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STUDY OF THE ELECTRONIC STRUCTURE
OF MOLECULES. X*

GROUND STATE FOR ADENINE, CYTOSINE, GUANINE AND THYAMINE
By

E. CLemMeENTI, J. M. AnDRE!, M. Cl. ANDRE!, D. KLINT?2 and D. HagN3

IBM RESEARCH LABORATORY, MONTEREY AND COTTLE ROADS, SAN JOSE,
CALIFORNIA 95114, USA

(Received 12. III. 1969)

All electrons SCF-LCAO-MO computations for adenine, cytosine, guanine and thya-
mine are reported. In addition, to compute the total energies and wave functions we have com-
puted the relative gross charges and the dipole moment. Analysis of the orbital energy for
the inner shell indicates that there are three effects which govern the orbital energies splitting
for inner shell a) the gross charge, or ionicity degree, of the atom in consideration, b) its val-
ency state, ¢) the neighbor atoms ionicities. The first two effects are sufficient for determining
the relative location of the inner shell as well as for estimating the extrema of the splitting of
the inner shell electrons of a given type of atoms.

The gross charge population was used to determine the overall flow of the 0 and =
charge transfer. It was found that the charge transfer flow requires direct consideration of at
least next nearest neighbors to be explained. In addition, it was found that simple 7z electron
considerations could lead to not only quantitative but even to qualitative erroneous prediction
about the electronic charge distribution. For example, an atom can be positively charged, if
one considers only the n electrons, and the same atom can be negatively charged, if one con-
siders only the ¢ electrons. Therefore, we reiterate on the necessity of all electron computations
not only for quantitative but even for qualitative studies of the electronic structure in mole-
cules.

_ I. Introduction

This work was initiated the summer of 1967 by CLEMENTI and HamN.
Cytosine was computed using Version 2 of IBMOL on an IBM 360/50 and
reported at the Kutna Hora meeting and at the Hungarian Summer School
in 1967. The remaining molecules of this paper were computed with Version
4 of IBMOL on an IBM 360/65 computer. The four molecules are clearly of
importance in biological study. However, we wish to point out that there might
be agreat gap between computing the electronic structure of a biologically impor-
tant molecule and contributing to our understanding of biological mechanisms.
Therefore, throughout this paper no further mention will be made to the
possible biological implication of this work, and we shall consider these four
molecules as additional compounds (containing hydrogen, carbon, nitrogen
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494 E. CLEMENTI et al

Table 1

Orbital exponents of Gaussian functions for hydrogen, carbon, nitrogen and oxygen

s-type functions

] ) hydrogen o carbon l nitrogen l oxygen
1 4.500370 391.445 636.101 1113.12
2 0.681277 64.7358 105.386 172.260
3 0.151374 16.2247 27.5167 42.8008
4 5.33460 9.02708 13.3710
5 2.00995 3.33086 4.83970
6 0.502323 0.828625 1.07380
7 0.155139 0.243109 0.31690
p-type functions**
* 4.316130 5.19829 6.92200
9 ’ 0.873682 1.10716 1.42610
10 ’ 0.202860 0.26175 0.32120

* No p-type function was used for hydrogen atoms.
** The p functions can be either p, or p,, or p,; for the 3 different cases the angular part
ie clearly different, but the orbital exponent was kept constant.

Table II
Contracted Gaussian set for hydrogen (H), carbon (C), nitrogen (N) and oxygen (O)

1s (H) 0.070480y; -+ 0.407890y, -+ 0.647669y,

1s (C) 0.022220y, + 0.132968y, + 0.384690y, + 0.458385y, + 0.154547y,

25 (C) 0.534240y4 -+ 0.524992y,

2p (C) 0.108451 5 -+ 0.461164y, + 0.6304357,,

1s (N) 0.018231y, + 0.108122y, + 0.324286y, - 0.478333y, + 0.221201y,

2s (N) 0.466703 7, + 0.596283y,

2p (N) 0.138430y5 + 0.497601%, + 0.575051y,,

1s (O) 0.013221y, + 0.087629y, -+ 0.296295y, + 0.492042y, + 0.258935y,

25 (0) 0.497086y; + 0.566094y;

2p (0) 0.148880y, -+ 0.516709y, + 0.558700 4,

The 1,75 ... are the Gaussian functions given in Table I. Clearly the x, ... x5 to be

used for the 1s(H) are those in column 2 of Table I (or the y; ... y; for oxygen are those in
column 5 of Table I.)
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Table III
Total energy in a.u. for the atoms using the Gaussian set of Table I and comparison to other
sets
basis set [ Table I1 Table I i minimal Slaters) | Hartree-Fockb exact®)
. !
hydrogen (2S)|— 0.4970 0.4988 — 0.5000 — 0.5000 — 0.5000
carbon (3P) |—37.5900| —37.6296 —37.6224 —37.6886 —37.8558
nitrogen (4S) |—54.2440| —54.3130 —54.2689 —54.4009 —54.6122
oxygen (*P) i—-14.5973| —74.6763 —74.5404 —74.8094 ~—75.1101
i

a) From E. CLEMENTI and D. Rammonpy, J. Chem. Phys., 38, 2686, 1963.

b) From E.CLEMENTI, Tables of Atomic Functions [8].

