3771 0.1172
4-CHO -355.4729 30.57 0.3824 0.1227
4-CN -354.9064 33.77 0.3834 0.1235
4-NO2 -348.7905 36.91 0.3856 0.1258
Nucleobases

Adenine

N9-H -342.0567 57.56 0.4258 0.1587
N10-H -361.6756 31.44 0.4043 0.1320
Guanine

N1-H -344.4985 50.95 0.4127 0.1424
N9-H -341.8752 56.85 0.4236 0.1566
N11-H -350.0580 40.91 0.3860 0.1287
Tymine

N1-H -341.5219 56.43 0.4232 0.1533
N3-H -352.8951 4782 0.4273 0.1526
Uracil

N1-H -339.6191 59.86 0.4247 0.1551
N3-H -352.4227 49.32 0.4284 0.1532
Cytosine

N1-H -351.4197 44.93 0.4182 0.1478
N7-H -360.1006 39.22 0.3914 0.1309
correlation coefficient® 0.956 0.781 0.854

?Correlation coefficients for the relationships of Ege, with AV}, qy(NBO) and g (Hirsh).
® AV, is defined in eq 5 in the main text.

Table S4. Hydrogen bonding energies and reactivity descriptors for nitrogen proton accepting centers in
model molecules (Scheme 2) from M06-2X/6-311+G(2d,2p) computations.

DE o, L\ an(NBO) qn(Hirsh) PA
Molecule [kcal/mol] [kcal/mol.] [e] [e] [kcal/mol]
sp’- Hybridized nitrogen atoms
Pyridine -9.43 2.64 -0.4594 -0.1613 219.0
Pyrimidines
H -8.27 10.47 -0.4837 -0.1640 208.6
4-CH; -8.78 6.14 -0.4932 -0.1714 214.6
4-NH2 -9.66 -2.18 -0.5268 -0.1909 224.0
4-F -7.82 15.71 -0.4941 -0.1676 204.2
4-CHO -7.33 20.17 -0.4657 -0.1528 203.4
4-CN -6.91 27.08 -0.4631 -0.1482 197.1
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4-NO, -6.57 30.09 -0.4588 -0.1453 193.9

Purines

H -8.31 10.31 -0.4885 -0.1971 210.9
2-CH; -8.57 7.71 -0.4877 -0.1987 214.3
2-NH2 -8.99 4,16 -0.4828 -0.2 219.2
2-F -7.83 15.44 -0.4806 -0.193 206.5
2-CHO -7.52 17.42 -0.4887 -0.1933 206.0
2-CN -7.14 22.69 -0.4832 -0.1889 201.1
2-NO, -7.16 24.78 -0.4823 -0.1876 199.1

sp>- Hybridized nitrogen atoms

Anilines

H -6.83 24.20 -0.8213 0.0720 207.3
4-CH; -6.90 18.96 -0.8156 0.0419 210.0
4-OCH3 -7.92 17.61 -0.8181 0.0339 212.0
4-NH2 -7.47 15.30 -0.8196 0.0290 214.9
4-F -6.77 23.90 -0.8151 0.0460 204.6
4-cl -6.19 26.98 -0.8113 0.0559 203.3
4-Br -6.06 27.72 -0.8106 0.0579 203.1
4-CHO -4.93 34.54 -0.8004 0.0806 199.0
4-CN -4.84 37.74 -0.8008 0.0826 195.0

5-Amino-pyrimidines

H -5.15 35.71 -0.8105 0.0704 193.1
2-CH; -5.36 32.50 -0.8131 0.0621 197.3
2-NH, -6.31 26.90 -0.8185 0.0438 204.7
2-F -4.90 39.23 -0.8117 0.0694 189.9
2-CHO -3.92 46.42 -0.8002 0.0957 186.8
2-CN -3.32 51.23 -0.7988 0.1025

2-NO, -3.16 53.60 -0.7974 0.1072

Correlation coefficients® 0.991 0.516 0.387 0.985
Correlation coefficients® 0.987 0.897 0.937 0.958

®AVy is defined in Egns. 2 and 3 in the main text.

® Correlation coefficient for the relationship between hydrogen bonding energies and molecular
parameters for sp>-hybridized nitrogen atoms.

¢ Correlation coefficient for the relationship between hydrogen bonding energies and molecular
parameters for sp>-hybridized nitrogen atoms.
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Table S5. Hydrogen bonding energies and reactivity descriptors for oxygen proton accepting centers in

model molecules (Scheme 3) from M06-2X/6-311+G(2d,2p) computations.

AE o, AV’ do(NBO)  qo(Hirsh) PA
Molecule [kcal/mol] [kcal/mol.] [e] [e] [kcal/mol]
Cyclohexa-2,4-dienones
H -9.72 -22.41 -0.5735 -0.2803 209.0
4-CH; -10.11 -23.54 -0.5739 -0.2810 211.1
4-NH, -10.00 -23.10 -0.5713 -0.2785 211.8
4-F -9.14 -15.26 -0.5626 -0.2709 202.5
4-cl -8.91 -14.69 -0.5616 -0.2705 203.6
4-Br -9.21 -14.88 -0.5618 -0.2707 203.3
4-CHO -8.48 -13.63 -0.5616 -0.2700 202.0
4-CN -8.56 -8.36 -0.5544 -0.2645 196.8
4-NO -8.81 -11.87 -0.5602 -0.2689 200.2
4-NO, -8.34 -6.91 -0.5525 -0.2629 195.6
Benzoquinone -6.92 1.31 -0.5110 -0.2370 188.6
Pyridin-2(1H)-ones
H -11.38 -36.91 -0.6543 -0.3450 217.4
5-CH3 -11.61 -39.42 -0.6587 -0.3493 220.9
5-NH, -12.18 -41.99 -0.6659 -0.3555 224.7
5-F -10.80 -30.38 -0.6453 -0.3376 213.3
5-cl -11.15 -32.83 -0.6519 -0.3430 213.5
5-CN -9.53 -18.46 -0.6230 -0.3189 203.9
5-NO, -9.22 -15.01 -0.6156 -0.3127 201.8
Correlation coefficients® 0.991 0.911 0.910 0.979

® Correlation coefficients for the relationships between AE.,, and molecular parameters.
® AV, is defined in eq 4 in the main text.

Table S6. Hydrogen bonding energies, electrostatic potential at nuclei, NBO and Hirshfeld charges, and
deprotonation energies for N-H hydrogen in 1,6-dihydropyrimidine and aniline derivatives from M06-

2X/6-311+G(2d,2p).

. DE o\ AV,° qu(NBO)  qu(Hirsh) Edep
Derivative [kcal/mol] [kcal/mol] [e] [e] [kcal/mol]
1,6-Dihydropyrimidines
H -4.57 31.89 0.3914 0.1302 -363.50
4-OCH; -4.69 33.33 0.3930 0.1322 -361.05
4-NH, -4.72 31.32 0.3911 0.1298 -363.05
4-Br -5.41 41.67 0.3970 0.1366 -350.29
4-CHO -5.42 41.24 0.3972 0.1368 -353.23
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4-NO, -5.85 50.27 0.4008 0.1400 -345.29
Anilines

H -3.64 17.14 0.3747 0.1142 -374.40
4-OCH; -3.54 13.31 0.3700 0.1108 -377.22
4-Br -4.04 27.37 0.3771 0.1172 -366.35
4-CHO -4.49 30.57 0.3824 0.1227 -355.47
4-CN -4.84 33.77 0.3834 0.1235 -354.91
4-NO, -5.18 36.91 0.3856 0.1258 -348.79
Correlation coefficient® 0.988 0.930 0.942 0.964
Nucleobases

Adenine

N9-H 57.56 0.4258 0.1587

N10-H 31.44 0.4043 0.1320

Guanine

N1-H 50.95 0.4127 0.1424 -344.4985
N9-H 56.85 0.4236 0.1566 -341.8752
N11-H 40.91 0.3860 0.1287 -350.0580
Tymine

N1-H 56.43 0.4232 0.1533 -341.5219
N3-H 47.82 0.4273 0.1526 -352.8951
Uracil

N1-H 59.86 0.4247 0.1551 -339.6191
N3-H 49.32 0.4284 0.1532 -352.4227
Cytosine

N1-H 44.93 0.4182 0.1478 -351.4197
N7-H 39.22 0.3914 0.1309 -360.1006

® Correlation coefficients for the relationships between AE,, and AV,

® AV, is defined in eq 5 in the main text.
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S7. Cartesian Coordinates, Total Energies (in hartree), and Number of Imaginary Frequencies for the

Optimized Structures of Model Sets of Molecules, Used for Calculations the Shifts of EPN from M06-2X/6-

31

1+G(2d,2p) Computations.

NH;3
N,0,-1.6758727194,-0.8117382006,-0.01062624
H,0,-1.2975135118,-1.7508371263,-0.0106263553
H,0,-1.2974965372,-0.3421956769,0.8026533954
H,0,-1.2974965372,-0.3421954771,-0.8239057601

HF=-56.5492627 Nimag=0
CH,NH

C,0,0.5661033495,0.0364230069,0.
H,0,1.2632890317,-0.7991237473,0.
H,0,0.9979024625,1.0391081601,0.
N,0,-0.6723737983,-0.2042463602,0.
H,0,-1.2097106854,0.6626282305,0.
HF=-94.6151324 Nimag=0

HCHO
c,0,-1.0437002383,0.1479441903,-0.0079707831
H,0,-1.6218085078,1.0870470128,-0.0079608214
H,0,-1.621829146,-0.7911459281,-0.0079831801
0,0,0.152204772,0.1479309884,-0.0079615754

HF=-114.4907506 Nimag=0
H,

H,0,-0.3691560705,0.,0.
H,0,0.3691560705,0.,0.

HF=-1.1687457 Nimag=0

Table S8. Cartesian Coordinates, Total Energies (in hartree), and Number of Imaginary Frequencies for the
Optimized Structures of Model Sets of Molecules, Containing Nitrogen Atoms from M06-2X/6-311+G(2d,2p)
Computations.