¢) From A. VEiLLarD and E. CLEMENTI, J. Chem. Phys., 49, 2415, 1968.
and oxygen atoms) in the list of molecules previously studied in this series of
papers. The work is carried out in the self-consistent field, (SCF) linear combin-
ations of atomic orbitals (LCAO) approximation. The basis set we have used
(Table I) for the H, C, N, and O atoms is the same basis set previously used.
The same holds for the contraction coefficients (Table II). The reason is not
that such a basis set is a particularly good one, but is the best that can be
done with 7s type gaussians and 3p type gaussians. When we programmed our
molecular package [1] we decided to compromise in the basis set size so as to
be in a position to compute a large number of rather complex molecules within
the same accuracy, so as to be in a position to compare results from molecule
to molecule. At that time the above basis set did seem the best compromise,
between accuracy and realistic possibility to carry out our program of study
in the electronic structure of molecules. Comparison between our basis set and
other more adequate is given in Table III. From these considerations it is
clear that the results presented in this work are of preliminary value. The main
feature in these computations is that the model used (SCF—LCAO) is very
well defined, that no approximation is made in the integrals computations or
even more, in the number of electrons explicitly considered for the molecular
system. From previous work in this series [2] we know that the so-called
n electrons cannot be considered as some separated and privileged set from
the so-called o electrons (the notation ¢ and =z is most unfortunate since it is
correct only for linear systems; however, we shall continue to use such bad
notation only in deference to a careless as well as very vast body of literature).
Hence, the need for all-electrons ab initio computations. From other work (to
be published [3]) we know that the inner shell electrons are more important
for determination of molecular geometry than previously assumed. Hence, the
need for equal treatment for inner shell and valency electrons. The simple
nt relation (where n is the basis set size for a given molecule) and required
number of many-center integrals, clearly poses a practical limit in the com-
putations [4].
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II. Computational results

The geometry we have used for adenine, cytosine, guanine and thyamine
(hereafter referred to as A, C, G and T) are given in Tables IV, V, VI and VII,
resp ectively. Figs. 1,2, 3 and 4 complement these tables. The total energy as
well as the orbital energies are given in Tables VIII through XTI for A, C, G and
T, respectively.

The expansion coefficients for each orbital, obtained from the SCF
procedure are too long to be reported and are available elsewhere [5]. The
gross population analyses [7] are given in Table XII through XV for A, C, G
and T, respectively, and the hybridization for each atom is given in Tables

H(4) Z=-0.965064
x H(B) Z= 1.93012700
H(e) Z-=--0.965064

- +.33406 +.32803
H(4) H(5)
o

+22182

Fig, 1. Geometry and gross charges for the adenine molecule
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CYTOSINE (LACTAM |) bond distances, gross charges™
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Fig. 3. Geometry and gross charges for the guanine molecule
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Fig. 4. Geometry and gross charges for the thyamine molecule

XVI through XIX respectively. Finally, the dipole moment in components in
the «x, y and z direction as well as the total dipole moment is glven in Table

XX. All quantities are given in atomic units [7].

Table IV

Molecular geometry for adenine molecule*

z b x Y

N(1) 4.456643 2.5959530 C4) 4.3013910 0.0864170
N(2) 21761190 | —1.2563760 (V) —3.7981510 1.3725350
N@3) —2.4164080 3.5159020 H(1) 6.0908940 | —0.9682600
N(4) —-2.4571470 —0.7512240 H(2) —3.1187670 | —2.5207840
N(5) 2.2803240 6.3839750 H(3) —5.8763680 1.3725350
c() 2.2803240 3.8523290 H(4) 0.6959090 7.4129050
c@) 0.0 2.5883240 H(5) 3.8647390 7.4129050
VE)) 0.0 0.0
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Table V
Molecular geometry for the cytosine (lactam 1)  molecule*
x ¥ x b
0 15.682272 —0.4604511 H(1) 12.264164 7.6893053
N(1) 19.039032 2.1588593 H(2) 14.692337 9.7267876
N(2) 14.826015 3.6494255 H(3) 18.995163 8.4874620
N(3) 14.139829 7.9196091 . H(@4) 22.047836 4.8494406
CQ1) 16.470795 1.7060061 H(5) 20.228302 0.6902478
C(2) 15.767538 5.9797821
C(3) 18.318405 6.5219889
C(4) 19.994705 4.5242567

* Distances are given in atomic units; the value of the z coordinate is 0.

Table VI
Molecular geometry for the guanine molecule*
x y x Y
0 8.5351915 7.3326225 C(3) 5.1557379 4.5441399
NQ1) 9.2876520 3.0396242 C(4) 7.7466660 5.1661663
N(2) 5.8988562 0.1219844 C;) - 1.1614723 4.6027842
N@3) 3.1580334 6.1909208 H(1) —0.8040018 5.2795506
N(4) 1.7482090 2.1588602 H(?) 0.5589515 |  0.6902482
N(5) 9.9972229 —1.2595730 H(3) 9.4605036 —3.0715036
C(1) 8.3526487 0.6659773 H(4) 11.8708070 —1.0129108
C(2) 4.3342476 2.0889683 H(5) 11.1612360 . 3.2862854

* Distances in atomic units; the z coordinate is 0.

III. Discussion on the orbital energies for inner shell electrons

The orbital energies of the separated atoms, namely the eigenvalues ¢;

of the equation
Fo;=¢¢;,

where @; is the i-th orbital, and F the Hartree—Fock operator (the field seen
by ;) are clearly related to the orbital energies of the atoms in the molecule.
However, the relation is not too immediate. First of all the field F is no longer
the atomic field but the molecular field. Second, the ¢; in the molecule are
not localized at the atom site, but delocalized over the entire molecular frame

32% Acta Physica Academiae Scientiarum Hungaricae 27, 1969
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Table VII
Molecular geometry for the thyamine molecule*
x y ]
o(1) 0.0 7.4626860 0.0
0(2) 4.1881240 0.0 0.0
N@1) —2.2579160 3.8541470 0.0
N(2) 2.3049310 3.9391650 0.0
CQ) 0.0 5.1577550 0.0
C(2) —2.2579160 1.3036080 0.0
c(3) 0.0 0.0 0.0
C(4) 2.307002 1.3319480 0.0
C(5) 0.0 —2.9095030 0.0
HQ@1) 3.9030790 5.0821840 0.0
H(2) —3.7917320 5.0821840 0.0
H(3) —3.9297180 0.13380900 0.0
H(4) —1.6715400 | —3.6274320 | —0.96506400
H(5) 0.0 —3.6274320 1.93012700
H(6) 1.6715400 —3.6274320 —0.96506400

* Distances in atomic units

(subject to symmetry constraints). If the molecular orbitals are only slightly
delocalized as compared to the atoms, and if the dominant part of the field is
the atomic field, then the orbital energies in the separated atoms will resemble
substantially the orbital energies in the molecule. This is the case of the inner
shell electrons. The orbital energies of the 1s? electrons in the carbon (3P),
nitrogen (S) and oxygen (*P) atomic ground state are —11.32552 a. u.,
—15.62892 a. u., —20.66864 a. u., respectively [8]. With this in mind it is
simple to correlate the inner shell electrons of the four molecules (Tables VIII,
IX, X and XI) with the inner shell of the separated atoms. Fig. 5 makes this
correlation explicit for the case of cytosine. However, the correlation is only quali-
tative. For instance, the spread in the orbital energies for the carbon atom goes
from 11.53 a. u. to —11.44 a. u., from —11.56 a. u. to —11.41 a. u., from —11.59
a. u. to —11.40 a. u. and from —11.61 a. u. to —11.39 a. u. for A, C, G and
T, respectively. In other words, there is a spread of about 3 to 6 electron
volts. These fluctuations are substantial, strongly pointing against the simplify-
ing assumption that the inner shells in molecules are as theinnershells of the
corresponding separated atoms. The electronic density is very much the same,
however, but since the inner shell electrons are highly energetic, a small
variation in density has a large effect on the energy. For equivalent reasons, a
relatively large density variation in valency electrons corresponds to a relatively

Acta Physica Academiae Sciensiarum Hungaricae 27, 1969
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Fig. 5. Comparison of orbital energies for cytosine with the orbital energies of the component
atoms in the ground state

small energy variation. Indeed, from analysis of Tables XIII through XVII,
we see that the valency shell splitting in the molecular field as compared to the
separated atoms is of the same order of magnitude as the inner shell splitting.

From the previous discussion it follows that we should be able to state
something more quantitative about the splitting of the inner orbital energies
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Table VIII

Orbital energies for adenine (in a.u.)*

lo —15.75998
20 —15.65410
3o —15.65020
40 —15.63953
S0 —15.63526
60 —11.53362
10 —11.51086
8o —11.49101
9¢ —11.48222
100 —11.43706
lle —1.45674
120 —1.37406
130 —1.28443
140 —1.24147
150 —1.20797
16 —1.10388
170 —0.961035

* Total energy = —462.55284 a. u.

Table IX
Orbital energies for cytosine

lo —20.487343

20 —15.729407

30 —15.661884

40 —15.595631

5¢ —11.569219

6o —11.533484

1o —11.517662

8c —11.497959

9 —1.443140
100 —1.341111
1lo —1.309476
120 —1.209500

130 —1.120933
140 —0.960774

1506 —0.923618

* Total energy — 390.93564 a.u.
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180
190
200
210
220
230
240
250
260
270
28¢
29¢
1z
27z
3n
dn
S5
6

(in

160
170
180
190
200

- 2lo

220
230
240
1n
27
3n
4n
57

—.924933
—.904119
—.83495

—.785000
—.743324
—.739640
—.684126
—.663891
—.647116
—.519899
—.482487
—.436027
—.724339
—.638200
—.560701
—.488591
—-.443605
—.366840

a.u.)*

—0.812685
—0.805849
—0.771609
—0.705790
—0.664342
—0.651121
—0.588110
—0.454238
—0.442661
—0.702333
—0.609556
—0.544552
—0.437576
—0.361283
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Table X

Orbital energies for guanine (in a.u.)*

1o —20.53240 21 —0.88660
20 —15.74850 220 —0.85184
30 —15.72616 230 —0.80546
40 —15.68678 240 —0.78431
50 —15.63471 250 —0.74539
6o —15.61607 260 —0.72761
1o —11.59306 270 —0.68175
8o —11.56340 280 —0.62823
9¢ —11.49640 29¢ —0.61354
100 —11.45654 300 —0.50676
1lo —11.40342 3lo —0.46656
120 —1.45529 320 —0.44245
130 —1.42078 1z —0.72983
140 —1.38907 27 —0.67628
150 —1.26388 3 —0.60963
l6c —1.25621 L% —0.50039
170 —1.22620 b%:4 —0.49096
180 —1.08293 (%4 —0.45257
19¢ —0.96778 T —0.33471
200 —0.93780