Pyridine

C
N
C
C

C
C
H
H
H
H

H
H

,0,-2.301322252,0.4316858104,0.0605264308

,0,-2.2323087403,-0.8967585033,0.1199275199
,0,-1.0213102337,-1.4486397625,0.0754759451
,0,0.1535194666,-0.7159064291,-0.0282057755
,0,0.0670546565,0.6668505702,-0.0891820855
,0,-1.1880645358,1.2548962052,-0.0438771878
,0,-3.295923396,0.8593597388,0.0982607513

,0,-0.9884511656,-2.5303091446,0.1252103053
,0,1.1073117317,-1.2211210475,-0.0598445942
,0,0.9582210771,1.2728459619,-0.1702268755
,0,-1.3080796358,2.3270935782,-0.0880629

F=-248.2489657 Nimag=0

Pyrimidines

H
C,0,-2.5792178472,-0.7439168363,0.128727094
N,0,-3.0059499288,0.4906321407,-0.1244530826
C,0,-2.061353049,1.4116590905,-0.2892346328
N,0,-0.7459331259,1.2283713671,-0.2277561018
C,0,-0.3411460734,-0.0133435347,0.0264276682
C,0,-1.232349266,-1.0571136701,0.2165932189
H,0,-3.3419648055,-1.5017666678,0.264592401
H,0,-2.3998578557,2.4197255091,-0.4957795911
H,0,0.7295913385,-0.1726866619,0.0784860631
H,0,-0.8950623868,-2.0615607366,0.4223969631
HF=-264.2918383 Nimag=0
4-CH;
C,0,0.862319417,0.013442206,0.0062468555

,0.1394635242,1.1981866775,-0.0737095077
,-1.2414306175,1.1022114706,-0.0628883164
,-1.8759469194,-0.0641723115,0.0194410946
1.0929077908,-1.1372448947,0.0912676989
.2341255085,-1.1626021918,0.0892296786
.3604309135,-0.0175078312,0.0082275399
.6354943308,2.1551660363,-0.142102052

1.8622561537,1.9886460256,-0.122650238
-1.593166723,-2.0963133515,0.1581719501
2.713323007,-0.672129263,-0.7873428741

,0,2.7160042075,-0.4321267255,0.9511544741
H,0,2.7832275059,0.975137153,-0.1265640335

HF=-303.6057028 Nimag=0

’

I OoON O |

OO OO OO OOo oo

TIoDIDmomID Q20200

N
0,0.166583532,1.2066660991,0.0150187755
,0,0.8909707529,0.0059667985,0.0380274884

0,0.2694736938,-1.1737811168,0.0358732267
0,-1.0589907252,-1.1454555972,0.0055819927
0,-1.8449964581,-0.0783955557,-0.0167148738
0,-1.2034274931,1.0964805739,-0.0101152109
2
0

azZaozaoad

.2573291671,-0.0154166784,0.022110771
.6607218085,2.1669664559,0.0115842926
,-1.5521484509,-2.1107979192,0.0022269552
,-1.8247561796,1.9841233933,-0.0272537786
H,0,2.6778259068,-0.8999897693,0.2534014009
H,0,2.7498197358,0.8060229957,0.3243050803
HF=-319.6641017 Nimag=0

a-F

C,0,-1.1300337659,0.1889627746,0.0328119507
c,0,-1.0720117106,-1.194765247,0.0198861204
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N,0,0.0318581198,-1.8900651326,-0.0132851111
Cc,0,1.1571714673,-1.1719781768,-0.0349418588
N,0,1.2534915339,0.1487573409,-0.0256134604
C,0,0.0989456026,0.8188339234,0.0083564436
F,0,-2.2065143027,-1.8830133714,0.0409865547
H,0,-2.068551018,0.7182930293,0.0601037149
H,0,2.0827760615,-1.7328507499,-0.061900115
H,0,0.1655500122,1.8995896096,0.015962761
HF=-363.544721 Nimag=0

4-CHO
C,0,-0.53647031,0.7184528072,0.024215086
C,0,-0.5068928348,-0.6662510763,0.0115431227
N,0,0.627074717,-1.362117013,-0.015676758
C,0,1.7481399907,-0.6481834872,-0.0298976146
N,0,1.8419619768,0.6782456493,-0.020547651
c,0,0.
c,0,-
0,0
H,0
H,0

’
’

rVYr

,0.694748011,1.3534324793,0.0069939804
,-1.7710606562,-1.4725204985,0.0276836273
,-2.8594700306,-0.9712757671,0.0522728599
,-1.4754817081,1.2508274585,0.0461080273
,0,2.6783179406,-1.2018070433,-0.0532054934
H,0,0.7696740134,2.4341582734,0.014489211
H,0,-1.6147661098,-2.5634927823,0.0148706025
HF=-377.6096452 Nimag=0

’
’
’

’

4-CN
C,0,-0.6179969206,0.4348955074,0.0271556338
Cc,0,-0.5757179001,-0.9510338515,0.0136051076

N,0,0.5625383272,-1.6407833231,-0.0137848468
c,0,1.6741711836,-0.9150503936,-0.0271341303
N,0,1.7600881206,0.4135367565,-0.0163697546
C,0,0.6105403186,1.0782622765,0.0109265802
C,0,-1.8102940068,-1.7098463462,0.02849992
N,0,-2.8105489245,-2.2683866562,0.0412534632
H,0,-1.5533873123,0.972064953,0.0490529359
H,0,2.6070927122,-1.4638299036,-0.049753348
H,0,0.6719384019,2.1595699808,0.019649439
HF=-356.5252833 Nimag=0
4-NO,

C,0,-0.5482154176,0.7958446572,-0.1045325824
C,0,-0.4744244598,-0.5802923995,-0.121190931
N,0,0.6297266119,-1.2765568796,-0.1810336031
C,0,1.7498404196,-0.5581350317,-0.2281731485
,0,1.8325396137,0.7678942216,-0.2196007003
,0,0.6834161253,1.4344547498,-0.157892003
,0,-1.750143999,-1.3738046311,-0.0672796597
,0,-1.6642617684,-2.5718432367,-0.0834309874
,0,-2.7734099396,-0.7236358521,-0.0112113153
,0,-1.4882258008,1.3190726161,-0.0542060497
H,0,2.6787336952,—1.1109862548,—0.2782135754
H,0,0.7470059194,2.5152670409,-0.1507494443
HF=-468.7815566 Nimag=0

EOOZOZ

Purines

X

.0184670902,-1.9347938115,0.0760436206
.148941418,-1.2670769244,0.2864762016
.3051118353,0.0553948798,0.4324531693
.2268868766,0.8291520975,0.3657500356
.0193544667,0.2594051089,0.1495145511
.0339829209,-1.1353573603,0.015128153
.2995577063,0.7728376486,0.0317955669
.0450363679,-0.2721875226,-0.1644634551
.3499822423,-1.4587792353,-0.186824872
.0510212436,-1.8618656928,0.3473130187
.3606945601,1.8975475709,0.4846319394
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H,0,-3.1142000474,-0.250350114,-0.3014385238
H,0,-1.7216642722,-2.3828436447,-0.3226724055
HF= -411.9126643 Nimag=0

2-CHj;
C,0,0.862319417,0.013442206,0.0062468555
C,0,0.1394635242,1.1981866775,-0.0737095077
C,0,-1.2414306175,1.1022114706,-0.0628883164
N,0,-1.8759469194,-0.0641723115,0.0194410946
C,0,-1.0929077908,-1.1372448947,0.0912676989
N,0,0.2341255085,-1.1626021918,0.0892296786
c,0,2.3604309135,-0.0175078312,0.0082275399
H,0,0.
H,0,-
H,0,
H,0,
H,0
H,0
HF=

’

’

,0.6354943308,2.1551660363,-0.142102052
,—-1.8622561537,1.9886460256,-0.122650238
-1.593166723,-2.0963133515,0.1581719501
2.713323007,-0.672129263,-0.7873428741
,2.7160042075,-0.4321267255,0.9511544741
,2.7832275059,0.975137153,-0.1265640335
-303.6057028 Nimag=0

’

’

’

’

F

N
0,1.0918093965,-1.0694490839,0.9059088981
0,2.0363492265,-0.6470492626,0.0626423496
0,1.952396687,0.3793606977,-0.8104716967
0,0.8159757999,1.0549258478,-0.8741857724
0,-0.2537183582,0.7091326804,-0.060511869
0,-0.024955518,-0.3677872949,0.803953313
0,-1.5369118648,1.2077819638,0.1078275658
0,-2.0522775936,0.4592475097,1.031253366
0,-1.1922044569,-0.514627856,1.5017330995
0,0.7618555813,1.8785282062,-1.5763371929
0,-3.051759789,0.5559299412,1.4233835501
0,-1.3783782443,-1.2036614526,2.2090043179
0,3.2138412571,-1.3458469601,0.0484341001
0,3.9941317555,-0.8705872848,-0.3696349139
0,3.4020947409,-1.9095104819,0.8585828048
F=-467.2849791 Nimag=0

0.8933772444,-1.4143395019,0.0000721809
1.978244702,-0.6734511367,0.0001452192
2.1113859565,0.6432066539,0.0000244023
0.9956560572,1.3672759328,-0.000012956
-0.2382308093,0.7352787522,0.0000093862
0.2003745488,-0.6659913448,0.0000329724
-1.5481155359,1.1841025835,-0.0000047932
2.2575891431,0.0984814538,0.0000152633
-1.5078718205,-1.0593214754,-0.0000153301
;,1.0969377649,2.4451210496,-0.0000605141
,—-3.33511308,0.0633696908,0.0000046744
,—-1.8447505093,-2.0066884246,0.0001188128
,3.1170525619,-1.3488528431,-0.0001347231
F=-511.1658356 Nimag=0

-CHO
,—-0.6879677885,-0.8760530915,-0.0248107546
-1.4612291759,0.2060158926,-0.0072463101

-1.0753418121,1.4890024133,0.0274888522
0.2245649048,1.7628889968,0.0479718973
1.1408913478,0.7219395483,0.0330128198
0.5939550303,-0.573185618,-0.0037830759
2.5205570879,0.6653325637,0.0463108426
2.
1.