* Total energy —537.13942 a.u.

as compared to the separated atoms. We shall now use this same type of reason-
ing adopted in the study for inner shells analysis given elsewhere [3]. From
Tables XII, XIII, XIV and XV we know that the atoms are not neutral in
the molecule but have excess or deficiency of electrons due to charge transfer.
This fact ought to be the first order correction in the orbital energies of the
inner shell. For example, the carbons in adenine have lost 0.234, 0.195, 0.018
and 0.025 electrons in C(1), C(3), C(4) and C(5) and gained 0.024 in C(2), re-
spectively. The C*(2P) ion has an orbital energy [8] of —11.8983 a. u. (to be
compared with —11.3255 a. u. for the neutral atom in the 3P state). If, most
approximatively we assign an energy difference of —11.8983—11.3255—0.5728
a. u. for the loss of one electron and use this number for the fractional losses
in the carbon atoms of adenine we obtain the orbital energies reported in
Table XXI, with an energy spread of 0.1577 a. u.; this value should be com-
pared with a spread of —11.53362+4-11.43706=—0.09656 a. u. given the com-
putation reported in Table VIII. Therefore, we seem to have some quantitative
understanding of the inner shell orbital energies spread.
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Table XI

Orbital energies, ¢, for thyamine (in a.u.)*

& —-20.53970 e1s —0.82544
£ —20.53656 £19 —0.81492
£ —15.73519 £20 —0.75640
£ —15.70864 En —0.73289
£ —11.61562 £22 —0.68439
& —11.56386 . —0.64193
& —11.49468 £24 —0.63905
& —11.41183 Ea5 —0.63041
£ —11.39018 £a6 —0.61814
£10 —1.48448 £a7 —0.61304
e —1.44039 £2 —0.58368
£1a —1.33965 £2 —0.56292
£1s —1.28092 Ea0 —0.49831
£1a —1.14551 e —0.46663
&5 —1.00557 Eas —0.44665
£1e —0.96609 £33 —0.38722
&17 ~—0.91973

* Total energy —449.59107 a.u.

Having a somewhat better understanding of the spread of orbital energies,
let us discuss in more detail its absolute values. We have determined the spread
by comparing the neutral carbon in the 3P state. We should not use the 3P
state, since the molecule can be envisioned to be formed by atoms in the
“valency state””. Most important, we should take some state that is more
diffuse than the 3P and a singlet state. If we take as basis the 1S state of carbon,
then, after having computed the splitting we should lower the orbital energy
by —11.39111+411.32552=0.065 a. u. (where —11.39222 is the ¢(1S) for
C(3P) and —11.32552 is the ¢(1S) for C(1S) as known from previous work [8]).
We would, therefore, expect in this level of crude approximation to have the
following orbital energies for the inner shell electrons of the carbon atoms in
adéenine: —11.534 a. u., —11.502 a. u., —11.502 a. u., —11.405 a. u., —11.404
a. u.,, —11.402 a. u. to be compared with these of Table VIII. Up to now we
have (1) analyzed the effect of the spread of the orbital energies and (2) we
have adjusted the baricent of the orbital energies manifold for the inner shells.

In Table XXI we report the orbital energies for the inner shell electrons
on the carbon atoms for adenine as given in Table VIII (first column), the
orbital energies we would obtain by knowledge of the ionicity on the carbon
atoms (second column), the orbital energies of the second column corrected
by a more adequate choice so as to approximate the valency state (1S rather

than 3P) [9].
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Table XII
Adenine — gross charges
N(1)
1s | 1.99732 ‘ 1s = 1.99732 &0) = —0.13653
2s 1.47328 | 2s = 1.47328 S(r) = —0.77291
2p, 1.48730 [ 2p = 3.83882 S(tot) = —0.30944
2p, 117861 |
2p, 117201
i
N(2)
1s 1.99730 s = 1.99730 80) = —0.25040
2s 1.45077 2s = 1.45077 8(z) = —0.15625
2py 1.02527 2p = 3.85856 8(tot) = —0.30665
2py 1.67704
2p, 1.15624
N(3)
Is 1.99748 1s = 1.99748 8(0) = -+0.06555
2s 1.54724 2s = 1.54724 8(m) = —0.33353
2p, 1.05991 2p = 3.92321 d(tot) = —0.26798
2p, 1.52982
2p, 1.33353 |
N(4)
1 1
1s 1.99729 | 1s = 1.99729 | §(0) = —0.81401
2s | L34616 | 25 = 1.34616 | z) = +0.35847
2p, | L1804 | 2p=4.11207 | O(tot) = —0.45554
|
2p, 1.28650 |
2p, 1.64153 ;
N(5)
Is 1.99726 s — 1.99726 8o) = —0.79717
2s 1.36749 2s = 1.36749 6(m) = —0.19483
2p, 1.27738 2p = 4.23757 (tot) = —0.60234
2py 1.15502
2p, 1.80517
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Table XII (continued)

c@)
1s 1.99942 Is = 1.99942 8(0) = +0.14255
2s 0.93633 25 = 0.93633 8(m) = +0.09115
2p, 0.99680 2p = 2.83054 8(tot) = +0.23370
2p, 0.92489
2p, 0.90885

c(2)
1s 1.99902 Is = 1.99902 8(0) = +0.13066
2s 0.93213 2s = 0.93213 8(m) = —0.15460
2p, 0.95886 2p = 3.09277 S(tot) = —0.02394
2p, 0.97931
2p, 1.15460