’

7877168678,-0.6069278392,0.018285543

6764424921,-1.4129007135,-0.0129507883
-2.9505552112,0.0053958831,-0.0281615453

-3.4774072472,-1.0680912133,-0.0593434696
,0.5269792346,2.8024003105,0.0761638115
,3.7809303368,-1.0268954349,0.0188977828
1.6483840703,-2.4179478144,-0.0366933258

’

’

IIIOOZOZOOOZOZN

0
, 0,
, 0,
0
0
, 0,
, 0,
0
0
, 0,
, 0,
0
0
0

rVr
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H,0,-3.5192911375,0.9496137264,-0.0120189897

HF=-525.2276826 Nimag=0
2-CN
N,0,0.8959853236,-1.4223142203,0.0000454086
C,0,2.0046199824,-0.6882744919,0.0000619604
N,0,2.1191742752,0.6446191857,0.0000118003
C,0,1.0042111326,1.366305532,-0.0000097233
C,0,-0.2283365078,0.7295721862,0.0000011415
C,0,-0.1925483278,-0.6738420948,0.0000228123
N,0,-1.533052458,1.179580256,-0.0000095884
C,0,-2.2457380212,0.0925827374,0.00001243
N,0,-1.503005081,-1.0642705815,-0.0000070678
H,0,1.1018785937,2.4445011814,-0.0000385741
H,0,-3.3235020655,0.0622186503,0.0000062792
H,0,-1.8430050938,-2.0109703391,0.0001402607
C,0,3.2545881111,-1.4293295726,0.0000102804
N,0,4.2374048964,-2.0177343785,-0.0000280597
F=-504.1458213 Nimag=0
2-NO,
N,0,0.2442463872,-0.9489564368,0.
Cc,0,1.0446901812,0.0917873777,0.
N,0,0.7715446782,1.3815244013,0.
C,0,-0.5107415032,1.7339431644,0.
C,0,-1.4902516938,0.7506692799,0.
C,0,-1.0231945532,-0.5748295742,0.
N,0,-2.8692324614,0.7754831258,0.
Cc,0,-3.2113291774,-0.4787140912,0.
N,0,-2.1487262112,-1.3502282111,0.
H,0,-0.74388674,2.7908703129,0.
H,0,-4.2271632218,-0.8400952976,0.
H,0,-2.1808124633,-2.3558974617,0.
N,0,2.5152687845,-0.2492992009,0.
0,0,2.7981884452,-1.4234558329,0.
0,0,3.289588789,0.6748577745,0.
HF=-616.3999032 Nimag=0
Anilines

H
C,0,-1.1567914664,-1.1965922871,0.0013822866
-1.8619530566,0.0000005434,-0.0127316443
-1.1567914049,1.1965927428,0.0014339125
2290066438,1.2013843813,0.029316356

rVYr

c,0,
c,0,
c,0,0.
C,0,0.9389518045,-0.0000007722,0.0453068969
C,0,0.229006593,-1.2013851808,0.0292645594
N,0,2.3371220112,-0.0000000882,0.0139251015
H,0,-1.6890861248,-2.1379199481,-0.0091627676
H,0,-2.9417589644,0.0000010515,-0.0343988133
H,0,-1.6890860373,2.1379208716,-0.0090705737
H,0,0.7707474648,2.1386563764,0.034366209
H,0,0.7707473576,-2.1386574295,0.0342739595
H,0,2.7606530194,-0.8315936625,0.3936840748
H,0,2.7606530702,0.8315767034,0.3937207525

HF=-287.5667192 Nimag=0

’

0.6687283684,1.18803449,-0.0013626827
,1.3917807714,-0.0021167096,-0.0105609845
,0.668927894,-1.1910250854,-0.0224096536
,—-0.717788593,-1.1986386896,-0.0197193421
,—1.4315657113,—0.0017390717,—0.0046562346
,—-0.7168299143,1.1959424599,0.0013787447
,—-2.8313568552,-0.0000160731,-0.0663265225
,2.8975251911,0.0008472517,0.0163731566
, ,1 2005957013,2.1315931555,0.0011356562
,1.2002151467,-2.1346288892,-0.0366357962

<0~

EEOZOOOOOO#

’

,0,-1.2546309258,-2.1386890235,-0.0383645843
0,-1.2537638093,2.1361446414,-0.0008663192
0,-3.2574484913,0.8261507413,0.3232169343
,0,-3.25862705,-0.8337659235,0.3053543105
,0,3.2983176334,-0.926232354,-0.3909393212
,0,3.2741486085,0.1043837053,1.0355116186
,0,3.2995096153,0.8280925846,-0.5675942499
F=-326.8743802 Nimag=0

jasiiasiiasiias s sl via

4-0
c,0,2.030017081,-0.2003252115,-0.0048787843
C,0,1.4894372518,1.0883645499,-0.0006923855
C,0,0.123054444,1.2841395996,0.0151710663
C,0,-0.7489493855,0.1974275445,0.0234636166
c,0,-0.2253518098,-1.0882174673,0.0160312583
C,0,1.154347566,-1.2773015997,0.00147505
N,0,3.4209013381,-0.393210333,-0.0840234871
0,0,-2.0804927758,0.4973104039,0.0393634947
C,0,-2.9825238267,-0.5845335011,0.0385605068
H,0,2.1522263527,1.944299957,-0.0144363184
H,0,-0.2948070822,2.2809393506,0.0206802977
H,0,-0.8697755744,-1.9539060967,0.0216375515
H,0,1.5487119521,-2.2853727126,-0.0100289237
H,0,3.7254303156,-1.2744072255,0.3003944468
H,0,3.9527721464,0.3629778929,0.3188161906
H,0,-2.8642680887,-1.198472353,-0.8579137288
H,0
H,0

ww»—'|

,—-2.8511667795,-1.2113372954,0.9242816096
,—-3.9780991249,-0.1511775025,0.049270539
-402.0805518 Nimag=0

-NH;
,0,-1.3750324781,0.7065962653,0.0070831847
,0,-1.4022345173,-0.6840603735,0.0739922032
,0,-0.1864087732,-1.3588681849,0.1494850984
,0,1.0148038896,-0.667351195,0.1530828343
0,1.042101343,0.7230776001,0.0810918386
0,-0.1737836114,1.3981053278,0.0104254606
0,2.2593966216,1.4284066447,0.1492947676
0,-2.6235673466,-1.3826534091,0.1349900123
-2.3067846242,1.2557299509,-0.0434825634
-0.1801620171,-2.4397964216,0.2113600076
1.9461437596,-1.2157377641,0.217588792
-0.1805405218,2.4797443977,-0.037342412
,2.222114211,2.3293833333,-0.3026044149
,3.0442743753,0.900491434,-0.2008809841
,—-2.559838771,-2.3251957169,-0.2183180868
,0,-3.3821665394,-0.8963928887,-0.318180738
F=-342.9198605 Nimag=0

’
’

’
’
’
rVYr

VY
’
’

’

4
C
C
C
C
C
C
N,
N
H,O0,
H,0,
H,O0
H,0
H,0
H,0
H,O0
H,0

-F

,0.7166176337,1.2043819458,0.0018923988

,1.3899273959,0.0000020648,-0.000197192
0.

7165677682,-1.204354573,0.0020737052
0.6700901963,-1.1999837218,0.006395309
,-1.3811163313,0.0000579354,0.0105113716
,—-0.6700454392,1.2000666366,0.006234578
,—-2.7822005532,0.0000574506,-0.0479258571
2.7379169816,-0.0000275216,-0.0031916635
1.2764026377,2.1283092349,0.0002048078
1.

,1.2763178948,-2.1283033694,0.0005229299
,-1.2082760034,-2.1387796664,0.0018796626
,—-1.2081865165,2.1388882947,0.0016222684
,-3.2065849421,0.8301530418,0.3344912521
,0,-3.2066133901,-0.8297681025,0.3350477793
F=-386.8087841 Nimag=0

ICECEIICECEWZOOOOOO&

0
0
0,
0,
0
0
0
, 0,
, 0,
0
0
0
0
0

0.869684175,-1.2017191427,-0.130492779
,1.5385632693,-0.0000437945,0.0291796386
0.8699597605,1.2020359052,-0.1285809355
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,—0.4778711454,1.2004534424,-0.4483633399
,-1.170916285,0.0007791893,-0.6155559606
,—-0.478146295,-1.1993193492,-0.4502658094
,—-2.5422445171,0.0011393832,-0.8789798865
,1.4011283275,-2.1336918795,-0.0053356708
1.4016168803,2.1336869755,-0.0019424974
1.0011049537,2.1403864659,-0.5657383306
-1.0016006277,-2.138943077,-0.5691233831
-2.8801939485,0.8335531955,-1.3348635394
-2
;3.

~

~

~

’

~
~

~
~

~
~

~
O OO OO OOOooOo

.8803596096,-0.8304234614,-1.3362914218
2384579695,-0.0005588527,0.4314319153
HF=-386.8087841 Nimag=0

[@ga=iiacigaciyasigac il il O NONG]

=~
~
o~

B
0,-0.1856154945,1.2020821601,-0.2279248447
0,-0.8602915623,0.0000155904,-0.0976002313
0,-0.1855922425,-1.2020106136,-0.2281769642
0,1.1746141005,-1.1998231571,-0.4913287093
0,1.8739239819,0.0000977166,-0.6285178063
,0,1.1745908676,1.1999762272,-0.4910773859
0,3.2539920427,0.0001324195,-0.8347923472
0,-0.7175360669,2.1363949846,-0.12517294
0,-0.7174946947,-2.1363552796,-0.1256209628
0,1.7021402434,-2.1397933934,-0.5875739684
0,1.7020985776,2.1399769176,-0.5871261045
0,3.6126869022,-0.8322955696,-1.2743405841
0,3.6126716924,0.8326616468,-1.2741612253
r,0,-2.7262873473,-0.0000400964,0.2614210742
HF=-2861.1361665 Nimag=0

0,-1.1583567231,0.7353298225,0.0125449065
0,-1.1735086672,-0.6610216206,-0.0045369995
0,0.0352112365,-1.3516356832,0.0152337009
0,1.2390424094,-0.6738730576,0.0501141558
0,1.2538777985,0.7243390654,0.0651366686
0,0.0352922703,1.4208883488,0.0482773009
0,2.4498201528,1.4149036524,0.1532251108
,0,-2.44404638,-1.4005352817,-0.0448626237
0,-3.5356278841,-0.8891132501,-0.0691663784
,0,-2.1026058447,1.262780998,-0.0034537218
,0,0.0297042153,-2.4349846078,0.001944006
0,2.1746796873,-1.2170731015,0.0693779572
0,0.0447800673,2.5029553721,0.0667005162
,0,2.4303005013,2.3724472475,-0.1561653695
,0,3.2702006449,0.9189949042,-0.1530326173
H,O,—2.3409204846,—2.5025508086,—0.0523256127
HF=-400.8907636 Nimag=0