C(3)
Is 1.99932 Is = 1.99932 8(0) = --0.21805
2s 0.92375 2s = 0.92375 8(m) = —0.02310
2p, 0.87516 2p = 2.88196 5(tot) = -0.19495
2p, 0.98370
2p, 1.02310

C(4)
1s 1.99936 1s = 1.99936 8(0) = —0.00912
2s 1.02373 2s = 1.02373 8(z) = --0.02670
2p, 1.05141 2p = 2.95932 8(tot) = +0.01758
2p, 0.93461
2p, 0.97330

C(5)
Is 1.99926 1s = 1.99926 8(0) = +0.00569
2s 1.01971 2s = 1.01971 8(x) = —0.03073
2p, 1.09616 2p = 2.95596 S(tot) = +0.02504
2p, 0.82907
2p, 1.03073
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Table XII (continued)

H(1)

Is 0.77818 S(tot) = +0.22182
H(2)

1s 0.61409 8(tot) = +0.38592
H(3)

Is 0.77518 S(tot) = +0.22482
) H(4)

Is 0.66594 S(tot) = +0.33406
H(5)

Is 0.67197 S(tot) = -+0.32803

IV. Discussion on the orbital energies of the valency electrons

The relevant features of the orbital energies of the valency electrons are
those previously noted in other papers of this series [2]. The ¢ and 7 electrons
(see for comparison, Fig. 6) are fully intermixed. In addition, the highest filled
7 orbital is always somewhat higher than the highest filled o orbital. The spread
in the & orbital energies is rather constant and this deserves some note. The
four molecules contain C, N and O atoms as contributors to the x system. The
orbital energies for the 2p electrons in the separated atoms [8] (for the ground
state) are —0.43334 a. u., —0.56753 a. u. and —0.63186 a. u., respectively.
However, the splitting of the n electron orbital energies seems rather independ-
ent of the original orbital energies in the separated atoms. For instance, the
lowest 7 orbital energy is —0.724 a. u. in adenine and the lowest m orbital
energy is —0.702 a. u. in cytosine. It is noted that adenine does not contain
oxygen atoms whereas cytosine contains an oxygen atom. The explanation is
in the delocalization of the 7 electrons cloud. In other words the field seen
by the 7 electrons resembles very little the field seen by the corresponding 2p
electron in the separated atom.
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Probably one of the most interesting aspects of the electronic structure
of the four molecules is its charge transfer mechanism. We find the two way
charge transfer (o in one direction and # in the opposite) as well as the one
way charge transfer (o and x in the same direction as charge transfer goes).

Fig. 6. Comparison of orbital energies for A, C, G, T.

V. Charge transfer
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Table XIII
Cytosine — gross charges
0
Is 1.99761 Is = 1.99761 | &(0) = —.08093
2s 1.78662 2s = 1.78662 8a) = —.32602
2p. 1.82903 2p = 4.62272 . &(tot) = —.40695
2p, 1.46767
2p, 1.32602
N(1)
i
Is 1.99727 1s = 1.99727 8o) = —.78095
2s 1.34673 25 = 1.34673 ‘ dr) = +.31814
2p, 1.22440 2p = 4.11855 | d(tot) = —.46281
2p, 1.21255 T
2p, 1.68186 i
N(2)
[
1s 1.99727 1s = 1.99727 8o) = —.05650
2s 1.47290 2s = 1.47290 8(n) = —.27859
2p, 1.59502 2p = 3.86492 S(tot) = —.33509
2p, .99131
2p, 1.27859
N(3)
1s 1.99729 1s = 1.99729 &o) = —.79299
2s 1.36971 2s = 1.36971 8(r) = +.19450
2py 1.23300 2p = 4.23149 S(tot) == —.59849
2p, 1.19299
2p, 1.80550
cQ)
1s 1.99959 1s = 1.99959 80) = +.39038
2s .88488 2s — .88488 8m) = +.04180
2p, .83823 2p = 2.68335 3(tot) = +.43218
2p, .88692
2p, 95820
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Table XIIT (continued)

C(2)
1s 1.99942 1s = 1.99942 8(o) = +.10616
2s 195047 25 = .95047 om) = +.13343
2p, 1.00245 2p = 2.81052 S(tot) = -+.23959
2p, 94150
2p, 86657
€(3)
Is 1.99893 1s = 1.99893 &o) = —.08390
25 1.01854 2s = 1.01854 8(r) = —.21625
2p, .96950 2p — 3.28268 d(tot) = —.30015
2p, 1.09693
2p, 1.21625
C(4)
1s 1.99934 1s = 1.99934 8(o) = —.15142
2s 1.06409 2s = 1.06409 8z) = +.13302
2p, 1.15816 2p = 2.95497 d(tot) = —.01840
2p, 92983
2p, 86698
H(1)
1s 66402 8(0) = +.33598
H(2)
1s 68842 (o) = +.31158
H(3)
1s 80758 8(0) = +.19242
H(4)
Is 75878 8(0) = +.24122
H(5)
Is 63102 : 8(0) = +.36898