4-CN
C,0,-1.2205255403,0.7157681054,0.0079519867
,0,-1.23093141,-0.6795080428,-0.0104343433
,—-0.0202068027,-1.3731068584,0.0103123951
,1.1759730094,-0.6861117512,0.0480497149
,1.1922453203,0.7129788735,0.0643865001
,-0.0246937211,1.403419801,0.0457567561
,2.3895749733,1.4011756344,0.1565911307
,—-2.4735212721,-1.39334937,-0.0521986311
,—=3.4690939664,-1.965098135,-0.0863495433
,-2.1566487124,1.2552840534,-0.0082808877
,—-0.0255457698,-2.4535815734,-0.0041214363
,2.1109948294,-1.2297999786,0.0685993569
,-0.0236298237,2.4850376494,0.0647584019
H,0,2.3733504991,2.3582067789,-0.1542006765
H,0,3.2089933869,0.9034898134,-0.1494167243
HF=-379.8113149 Nimag=0

’

<~ ST S

~

~ 0~ 0~

DT omIEDEm=Z0200000
[eNeNeNeoNoNoNeNeNeNeNeo)

~

4-NO,
C,0,-1.1616260646,0.7564646523,-0.0918987577

1.1446948065,-0.6296573276,-0.113059042
.0465810137,-1.3388709669,-0.1213294998
.2406588961,-0.648440607,-0.1082895897
.2529990161,0.7525267371,-0.0889491837
.0343113104,1.4437567816,-0.0789665848
.4477426277,1.4403961679,-0.0243742801
-2.4101257414,-1.3590751016,-0.1292334567
,—-2.3631701606,-2.5735516909,-0.1493970457
,—-3.4377364632,-0.7098265921,-0.1218404057
-2.1074669518,1.2757361745,-0.0864460103
0.0220603232,-2.4174811184,-0.1383312936
2.1773687422,-1.189137944,-0.1098945836
0.0356619748,2.5251187167,-0.0580396248
2.4272785125,2.4040853664,-0.3122525655
3
4

’

NORFR O |

.2675387715,0.946732752,-0.334442076
92.0682745 Nimag=0

T oD IZTToTIoD T OO0O=Z2Z200000
[IeNeNoNeoNoloNoNoNeoNoNoNoNoN ol o)

jas]
oS~

Pyridin-2(1H)-ones

0,-0.307691048,1.2424742154,0.0001725966
0,-1.0431962609,-0.0074918693,0.0001376039
0,1.1435128813,-1.1133406513,-0.0002663195
0,1.8126430159,0.0619876648,-0.0002326163
0,1.046772539,1.2644265896,-0.0000061325
0,-2.2529704283,-0.1378831326,0.0002783002
0,-0.9010648807,2.1438482758,0.0003435442
0,1.6339991845,-2.0753953406,-0.0004334022
0,2.8895998266,0.0766271912,-0.00037172
0,1.563401478,2.2153521238,0.0000236811
0,-0.2159040238,-1.1358378894,-0.000100747
,0,-0.7104425836,-2.0154307574,-0.0001421186
F=-323.487398 Nimag=0

-CH;
0,0.7640407962,-1.2456283183,0.0012074195
0,1.5351375613,-0.0161441873,0.0009025747
,0,-0.6264031457,1.1388175904,-0.0010585739
,0,-1.3408116241,-0.0098410504,-0.0007442771
0,-0.5888828528,-1.2279497043,0.0005159014
0,2.7496595181,0.0766273926,0.0013630892
,0,-2.8421548358,-0.0259516969,-0.0018947889
,0,1.3303772913,-2.1643897154,0.0020976891
0,-1.0893043032,2.1155208336,-0.0019444852
0,-1.1328600162,-2.165663578,0.0008151961
0,-3.244248116,0.9855290295,-0.0005772739
0,-3.229838957,-0.5431439444,0.8765750713
0,-3.2285977002,-0.5403734674,-0.8825399048
0,0.7381339472,1.1270553006,-0.0000305507
0,1.2512993169,1.9955099358,-0.0004550698
HF=-362.7955676 Nimag=0

,-0.3115178476,1.236734734,0.0042281169
-1.0478372216,-0.0160863701,0.0146844704
1.1499227121 -1.1070607111,-0.0526204035
,1.8212267345,0.067281459,—0.0519830994
1.0393718008,1.2650947777,-0.0154902208
-2.2616194481,-0.135693262,0.0401710339
—0.9034205751 2.1388834616,0.0265574636
1.6421283586,-2.06810267,-0.0789996557
,1.5616737524,2.2143628281,0.001414646
,-0.2209837851,-1.1292696957,-0.0028983295
,-0.7062979499,-2.0130597945,0.0059709135
,3.2298084817,0.1654916002,—0.0038126787
,3.6871528804,-0.7229435987,-0.1495054415
3.5898513867,0.8323719715,-0.6725581852
F=-378.8363014 Nimag=0

o,
o m

,-0.3051598037,1.2418365746,0.0001898004
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0,-1.0424988803,-0.011769876,-0.0000838113
0,1.1454412287,-1.1246785685,-0.0005491841
0,1.7830355993,0.0601097808,-0.0003315565
0,1.0476668975,1.2716043827,0.0000909484
0,-2.2532057132,-0.1309105875,-0.0001303119
0

0

0

0

’

~

’

~

’

~

[ S S|

,—-0.8981514383,2.1431001828,0.0004042521
,1.6644563626,-2.0701418994,-0.0007802074
,1.5930858952,2.2059197304,0.0002485303
,-0.2199708022,-1.1387611012,-0.0001536401
H,0,-0.7127578937,-2.0189291146,0.0008305177
F,0,3.1252610981,0.1099735058,-0.0004501978
HF=-422.7220493 Nimag=0
5-Cl
C,0,-0.3066832937,1.2420896004,0.0001798922
C,0,-1.0427352222,-0.0102304268,0.0002659532
C,0,1.1459516299,-1.1171102206,-0.0002234734
,1.7984080523,0.0644630308,-0.0002646059
,1.0455844094,1.2725214916,-0.0000738739
,—=2.2512899874,-0.1368483204,0.0004641886
-0.8985760701,2.1442662919,0.0003471538
,1.653547912,-2.0693168969,-0.000391156
1.5770072219,2.2144386894,-0.0001176409
,—-0.2145267293,-1.136472667,-0.0000561252
H,0,-0.7044849588,-2.0186980977,-0.0004458583
C1,0,3.534079926,0.1156958053,-0.0005783645
HF=-783.0845354 Nimag=0
5-CN
C,0,-0.2996111469,1.2508671635,0.0001948042
C,0,-1.0258069838,-0.0068228108,0.000429069
C,0,1.1615847963,-1.1082714273,-0.0002256846
C,0,1.8229880821,0.0813407263,-0.0003671943
C,0,1.0499501233,1.2883330283,-0.0001568935
0,0,-2.2280594824,-0.1508015017,0.0006116525
H,0,-0.8993812475,2.1477034423,0.000364249
H,0,1.6741750157,-2.0588923196,-0.0004264661
H,0
N, 0
H,0

~

~

’

ZommTOoOOO0Oan

<

,1.5729254559,2.234851918,-0.0002855174
,-0.1860146246,-1.1369177931,0.0000227586
,0,-0.6747130896,-2.0207518655,-0.0007038189
C,0,3.2511584643,0.1094798814,-0.0007509708
N,0,4.3988847073,0.1431112882,-0.0010548976
HF=-415.7273753 Nimag=0
5-NO2
Cc,0,-0.3097127882,1.2539798434,0.00018116
C,0,-1.0319879936,-0.0069963122,0.0002202875
C,0,1.1543701052,-1.1100480452,-0.0004123414
,0,1.7880169492,0.089196193,-0.000449431
,1.0401635622,1.2986595021,-0.0001754201
,—=2.2322176915,-0.1566804318,0.0005623931
-0.9139545216,2.147604636,0.0004474875
1.6928497081,-2.045433113,-0.0006176258
,1.5773703535,2.235754195,-0.0001998337
,-0.1891290828,-1.1408905531,-0.0001881195
-0.6768021986,-2.0255737943,-0.0001335772
3.2372754911,0.1133171172,-0.0007583507
0,0,3.7727946161,1.2028170142,-0.000771536
0,0,3.8240774509,-0.9523269813,-0.0009972428

2

’

2

’

C
c,0
0,0
H,0,
H,0,
H,0
N, O
H,0,
N, 0,

HF=-378.8363014 Nimag=0
Imides

Imidel
C,0,-1.2929599168,-0.208297881,0.0977681575
0,0,-2.2121785431,-0.9836601297,0.193173517
N,0,-0.0005272443,-0.7298440311,0.0464776984
H,0,0.001279098,-1.7419757857,0.0844798431
c,0,1.290251112,-0.2090080805,-0.0425325935
0,0,2.2121683727,-0.9861216403,-0.0789186914
c,0,1.5139758031,1.279808914,-0.0764373
H,0,1.1955869977,1.7385603478,0.857889458
H,0,2.5797733268,1.43412128,-0.2053723224
H,0,0.9745291069,1.7523853177,-0.8930742476

C,0,-1.5219705184,1.2781126267,0.0199792763
H,0,-0.984411518,1.8125966431,0.7988370603
H,0, 1 2048583666,1.6664956287,-0.9461683389
H,0,-2.5883813801,1.4377300602,0.1367188731
HF=- 361 8329325 Nimag=0
Imide2

c,0,-3.2338851332,2.0721172912,0.1387987155
,—-3.6317815665,0.9721818721,0.3941045236
,—-1.8542685014,2.2990082905,0.0603901567
-1.3266080539,1.4340719085,0.06341537
-1.0605357784,3.4113372463,-0.167006266
,0.0773776511,3.2816692691,-0.5381507478
-1.6095789647,4.7984933745,0.1195459502
2.2794985425,5.1366288773,-0.6721995142
0.7555194999,5.4660913668,0.1874018826
,—-4.183794867,3.2100832063,-0.2004658671
4.1464173791,3.9872424724,0.5597119852
3.9185688081,3.627090171,-1.1746470006
2.2924349669,4.8160830256,1.3178427119
,—-5.4511466494,2.7157586085,-0.2687296701
F=-560.292206 Nimag=0