Acta Physica Academiae Scientiarum Hungaricae 27, 1969



ELECTRONIC STRUCTURE OF MOLECULES

Table XIV
Guanine — gross charges

0
1s 1.99763 1s = 1.99763
2s 1.79034 2s = 1.79034 o) = —0.28447
2p, 1.84502 2p = 4.58037 d(tot) = —0.36836
2p, 1.45088
2p, 1.28447

N(1)
1s 1.99727 1s = 1.99724
2s 1.33629 2s = 1.33629 Mm) = -40.27436
2px 1.26190 2p = 4.13851 d(tot) = —0.47206°
2p, 1.15097
2p, 1.72564

N(2)
1s 1.99715 1s = 1.99715
2s 1.43982 2s = 1.43982 8(m) = —0.32450
2p, 1.02358 2p = 3.92408 o(tot) = —0.36107
2py 1.57600
2p, 1.32450

N@3)
1s 1.99755 1s = 1.99755
2s 1.55440 2s = 1.55440 6(x) = —0.09131
2py 1.00216 2p = 3.68720 d(tot) = —0.23917
2py 1.59373
2p, 1.09131

N(4)
1s 1.99731 1s — 1.99731
2s 1.35154 2s — 1.35154 o) = 40.37637
2p, 1.21527 2p — 4.09816 S(tot) = —0.44704
2py 1.25926
2p, 1.62363
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Table XIV (continued)

N(5)
1s 1.99724 s — 1.99724 |
1
2s 1.36690 25 = 136690 | O(x) = 40.17522
2p, 1.20866 2p = 424931  © (tot) = —0.61348
2py 1.21587 :
2p, 1.88470 ‘
c(1)
1s 1.99953 1s = 1.99953
2s 0.91689 25 = 0.91689 8(n) = -+0.11905
2p, 0.94124 2p = 2.69166 8(tot) = +0.39191
2p, 0.86947
2p, 0.88095
C(2)
1s 1.99932 1s — 1.99932 1
2s 0.93123 2s = 0.93123 &) = —0.01167
2p, 0.85765 2p = 2.87650 A(tot) = +0.19294
2p, 1.00718
2p, 1.01167 i
L
€(3)
1s 1.99900 1s = 1.99900
2s 0.93424 25 = 0.93424 &z) = —0.21138
2p, 0.97198 2p = 3.11640 d(tot) = — 0.04966
2p, 0.93304
2p, 121138 |
C(4)
1s 1.99955 1s = 1.99955
2s 0.90738 2s = 0.90738 8(m) = +0.06713
2p, 0.97524 2p = 2.73409 8(tot) = --0.35896
2p, 0.82598
2p, 0.93287
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Table XIV (continued)

C(5)
1s 1.99922 1s — 1.99922
2 1.0113 2s — 101113 | 6(x) — —0.08874
2p, 1.08504 2p—2.98978 | &(tot) = —0.00015
2p, 0.81600
2p, 1.08874
H(1)
1s 0.78694 S(tot) = -+0.21306
H(2)
1s 0.61987 8(tot) — +0.38013
H(3)
1s 0.65109 S(tot) — -+0.34897
H#4)
i
1s 0.68671 | 6(tot) = +0.31329
H(5)
1s 0.64812 S(tot) = -10.35188

It might be of interest to reconstruct the flow of electrons. For this reason we
attempt to indicate the mechanism of charge transfer within the following
simplifying assumption: if @ donor and an acceptor are nearest neighbors, we
assume that the charges donated by the donor are accepted as fully as possible by
the nearest acceptor. Of course this assumption is arbitrary because of the
indistinguishability of the electron which prevents us fromlabeling an electron or
fraction of it. However, from a “model” view point, we would like to establish
the characteristic of a “flow’ in the hope that this flow of electrons would be
somewhat transferable from molecule to molecule. It is noted that the arbit-
rariness of our assumption is the very same encountered in assigning gross popul-
ations, orin referring to atoms in a molecular system. Let us consider, for example,
the case of the thyamine molecule for which we have attempted to schematically
describe the total flow in Fig. 7. Let us start at the CH; group |designated as
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Table XV
Thyamine — gross charges

C1)
1s 1.99761 ‘ 1s = 1.99761 é(o)
2s 1.78892 2s = 1.78892 &(m)
2p, 1.89636 2p = 4.61960 8(tot) ——.40615
2py 1.39083
2p, 1.33241

0(2)
1s 1.99763 1s = 1.99763 é(o)
2s 1.78963 2s = 1,78963 ()
2p, 1.60018 2p — 4.57620 o(tot) = —.36348
2py 1.71878
2p, 1.25724

N(1)
1s 1.99723 1s — 1,99723 (o)
2s 1.33487 2s = 1.33487 ()
2p, 1.20100 2p = 4.12756 d(tot) = —.45968
2p, 1.18685
p) 1.73971

N(2)
1s 1.99727 1s = 1.99727 (o)
2s 1.34414 2s — 1.34414 8(z)
2, 1.19286 2p = 4.12190 S(tot) = — .46333
2p, 117377
2p, 1.75527

(1)
1s 1.99959 1s = 1.94959 &(o)
2s 0.88761 2s = 0.88761 4(r)
2, 0.87002 2p = 2.62838 d(tot) = --.48441
2p, 0.84593
2p, 0.91243

!
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Table XV (continued)