,6-dihydropyrimidines

[IeNeNeoNeoNoNoNoNoNoNoNoNoNel
1

0,-1.4299783115,0.0081361828,0.0803950663
0,-0.5854826893,1.2457733968,-0.0489548727
0,0.7440130162,1.1750380788,-0.0145003607
,0,1.4821059003,-0.0159870441,0.1067421775
0,0.7816424151,-1.0843589704,0.0206254852
,0,-0.5660942774,-1.148730184,-0.1407349217
,0,-2.2301005115,0.0039648909,-0.6624197991
.0,
, 0,
0
0
0

’
rVYr
VY

’

IOl—'OI

-1.9079465458,-0.0426724339,1.067530835

-1.0858861803,2.1983673426,-0.1439080265
,0,1.3450583273,2.0710577471,-0.0900353803

,1.2823360329,-2.0479602375,0.0402080342
,0,-0.9869191761,-2.0603637691,-0.1412162372
F=-265.4725004 Nimag=0

’

EEEEEEEZOZOOOIH

4-OCH;
C,0,-1.2321362658,-0.7427215303,0.1765758188
C,0,-1.0698053263,-2.2290267096,0.3686260829
C,0,0.1243998338,-2.8208678409,0.1901795432
N,0,1.3009852026,-2.1505043733,-0.1440595305
,0,1.2088756735,-0.8706042801,-0.1993843707
,0,0.0918537197,-0.1351266065,0.0181816981
,—-1.7332210147,-0.2893061399,1.0381119261
-1.8553920167,-0.5154663679,-0.7001972647
1.9550142565,-2.7863314333,0.6274133409
.1001461413,-0.2911034344,-0.4200073467
.1521925702,0.8600222803,-0.1037558024
.3733489533,-4.1483132704,0.3170401754
,—-0.713901057,-4.9904491838,0.6602726825
,-1.1335890958,-4.7189017291,1.6321473331
,0,-1.5014154281,-4.9491295489,-0.0964649835
,0,-0.3099548555,~-5.9973832779,0.7084563583
F=-380.1569468 Nimag=0

’
’
’

’

’
’

IOOI\Jl

0
0,
0
0
0,
0,
0
0
0
0

,1.2793532987,1.159234563,0.0668161567
,—-0.2193959435,1.197405624,-0.0272879774
,-0.9492907981,0.0741639302,0.0269960992
,—-0.4015559797,-1.2198445928,0.0927485511
.8748899524,-1.2732267876,0.0021963684
.7174844057,-0.2230585601,-0.1128998375
.6381143961,1.5417261786,1.0313365411
.7373916913,1.7776958933,-0.7091473015
0.6984477996,2.1637965435,-0.0860723501
.356815719,-2.246365626,-0.0117319341
.7024820851,-0.416898715,-0.1180834907
,—-2.3390269514,0.0449830109,0.0584693696

I\)Hl»—l»—lHo
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H,0,-2.7110777228,-0.8211153817,-0.2994621848
H,0,-2.7921603531,0.8581689198,-0.3250170101
HF=-320.8365101 Nimag=0

4-F
C,0,-1.435840627,-0.0000265346,0.0703114182
C,0,-0.5997104498,1.247839602,0.0089336309
C,0,0.7235103672,1.1604942524,-0.0596589379
N,0,1.4915092266,0.0154787735,-0.0843342657
C,0,0.8044218304,-1.0681222054,-0.0331419419
N,0,-0.5403875375,-1.1577697804,0.0389656619
H,0
H,0
H,0
H,0
H,0
F,0

~
I O O |

,—-2.1313517855,-0.0506058845,-0.7732944195
,—-2.0385577973,-0.0263764057,0.9835539689
,-1.0834021543,2.2113821293,0.021135338
,1.3246729427,-2.0202651433,-0.047419804
,—-0.9449727956,-2.0760154299,0.0731298037
,1.4640926131,2.2716064867,-0.1140859366
F=-364.7230132 Nimag=0

,—-1.4295136257,-0.0039913746,0.0908287816
0.5978706491,1.2443687475,-0.0260506045
.7293191895,1.1685767012,-0.0441071747
.4913750001,0.0086841872,0.0081326425
.7994292491,-1.0723113428,-0.0096604703
,—-0.5482220385,-1.1608032074,-0.0498736378
,—-2.1928895776,-0.0313319482,-0.6905397408
,-1.952987536,-0.038104396,1.0532783509
,—1.10189056,2.1963477788,—0.0755619509
,1.3205319786,-2.0241416137,-0.0115679871
,—-0.9561435054,-2.0781313659,-0.0369487162
,O 1.6855818171,2.6237589147,-0.1558122875
HF=-725.0769425 Nimag=0

IO)—‘OI

r
,—-1.4258175327,-0.0036777549,0.0992652964
0.5978251453,1.2467242206,-0.0362677469
.7288258575,1.1687465337,-0.0357017187
.4884196858,0.0101215821,0.0455087233
.7978857504,-1.0716432359,-0.0000469874
0.5482932721,-1.1574415306,-0.080976577
-2.2113051511,-0.0250099667,-0.6589911677
,-1.9196709934,-0.0445178279,1.0773941951
,—-1.1065994383,2.1944184733,-0.1108170003
,1.3199013785,-2.0229261107,0.0014823699
,—-0.957772813,-2.0742930661,-0.0836140863
Br,0,1.7717024527,2.7542177322,-0.1790569233
HF=-2839.0429253 Nimag=0

’

rVYr

4-B
c,0
c,0,
c,0,
N, 0
c,o0,
N, 0,
H,0,
H,0
H,0
H,0
H,0

IO)—‘OI

2

’

’
2

4-CHO
C,0,-1.4125026279,0.0105483899,0.101102612
C,0,-0.5621888153,1.2401238809,-0.0183775821
C,0,0.7731719392,1.167898871,-0.0508892287
0,1.5132295231,-0.0200783949,0.0004903786
0,0.8035844585,-1.0850486132,-0.0224187698
0,-0.5516977612,-1.1547187278,-0.0719315979
0,-2.1939050096,0.0083701135,-0.6626955444
,0,-1.9175947032,-0.0142069952,1.0742932514
,0,-1.0571189845,2.201329933,-0.0602882723
0,1.3026321433,-2.0493286798,-0.0271555824
0
0,
0,
O

<~ <0~

~

,-0.9724469519,-2.0660344677,-0.0489961535
1.5354101407,2.4402955141,-0.1572166873
2.7299074116,2.52169707,-0.1974293539
0.896431157,3.3436197572,-0.1978101235
-378.7908503 Nimag=0

~

~ ~

EEOOEEEEEZOZ

4-CN
C,0,-1.5274974187,1.2046814426,0.0449547173
C,0,-0.028641497,1.1650353952,-0.0126521449

0,0.6276174595,0.0022490545,0.0313381455
;,0,0.0344580623,-1.2681175417,0.1053674614
,0,-1.2444671112,-1.2524895023,0.0148118778
0,-2.0294931058,-0.1572529467,-0.1120811948
0,-1.9220668872,1.8356704608,-0.7543398526
0,-1.8652421925,1.6381821578,0.9935179191
0,0.5105439032,2.0985986865,-0.0716235955
0,-1.7775887441,-2.1975595019,0.0146205341
0,-3.0229417522,-0.2975143272,-0.1530275902
0,2.0721385142,0.0062599379,-0.0102402328
0,3.2179907695,0.0360066844,-0.0441980444
=-357.7128127 Nimag=0

cooocoococoocoooococooo 2
0

.86391544,1.2066500912,0.0000363546
.3635916534,1.1660047011,-0.0000199507
0.2667304695,-0.0024402852,0.000020087
.2902674034,-1.2641778875,0.000099754
.5733941747,-1.2581324576,0.0000062575
.369261882,-0.1649594677,-0.0001266852
.2284523402,1.745441121,0.8797558716
.2285083159,1.7456437589,-0.8795305486
0.1919179878,2.0897648109,-0.0000642626
.101080138,-2.2059109642,0.0000041761
.3629967448,-0.308893501,-0.0001786098
1.7585464219,0.0070405788,0.0000091464
,—-2.3061626103,1.0931139272,-0.0001041545
0,-2.319998603,-1.0587284259,0.0000935643
F=-469.9690384 Nimag=0

I WN T DN RFP O O

’

’

’

’

TOoOOo0OzZzmIzmIDITmZOQZ000048

5-aminopyrimidines

H
C,0,-0.6163688345,1.1784847194,-0.030849548
N,0,0.7085481517,1.1837251617,0.0069673051
c,0,1.3119760064,-0.0001071207,0.0249898378
N,0,0.707845499,-1.1835798824,0.0053813014
C,0,-0.6170495283,-1.1774991072,-0.0324048913
c,0,-1.3612651587,0.0007349719,-0.0532704423
H,0,-1.1150242231,2.1430311136,-0.0429516509
H,0
H,0

N, 0
H,0
H,0

rVYr

rVYr

VY

I O O |

,2.3933697085,-0.0004536656,0.0568305378
,-1.116298111,-2.1417226662,-0.0457599026
,=2.7519904738,0.001082213,-0.0299191571
,-3.1804836979,0.8347286574,-0.4001264211
,0,-3.1809291284,-0.8316475351,-0.4016653686
F=-319.6481355 Nimag=0

’

’

-CH;
,0,0.6340439215,1.1648023054,0.0924282113
,—-0.689947186,1.1714554044,0.0930882898
,—-1.313326109,-0.0043980485,-0.0072587995
0.6924093865,-1.1799792977,-0.1060654288
.6333031876,-1.1750703043,-0.1050431442
.3812843972,-0.0063459518,-0.0051342447
.131484977,2.1273671938,0.1693267315
.1285782586,-2.137931094,-0.1903443697

, 0
, 0
Ol
Ol
0,
+ 0,
IOI
,0,2.7742897389,0.0000370864,-0.0722299022

0 2078886957,0.7938585799,0.3730022885
,0,3.2079847657,-0.8614322362,0.2213052258
,0,-2.8125572318,0.0002681734,0.0172872391
0,-3.1978279679,-0.9111805428,-0.4307833817
0,-3.1670887741,0.0541142979,1.0477393939
0,-3.1936680369,0.8712232141,-0.5102003791
F=-358.9607667 Nimag=0

’

WWN PP~ O |

2-NH,
C,0,-0.616937073,1.1777483181,-0.0487445367
N,0,0.7077542572,1.1978059092,-0.0636210526
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,1.3233386979,0.014576389,-0.0724365706
,0.7184344959,-1.174139401,-0.090432243
-0.6063211813,-1.1663960737,-0.074950995
.3597816955,0.0021739995,-0.0483855561
.1170481884,2.1417955417,-0.0395501107
.097762858,-2.1348511128,-0.087314088
.7615779152,-0.0054133297,0.0411814784
.1896348489,0.824006311,-0.342255764
,—-3.1823156094,-0.8271295507,-0.3662046898
,2.6998811277,0.0201132552,-0.0203433972
,0,3.1371918338,-0.8263138582,-0.3425279811
H,0,3.1296806971,0.8775197125,-0.3229957436
HF=-358.9607667 Nimag=0

’

’

rVYr

~

’

~

’

0
0
0
0, -
0, -
0,-
0, -
0, -
0
0
0

~

~

’

rVr

W WP PP O

’

’

C
N
C
C
H
H
N
H
H
N
H

0.6105982212,1.1765061847,-0.0300683402
.7166504715,1.1813384623,0.0049673144
.2872401587,-0.0000688584,0.0206729695
.7160000326,-1.1811757191,0.0034905447
.6112188177,-1.1755730844,-0.0314240291
.3568868695,0.0006963523,-0.0517794196
.1018801872,2.1437542006,-0.0400157971
.1030653242,-2.1425208476,-0.0424301637
.7507888183,0.0009307585,-0.0223710249
.1749191882,0.8322638514,-0.4034471256
.1753050014,-0.8289061203,-0.4062696059
F,0,2.6138459749,-0.0004690599,0.0558960275

~

’

<

’

~

~

’

~
I O O |1

~ ~
|
wwNh P PP O

~
~

~ ~
| |

~
~

~
~

TmZ2IoD D O00z=20Q=20aN
cooocococooococoo ™M

~
~

HF=-418.9005455 Nimag=0
2-CHO
C,0,-0.593237304,1.1734340696,-0.0461511465
N,0,0.7297356871,1.1566758053,-0.0166308466
€,0,1.3221155179,-0.0352980165,-0.0017688297
N,0,0.7020347571,-1.2131663303,-0.0159482025
C,0,-0.6159955426,-1.1906355986,-0.044562294
C,0,-1.3497169356,0.0017904241,-0.0624696648
H,0,-1.0793224563,2.1437038506,-0.05638546
H,0,-1.1291356177,-2.1475716913,-0.0536921948
N,0,-2.7292916138,0.0126628756,-0.0350708369
H,0,-3.1725755566,0.8549710633,-0.3635249343

H,0,-3.1851551561,-0.823422102,-0.3624971223
C,0,2.8180583587,-0.0036039232,0.0306734253
0,0,3.5129729337,-0.9784144073,0.0423495251
H

H

, 0
0
0
,0,3.2311503083,1.0192307409,0.042858862

F=-432.9641073 Nimag=0

-0.5990300439,1.1822112696,-0.0433227971
0.7225427334,1.186721307,-0.011307222
,1.3199365308,0.0000774957,0.0033989233
0.7219717968,-1.1862661364,-0.0129316555
-0.5995925042,-1.1810744565,-0.0449464496
1.345210844,0.0007618657,-0.0631142198
1.0943060338,2.1475343366,-0.0534269787
-1.0953386985,-2.1461425414,-0.0563816172
2.7231138156,0.001071915,-0.0393809196
3.1749969548,0.8413042978,-0.3609090655
3.1753858109,-0.8385382922,-0.3619890518
,2.7703815219,-0.0002998174,0.0376037383
N,0,3.9157973327,-0.0005971534,0.0639303752
HF=-411.883154 Nimag=0

QO@DnTDTzZzZoDITOO0z=20Qz20N
coocoococoocoocoocoocoococo
1

o

1.2660712378,-1.1805181313,-0.0710100309
.0571510514,-1.1804243833,-0.0620760319
.6254167229,0.0000631174,-0.0011264627
.057355147,1.1806679301,0.0593198816
.2659235804,1.1812736505,0.0629132644
.012286428,0.0004591607,-0.0045408745
.7586862527,-2.1448572398,-0.1328558467
.758402578,2.1459766927,0.1201679243
.3875009074,0.0035958706,-0.0631440158
.8505218989,-0.8526049175,0.1930908864
.850874243,0.8264865383,0.2850835235
.1257702085,-0.000202545,0.0026692862
.6714689369,1.0585295147,-0.1971828229
.6701650594,-1.0590912579,0.2054843191
-524.1374885 Nimag=0

I © O o |

|
W wwkHEFNP

NN N

T OoOOo0OzZITImzZzoon Q=202 0N
focoocoocoocoocoococooocoocooco &
|

Table S9 Cartesian Coordinates, Total Energies (in hartree), and Number of Imaginary Frequencies for the
Optimized Structures for Nucleobases from M06-2X/6-311+G(2d,2p) Computations.

Adenine
N,0,1.9364904463,0.5208035012,0.1223733951
C,0,1.2845825305,1.6907168186,0.1296718053
,-0.0218558488,1.910077563,0.0801973468
,-0.7055645787,0.7666313343,0.0140921554

’

’

N, 0
c,0
c,0,-0.1754951825,-0.515384302,-0.0001492954
C,0,1.2238698441,-0.6042940812,0.0625713074
N,0,-2.0626579173,0.5803945916,-0.0591934504
c,0,-2.2707231511,-0.7762838696,-0.1149248338
N,0,-1.1702669595,-1.4700402477,-0.0828904572
N,0,1.8622167759,-1.7957422347,0.0900747091
H,0,1.9134758201,2.570756635,0.1814166782
H,0,-2.7583141026,1.3056410269,-0.0709648856
H,0,-3.2636013418,-1.1900704759,-0.1792207441
H,0,2.8588559596,-1.794770794,-0.0352520284
H,0,1.3409065158,-2.6263447054,-0.1271753824
HF=-467.2886498 Nimag=0

rVr
;0,1
,0,1

’

Guanine
N,0,-2.1337892713,0.7657195159,0.0594120844
C,0,-1.2632369381,-0.2845301433,0.0342428885
N,0,0.0208151011,-0.1560178719,-0.1186212705

,0.401579745,1.1428057305,-0.2321658675
-0.3777249637,2.284875756,-0.2304490694
-1.8000156505,2.1465806761,-0.0675370681
,1.6798889754,1.5864305959,-0.3904159366
,1.6139065119,2.9603276105,-0.4741957912
,0.3993400293,3.4105462943,-0.3819398743
,—-2.6747501152,2.9748902457,-0.0203943513
,-1.8068254277,-1.5318812829,0.2350627781
,—-3.1109249063,0.5982032103,0.2490356845
,2.5000572491,1.0068448014,-0.4322651285
,2.4981786243,3.5617253621,-0.6025856803
H,0,-1.1556010216,-2.2727658638,0.0285951577
H,0,-2.7276393686,-1.6873955324,-0.1421827895
HF=-542.5266766 Nimag=0

’

’
’

T DT Im=Z20202000

0
0
0
0
0
0
0
0
0
0
0

Thymine
C,0,-1.2147395192,0.338126211,-0.1869869888
N,0,-1.2908210034,-0.8343636741,0.5307163819
C,0,-0.1859855189,-1.5227757249,0.9884642363
N,0,1.0052168334,-0.914888164,0.6528953867
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,1.1867071407,0.2684233155,-0.0679913636
,-0.0505501718,0.919881307,-0.5073755189
,0.0753916625,2.1907788844,-1.2839248445
,-0.2615943132,-2.5504598894,1.6171163241
,2.2995097962,0.6869480568,-0.2898767747
-2.1663451337,0.7614514298,-0.4771527796
-2.1780642603,-1.2502032359,0.7578437114
,1 8419495825,-1.3847938975,0.9679660834
,0.6076633518,2.9418330916,-0.7010018287
-0.9042750095,2.5799192381,-1.5541264426
,0.6551425864,2.0262875904,-2.1916823327
=-454.1067815 Nimag=0

S~ S S~ S~ N~ S~ ST S

~

~

ja=ip==ie=iiecis = O ONONONS!
cCooooo0ooo0oo

jas)
o~ o~

Uracil
N,0,1.3559135485,0.4277898937,0.0196811375
C,0,1.3390137123,-0.9493723975,0.0275338287
N,0,0.0628723445,-1.4804891821,0.1203235759

c,0,-1.0707681507,-0.7126656027,0.1973553915
C,0,-1.0267288917,0.6259358784,0.1879923018
C,0,0.2618809542,1.3021694449,0.0931562279
0,0,0.4345608123,2.4969025937,0.0756052089
0,0,2.3281915686,-1.6358755042,-0.0391426032
H,0,2.2692938755,0.8540105955,-0.0469220484
H,0,0.0183665777,-2.4855287985,0.1287186566
H,0,-1.9974179607,-1.2633557132,0.2657740445

H,0,-1.9154093904,1.2296907921,0.2483662785
HF=-414.7954267 Nimag=0

Cytosine
,0,-1.267909672,-0.4834344911,-0.3571190007
,0,-0.593431126,0.6676347915,-0.1587916627
,0.8407961985,0.5662274333,-0.173121372
,1.4969988791,-0.5489721881,-0.3666865625
,0.8180547385,-1.7215188967,-0.5642052297
1.
1.

’

0

0

0
,0,-0.5950176018,-1.6366204411,-0.5515551531
,0,1.572420783,1.6861668462,0.054624205
,0,1.3278510909,-2.8025637594,-0.7466681362
0,-2.3469381641,-0.540571546,-0.3684213887
0,-1.1010422286,1.6028824418,0.0078533696
0,-1.0755392893,-2.508853323,-0.7010169713
0,2.5648060691,1.6170041111,-0.0931741058
,0,1.1427933225,2.5903520215,-0.0032469919
F=-394.9067298 Nimag=0

’
’

Table S10. Cartesian Coordinates, Total Energies (in hartree), and Number of Imaginary Frequencies for the
Optimized Structures for Carbonyl Oxygen Proton Accepting Sites from M06-2X/6-311+G(2d,2p) Computations.