C(2)
1s 1.99930 1s = 1.99930 (o)
2s 1.04733 2s = 1.04733 ()
2py 1.14671 2s = 1.04733 d(tot) = —.05685
2p, 0.92605
2p, 0.93744
C(3)
1s 1.99903 1s = 1.99903 é(o)
2s 0.98034 2s = 0.98034 ()
2p, 0.95068 2p = 3.09882 d(tot) = —.07822
2p, 1.01028
2p, 1.13786
C(4)
1s 1.99951 1s — 1.99951 d(0)
2s 0.91281 2s = 0.91281 ()
2p, 0.95053 2p = 2.75285 d(tot) = +-.33481
2p, 0.87210
2p, 0.93022
C(5)
1s 1.99898 1s = 1.99898 (o)
2s 1.21868 2s = 1.21868 ()
2, 1.18437 2p — 3.36681 8(tot) = —.58448
2p, 1.00724
2p, 1.17520
H(Q)
1s 0.63352 d(tot) = +.36648
H(2)
1s 0.63222 d(tot) = +.36778
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Table XV (continued)

H(3)
1s 0.76422 d(tot) = +.23578
H(4) |
1s 0.80944 d(tot) = +.19056
H(5)
1s 0.79517° d(tot) = +.20483
H(6)
1s 0.77240 d(tot) = +.22760

C(5) and H(4), H(5) and H(6)]. The three hydrogens donate the charges given
in the Figure. However, the sum of the donated charges is 0.623 of an electron
and C(5) accepts only 0.584 charges. The charge excess 0.623—0.584=0.039 is
therefore transferred over to the C(3) site. The remaining charge for C(3) is
assumed to be supplied by the H(3) site. This way we can construct the flow
of charges as given in Fig. 7,

o

o(2)

205
HI4) ~ s HE)

Fig. 7. Charge transfer of o and n electrons in thyamine
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Table XVI

Hybridization: adenine

atom 1e 2s 2p %,
N(@) 1.997 1.437 2.666 1.173
N(2) 1.997 1.451 2.702 1.156
N(3) 1.997 1.547 2.590 1.334
N(4) 1.997 1.346 2.470 1.641
N(5) 1.997 1.367 2.432 1.805
C(1) 1.999 0.936 1.922 0.909
C(2) 1.999 0.932 1.938 1.155
C(3) 1.999 0.924 1.859 1.023
C(4) 1.999 1.024 1.986 0.973
C(5) 1.999 1.020 1.925 1.031
H(1) 0.778 * *
H(2) 0.614 * *
H(3) 0.775 * *
H4) 0.666 * *
H(5) 0.672 * *
* Data not available at present due to choice of basis set.
Table XVII
Hybridization: cytosine

atom 1s 2s 2p, %
0 1.998 1.787 3.297 1.326
NQ@) 1.997 1.347 2.437 1.682
N(2) 1.997 2.473 2.586 1.278
N(@3) 1.997 1.370 2.426 1.805
C(1) 1.999 0.885 1.725 0.958
C(2) 1.999 0.950 1.944 0.866
C(3) 1.999 1.018 2.066 1.216
C(4) 1.999 1.064 2.088 0.867
H(1) 0.664 * *
H(2) 0.688 * *
H(3) 0.806 * *
H®4) 0.759 * *
H(5) 0.631 * *

* Data presently not available due to choice of basis set.
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Table XVIIL
Hybridization: guanine

atom 1s | 25 2p, ‘ 2
)
|
0 1.998 1.790 3.296 | 1284
N(1) 1.997 1.336 2.413 f 1.726
N(2) 1.997 1.440 2.599 1.324
N@) 1.997 1.554 2.596 } 1.091
N(4) 1.997 1.352 2474 | 1624
NG) 1.997 1.367 2.424 1.824
c(1) 1.999 0.917 1.811 0.881
@) 1.999 0.931 1.865 1.012
c(3) 1.999 0.934 1.905 1.211
C(4) 1.999 0.907 1.801 0.933
C(5) 1.999 1.011 1.901 1.089
H(1) 0.787 * *
H(2) 0.620 * *
H(3) 0.651 * *
H(4) 0.687 * *
H(5) 0.648 * *
* Data presently not available due to choice of basis set.
Table XIX
Hybridization: thyamine

atom is 2s 1 2p, ( 2.,
(1) 1.999 0.887 0.912
@) 1.999 1.047 0.937
C(3) 1.999 0.980 1.139
C4) 1.999 0.913 0.930
CG) 1.999 1.219 1.175
N(1) 1.997 1.335 1.740
N(2) 1.997 1.344 1.755
oQ) 1.998 1.789 1.332
0(2) 1.998 1.790 1.257
H(1)

H(2)

HE)

H(4)

H()
H(6)
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Table XX
Dipole moment (a. u.)
molecule x P y p z p total
adenine 1.0230 0.0975 0.0 1.0277
cylosine —1.5835 —1.9576 0.0 2.5179
guanine —0.6270 2,6577 0.0 2.7307
thyamine 1.2922 0.0647 0.0034 1.2938
Table XXI
Computed and rationalized orbital energies for the carbon inner shell of adenine molecule
atom (a) (b) (c)
CQ) —11.5336 —11.4595 —11.5345
C(3) —11.5109 —11.4372 —11.5022
C(5) —11.4910 —11.3396 —11.4046
C(4) —11.4822 —11.3367 —11.4017
Ve)) —11.4371 —11.3118 —11.3768

(a) Computed as for Table VIII

(b) Computed from the ionic character and with &(1S) of 3P in carbon as reference.