Cyclohexa-2,4-dienones

I

,—-1.4187588306,-0.0069684398,0.02738463
-0.7334109777,0.6873011961,-1.0741550219
0.7866355962,0.672065931,-1.0738623686
1.4436798723,-0.0514464786,0.055504032
,0.7369315816,-0.6531429979,1.012585761
,—-0.722817619,-0.6262531752,0.9913613419
,—1.3441363417,1.253367676,—1.9537213454
,—2.4995824537,0.0126366653,0.0124564582
,1.1206158594,1.7136291842,-1.1029755685
,1.1058863708,0.2500737144,-2.0316321207
2.5259208738,-0.0739489669,0.075251153
1.
3

’
rVr

rVr

~
~

~ 0~ 0~ ~0 S

~
~

2314149967,-1.1718364713,1.821712987
1.2499929279,-1.1302998374,1.7918820619
07.4026795 Nimag=0

rYr

IEEIIEEOOOOOOO
| Cooo0oo0o0oo00ooo

1~

4-CH,
C,0,-1.4291466411,0.0549339035,-0.0391148358
Cc,0,-0.7601284487,0.7698076729,-1.136851257
C,0,0.7579937892,0.75901949,-1.1479004178
C,0,1.4278588733,0.0276244737,-0.0301867217
C,0,0.7484993163,-0.5964129175,0.9346408238
c,0,-0.7178103842,-0.5694897934,0.9082575005
0,0,-1.3841390453,1.3455972327,-2.0008348141
C,0,1.4061902954,-1.3359047196,2.0634046208
H,0,-2.5100771202,0.0649561495,-0.0415898959
H,0,1.0860772157,1.8023774045,-1.1732102524
H,0
H,0
H,0
H,0
H,0

’

’

1
,1.0672287059,0.3458063459,-2.1128429295
2.5114583367,0.0151854372,-0.0227138654
,—-1.2354413429,-1.0885063269,1.708000372
,2.4901801783,-1.295811605,1.9826497291
,0,1.099177937,-2.3833073609,2.0693975942
H,0,1.1160033346,-0.9094093865,3.0253163492
HF=-346.7128085 Nimag=0

’

’

4-NH,
€,0,-1.4379195658,0.0081837095,-0.2652670812

0,-0.7579684171,0.6119473181,-1.4247973158
0,0.756293474,0.6861434108,-1.3795683113
0,1.4238595299,-0.0480384008,-0.2602998088
0,0.7269882962,-0.614115185,0.730996741
,0,-0.73742921,-0.554702841,0.7244621117
,0,-1.3800742953,1.0462833,-2.3686770276
0,1.2980572893,-1.2168854656,1.8627902
0,-2.5185592001,0.0281186297,-0.2703891606
0

, 0,

, 0,

0

0

0

~'~

~

’

IO}—‘OI

~

’

~

1.0013848189,1.75372746,-1.3346739661
1.1250113853,0.3520511152,-2.3516271094
2.5061218729,-0.0878476111,-0.2552208883
,=-1.2529958541,-0.9970260776,1.5698447875
,2.2819392817,-1.4145302638,1.7589625129
0.8055055942,-2.0409960984,2.174440316
-362.7589985 Nimag=0

~

’

~

~

EEEEEEEEZOOOOOO

4-F
C,0,-1.4291503995,0.0003755898,0.0159848313
-0.7381346314,0.695559589,-1.0870274403
0.7840899457,0.6840410512,-1.0926984247
,1.4517218563,-0.0376051619,0.0336008159
0.

’

7185349448,-0.6245117209,0.9678170615

rYr

0,

0,

0

0
0,-0.7346226918,-0.6174590286,0.9777000711
0,-1.3530758835,1.2590986748,-1.9627076908
0,1.2845665661,-1.2821518761,1.9946092162
0,-2.5093290171,0.0194781115,0.0018322656
0,1.1079657649,1.7279777256,-1.1229274811
0,1.093194943,0.2622175684,-2.05301181
H,0,2.5305534174,-0.079680167,0.0841822738
H,0,-1.2239288148,-1.1321623559,1.7944383113
HF=-406.6451159 Nimag=0

’

’

c,
C,
C
C
c,
o,
F
H
H,
H,

4-Ci
C,0,-1.4253773365,-0.1326172111,-0.1148865835
C,0,-0.7368413199,0.5717852867,-1.2107489914
C,0,0.7828973587,0.5641390083,-1.205678806
C,0,1.4451031314,-0.1637421688,-0.0807002965
C,0,0.7228441531,-0.7665194567,0.8573629963

518





,0,-0.7365929362,-0.7557868954,0.8480089508
0,-1.3488358471,1.1381904106,-2.0866587179
0,-2.5057909358,-0.1184110476,-0.1316493808
0,1.1104861631,1.6075918544,-1.223581569
0,1.1063943397,0.1494810624,-2.1647430009
,0,2.5251500893,-0.1908809608,-0.044021066
H,0,-1.244892693,-1.2721469814,1.6511593468
C1,0,1.4790688333,-1.6198769008,2.176506118
HF=-767.0041856 Nimag=0

’

’

o oo OO

4-Br
C,0,-1.4259697729,-0.090875961,-0.1800605669
C,0,-0.7369915986,0.6130764462,-1.275342234
C,0,0.7822948062,0.6043496974,-1.2685414119
C,0,1.4436896216,-0.1241700438,-0.1423456993
C,0,0.7205076935,-0.7264135819,0.7949934922
C,0,-0.739128674,-0.7148222706,0.784248279
0,0,-1.3477623074,1.1798063808,-2.1518920148
H,0,
H,O0,

H, 0
H,0
H,0

’
rVr

rYr

IOI—‘OI

-2.5064263949,-0.0763754564,-0.1973423776
1.1120424475,1.6471745273,-1.2855047438
,0,1.1079665552,0.1889001862,-2.2265680473
,2.5238522609,-0.1483511079,-0.1101638284
,0,-1.2532836562,-1.2293111179,1.5846005191
Br,0,1.5472600191,-1.6546466985,2.2302206336

HF=-2880.9708155 Nimag=0

’

4-CHO
C,0,-1.4378501911,0.0438224593,-0.0217689961
C,0,-0.7487542994,0.7536666131,-1.113703679
c,0,0.773937571,0.7394570025,-1.1159065872
,0,1.4239128805,0.0065587225,0.0042843313
,0.7108155335,-0.6085397242,0.9546206615
-0.7516997281,-0.5877146735,0.9372469195
1.3540950514,1.3326957501,-1.9854655976

~ s

’

0
0,
0,-
0,1.4086627076,-1.3230748549,2.043613795
0,0.8431103732,-1.8991611768,2.9347139971
0,-2.5182929551,0.0654307592,-0.0425821234
0,
0
0
0,
0

~ ~

1.1126230036,1.7795440261,-1.1362844956
,1.0956803479,0.3241491366,-2.0758152535
2.

~

5078208714,-0.0224033035,0.0388327234
1.2542643003,-1.1099322834,1.7411863358
,2.5124582367,-1.296013453,1.9889519689
=-420.7243725 Nimag=0

~

’

[a=jecipacipas s OO NONONONG]

jas}
o~ o~

2

0000000002000 0

,-1.4160287016,0.0257723868,0.0046350772
0.7341653741,0.7395880052,-1.0896579078
.7862932676,0.7269792506,-1.097522733
.4515605156,-0.0035479445,0.0162187245
.7424561305,-0.6207592555,0.9689714107
0.7247834046,-0.6046858116,0.959540102
—l 3482543161,1.3169024385,-1.9552353118
1.4042909139,-1.3216220234,2.0357762928
,1.9106525486,-1.8866543154,2.8965203133
-2.4964652267,0.0420456088,-0.0071807892
1.1250650704,1.767174575,—1.1169570431
,1.1066999007,0.3119485237,-2.0581141714
,2.5328741849,-0.0285732962,0.0431170184
H,0,-1.2339475091,-1.1251441423,1.7598610176
HF=-399.6417814 Nimag=0

~

’

~

~
IOI—‘OI

~
~

~
~

~
~

~

EIIIZOOOOOOOO&

~

4-NO
C,0,-1.4565198191,-0.2380562905,0.0564965441
C,0,-0.7699868785,0.4670155104,-1.0405620364
C,0,0.7538875787,0.4624684654,-1.0403167872
C,0,1.4165603592,-0.2606997819,0.0771489652

’

,0.6949554048,-0.8684456368,1.0222146966

,—-0.7605027327,-0.8589186125,1.0160921121
-1.3771499372,1.0346375423,-1.9181791587
1.2905034898,-1.5888778274,2.1393863554

2.4869820257,-1.6080866664,2.1478093594

-2.5368182943,-0.2236086233,0.0399643116
1.0865834553,1.5049629723,-1.0613022295
1.
2.
4

~

~

~

’

~
~

~
~

’

~
~

082285571,0.0505202531,-1.9996856752
4978634357,-0.2960682534,0.1274445124
1.2556926584,-1.3794640514,1.8268130302
36.6873319 Nimag=0

~
~

~

’

EEEEEEOZOOO
H O [eNeoNoNoNoNoNeoNeNel

1~

4-NO,

C,0,-1.467833649,0.0426178461,-0.3750603098

,—-0.7671222936,0.7450053621,-1.4658408811

,0.7546654671,0.7071585112,-1.4663582016

,1.4017245457,-0.0455557423,-0.3579817718
0.

’

~

~

6589934301,-0.640856763,0.5704670196
,-0.7962019726,-0.6085232218,0.5811372733
-1.3644802949,1.3338136834,-2.3348386242
1.3324056878,-1.3789425684,1.656190217
0.6192485289,-1.9079781804,2.4828160823
2.5432292484,-1.4117135135,1.6565649214
1.
1.
2.

~

’

~

~

’

~

’

~ ~

2.5474194117,0.0821751283,-0.3912704338
1122742444,1.7411892761,-1.46923296
0766492126,0.2989027736,-2.4289371313
4795549707,-0.1089609981,-0.3063736133
,—-1.303300714,-1.1252535934,1.3821844132
=-511.8978812 Nimag=0

~

’

~

’

TIoDIDTmTImOoOO0O=Z000000n

jas]
o~ o~

0
0
0
0
0
0
OI
0
0,
0,
0
0
0,
0

Benzoquinone
C,0,-2.4470396116,-0.1166481848,1.1079214352
C,0,-2.4129653381,-0.7899517296,-0.0395242182
C,0,-1.1370975347,-1.329221696,-0.5767371032
,0,0.099446326,-1.0904890207,0.2114341417
,0.0653721449,-0.4171856029,1.3588801317
,-1.2105350401,0.12186243,1.8962220591
1.1061054097,-1.9409938571,-1.6196404458
1.2414731516,0.7339390001,2.9389483715
-3.3582854029,0.2889054125,1.52671144
3.2940198652,-0.9809746846,-0.6374211307
,1.0107152037,-1.4959116605,-0.207432306
H,0,0.9464498191,-0.2260315647,1.9567011351
HF=-381.4171527 Nimag=0

519





Table S11. Cartesian Coordinates, Total Energies (in hartree), and Number of Imaginary Frequencies for the

Optimized Structures for Base Pairs from M06-2X/6-311+G(2d,2p) Computations.

Adenine-Thymine
N,0,-5.2767795357,-0.1565657614,0.3501328297
C,0,-5.4332996668,-1.4900720558,0.3169498285
,-6.5493062872,-2.1726827237,0.1289895295
-7.5971016568,-1.3588368492,-0.0391890888
-7.587537213,0.0272262294,-0.0298933572
-6.3403347437,0.6436114646,0.1789055502
-8.9082962886,-1.6935127557,-0.2570154591
-9.603662574,-0.5136594192,-0.3652994171
-8.8519522765,0.5406192868,-0.2356320097
-6.185132487,1.9711567886,0.2111916369
-4.5224028663,-2.0585565807,0.4640459229
-9.2746454773,-2.6271307397,-0.3230316641
-10.6666896661,-0.5007829658,-0.5404817147
-5.2673616983,2.3783782118,0.3660203918
-6.9916354936,2.5550352147,0.0828390425
-2
-1
-0
-0
-1
-2
-3
-1
-0
3

’
rVYr
rVYr
rVYr
rVYr
rVr

rVYr

rVYr

rVYr

.6610393182,0.8064432008,0.7889018694
.6929114833,-0.1542534034,0.942337435
.4267046213,0.3602779893,1.1533456143
.1586698516,1.7064817658,1.2050186707
.1124064473,2.6382550207,1.0534189049
.4801902162,2.1733444996,0.82580643
.4279043996,2.9311535816,0.6738133395
.9135482669,-1.3437824188,0.8990818017
.8694267003,4.1123045548,1.1015537069
,—-3.6321377741,0.453623837,0.6263357324
,0.3022024979,-0.3231253532,1.2693076602
0.

rVYr

rVYr

rVYr

~

’

~

’

8767983026,1.9657169968,1.3767107122
1.1764638881,4.580629535,0.1667140961
,0,0.18309733,4.3268665001,1.2759267601
H,0,-1.4606122327,4.5710973492,1.8937252453
HF=-921.4178597 Nimag=0

N, 0
c,0
c,0
c,0
N, 0
c,0
N, 0
N, 0,
H,0,
H,0
H,0
H,0,
H,0,
N,0, -
c,0
N, 0,
c,0,
c,0
c,0
0,0,
0,0,
c,0
H,0
H,0
H,0,
H,0,
H,0

Adenine-Uracil
N,0,-1.6876457474,-0.4223400492,0.0175485635
.9987552313,-1.7291081334,0.0079678507
-3.1991402952,-2.2793459254,0.0518976552
.1598194113,-1.3504474458,0.1118714165
.990908696,0.0252225081,0.1292170691
.6652006207,0.4948433695,0.0779981459
.5165982613,-1.5323917985,0.1692623662
.0807802241,-0.2802151351,0.217171181
.2034141351,0.680575865,0.1952915129
.3571513892,1.7956187773,0.0877203417
.1473026123,-2.3985718731,-0.0424387937
.992401006,-2.4178686619,0.1744362097
.1487606414,-0.1455932365,0.267476506
.3873227226,2.0949360657,0.0461706488
.1014889796,2.4677026253,0.1309784359
.0520589628,0.2195368798,-0.1054841976
.911778381,-0.8467458032,-0.1681507871
.2516491427,-0.4893612195,-0.2335200361
.6791457966,0.8102362451,-0.2358246495
.8193609098,1.8370463966,-0.174107522
.3924266701,1.5605631869,-0.1029065499
.5269381018,2.4196665887,-0.0440813252
.5544247241,-2.002138461,-0.1676969846
.0338238428,-0.0185385522,-0.0567078401
.8996038847,-1.2576152823,-0.2802217663
.7490566542,0.948200155,-0.2904452347
.1465089029,2.8620499142,-0.1755662162
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HF=-882.1066865 Nimag=0

Guanine-Cytosine
N,0,-5.0634347309,0.3996896946,0.1926126616
C,0,-5.4623190746,-0.8925157366,0.1102605561
N,0,-6.8967833709,-1.1588610686,0.1195666006
C,0,-7.6030040327,-0.0449660442,0.1636546056
Cc,0,-7.2843015187,1.1241423528,0.3251748256
c,0,-5.8858043957,1.4502848055,0.2317784188
N,0,-5.3937605268,2.6717970584,0.2110182095
0,0,-4.7305115926,-1.8576436302,0.0065699033
H,0,-7.1922289437,-2.0815398624,-0.1594308946
H,0,-4.3727304194,2.8151349946,0.1345310015
H,0,-6.0233879672,3.451750332,0.2609593463
N,0,-2.1256945976,0.761515865,0.0409267178
C,0,-1.2537929951,-0.2926916477,0.0077112555
N,0,0.0422355901,-0.1543920673,-0.1382380191
C,0,0.4131969559,1.1379667925,-0.2394428736
C,0,-0.374002282,2.2796725311,-0.2137695673
C,0,-1.7820948297,2.1132313208,-0.063558752
N,0,1.6875466123,1.5963487833,-0.3969225962
Cc,0,1.6111201019,2.9733849604,-0.4576601104
N,0,0.3967132216,3.4155630467,-0.3520447598
0,0,-2.6583165778,2.9723063512,-0.0213184976
N,0,-1.7945568449,-1.5196460901,0.1680495284
H,0,-3.1287214267,0.5747832362,0.1378883616
H,0,2.5113612423,1.0234621006,-0.4520039642
H,0,2.4914231515,3.5818723301,-0.5800122844
H,0,-1.1781887691,-2.2934098707,-0.0032742887
H,0,-2.7949699795,-1.6636085377,0.0772656158
HF=-936.1296521 Nimag=0
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PEAKTHMBOCIIOCOBHOCT KbM BOAOPOAHO CBBbP3BAHE HA ATOMHUTE LIEHTPOBE B
A30THUTE BA31 HA HYKJIEMHOBUTE KUCEJIMHU

B. Hukomnosa, /. Yemmvemkuera, C. Mnnea, b. I'brs00B8*

Daxynmem no xumus u papmayus, Couiicku ynusepcumem ,, Ce. Knumenm Oxpuocku”, 6yn. Joc. bayuep 1,
1164 Cogus, Pvreapus

Iocrenuna va 27 mapt 2017 r.; Kopurupana na 10 ampun 2017 ¢
(Pesrome)

[punoxxeHn ca TEOPETHYHU MAapaMeTPH, XapaKTePU3HPAIIU eNEKTPOCTATHYHUTE CHIIM IPH OTICIHUTE aTOMH, 3a
KOJIMUECTBEHO OIMCAaHHE Ha pPEaKIHMOHHA CIOCOOHOCT KBbM BOJOPOJHO CBBP3BAaHE Ha ATOMHHTE LIEHTPOBE B IIETTE
OCHOBHU 0a3u Ha HykienHoBuTe KucenuHu. C el Jga ce H30erHaT HESACHOTHTE, CBBP3aHU C (DOPMHUPAHETO Ha
OuIeHTaTHH BOMOJPOAHH BPB3KU B HyKIenHOBHTE 0a3u, Gsixa nposenenn DFT MO06-2X/6-311+G(2d,2p) uzuncieHust
Ha aTOMHUs enekTpocratuyeH moteniman (electrostatic potential at nuclei, EPN), NBO u Xuprudenn aTOMHH 3apsau
3a cepust OT 64 MOJIENTHHU CUCTEMH. 3a CpaBHEHUE 0siXa ONpeAeeH: NPOTOHHNUTE ahUHUTETH Ha ITPOTOH-AKLEITOPHUTE
Ipyn¥ ¥ €HEpruuTe Ha NENPOTOHMPAaHE Ha MPOTOH-JOHOPDHUTE TIpynu B Oasure. MOJENHHTE CHCTEMH ca Taka
noxOpaHy, 4e na Morar na (GopMHpaT eIMHUYHH BOJOPOJHM BpPB3KH. IlonydeHHTe KOpENAlMOHHH ypaBHEHWUS,
CBBP3Balll{l H3YUCICHUTE CHEPTUH Ha B3aUMOJCHCTBHE C MapaMeTPH, XapaKTePH3UPAIIH ISKTPOCTATUYHUTE CHIIH IPH
aTOMHUTE, ca IPHJIOKECHH 32 H3BSXKIAHETO Ha JECKPUIITOPH Ha PEaKTUBOCIIOCOOHOCTTA 32 OTJCITHUTE ATOMHHU ITO3HIMH B
HyKJIeHHOBUTEe 0a3u. Cpex m3clienBaHUTe TeopeTHYHH mapamerpu EPN naBa Hai-moOpa kopenanus ¢ eHEprumurTe Ha
BOJOPOJHO CBBp3BaHe. M3BeqeHHTE 3aBHCUMOCTH OsXa H3ION3BAaHUM 3a JAe(UHUPAHETO HA JECKPUOTOP Ha
pHAKIMOHHATa CIIOCOOHOCT KbM BOAOPOJHO CBBP3BaHE 3a OTACIHUTE AaTOMHHM IIO3UIMK B HYKJIEHHOBHTE 0a3u.
Edexrute Ha popMupaHe Ha ABOIKH 0a3u BEPXY PEaKTHBOCIOCOOHOCTTA 0sXa CHIIO OIIEHEHH KOJINYECTBEHO.
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