(¢) Computed from the ionic character and with ¢(18) of the 1S in carbon as reference.
The remaining discrepancy between column (a) and (c) is attributed to neighboring atoms effect,
primarily their ionic character.

There are, of course, several possible ways to draw such flow paths;
but the essential feature we obtain is that there is no way to draw such flow paths
by limiting ourselves to nearest neighbors; we need to go at least to the next nearest
neighbors. Indeed, the path we have chosen can now be properly balanced
unless we assume that H(3) transfers 0.028 and 0.019 of an electron to O(2)
and N(2), respectively.

Let us now consider the cytosine molecule and investigate the ¢ charge
transfer first, the z charge transfer second and the total charge transfer at
last. The effect of the o transfer is to have the C(1) and the N(2) atoms positive
(donors) and all the other atoms negative (acceptors), of course neglecting the
hydrogen atoms, which are donors. On the other hand, the effect of the =
charge transfer is to have the C(1), N(1), C(2) and N(3) positive (donors) and
all the other atoms acceptors. Therefore, in the n approximation (namely in
those computational models, where only the xz electrons are explicitly con-
sidered) the result one would obtain can be even qualitatively in disagreement
with all-electron computations. Similar conclusions can be drawn by consider-
ing the charge transfer data for guanine and thyamine (Table XII to Table XV).
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VI. Hybridization

Much of chemistry is based on the concept of valency, i.e., the ability
to bind in a defined number of ways as well as a defined, directional way.
The concept of valency was then translated into the concept of hybridization,
or possibly, in the concept of valency state as first step, and hybridization as a
second step. However, in so doing we have to complicate our model by think-
ing in terms of covalent and ionic structures in the traditional valency bond
approach. The concept of charge transfer used within the Molecular Orbital
approximation (as we did in the second paper of this series) allows us to incor-
porate the ionic character of a molecule with the concept of hybridization.
Let us examine Tables XVI to XIX and let us consider the carbon atoms in
adenine molecule. These are clearly sp? hybridized, to a first approximation.
However, there are important deviations 1) in the 1 : 2 ratio of the hybrid and
2) in the fact that the sum of the hybridized electrons deviates from three.
The deviation from the ratio 1 : 2 can be taken as a first effect, namely the
precise hybridization ratio for pairs of atoms still considered as neutral. The
deviation from 3 corresponds to the second effect, namely the introduction of
ionic character, via intramolecular charge transfer.

VII. Conclusions

It is expected that in time, with more computational data of the type
reported here, we should be in a position to assign quite precisely the hybridiza-
tion ratio as well as the amount of electrons donated (as well as accepted)
within a given molecule solely on the basis of geometrical considerations.
To state this goal differently, we expect that knowledge of structure alone will
suffice to determine accurate charge distribution in a molecule, both in terms
of hybridization and intramolecular charge transfer.
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M3YUEHHME 3JIEKTPOHHOH CTPYKTYPhBI MOJIEKVJI, X.
OCHOBHOE COCTOSIHME ANl ADEHHHA, LHUCTO3WHA, T'YAHBHHA U THAMUHA
9. KJIEMEHTH, H. M. ABJIPE, M. KJ1. AHIIPE, I. KJJMHT » . XAH

Peswme

HanarawTcst Bce 3JIeKTPOHMB, onpenesieHHbie Meronom SCF-LCAO-MO, ans apeHuHa,
IMCTO3HHA, TYaHHHA W THaMHHA. C L1eJbi0 BLIYHCJICHHS! MOJHOH 3HEPTHH H BOJIHOBBIX QYHKUHH
onpeneneHsl OTHOCHTEJIbHO OOJIbIIHE 3apsilbl U JOHINOJbHBIAE MOMEHT. AHalH3 OpOWTaNbHOH
SHEPT'HH JIs1 BHYTPEHHHX 000710YeK MOKasbiBaeT, YTo uMeeTcst TPH 3dderTa, KOTOpbie OKa3bl-
BalOT BJIMSIHHE Ha OpOUTaJIbHBIE SHEPFHH N0 OTHOLICHHMI0 BHYTPEHHMX 060J104€K a) NOJIHBIH
3apsifl, KM CTeNeHb HOHH3ALHH HCCOeNyeMoro atoma; 0) ero BaneHTHOe COCTOsIHME; B) HOHH-
3alHH COCEeXHHUX aTOMOB. IlepBrie 1aBa 3¢deKTa NOCTATOUHEI JJIst ONPENEICHHs] OTHOCHTEIIbHOIO
pacnoyioykeHusi BHyTpeHHeH 000J10YKH, JJIs OLEHKH SKCTpeMyMa pAacUIeNJIeHHsI BJIEKTPOHOB
BHYTPEHHHX 000J104eK aTOMOB HNAaHHOIO THHA.

TlonHas 3apsAnHasi HACEJNEHHOCTb HCNOJB30BaJIACh JJSI ONPEJENIEHHSI YHHBEPCAJBHOIO
FHOTOKa nepeHoca 3apsaga é u & HaiigeHo, 4T0 NoTOK nepeHoca 3apsaa TpebveT HemoCpeACTBEH-
HOT'O PaCCMOTPEHHsI N0 KpaliHeH mMepe CnefylomHX cambiX ONH3KHX cocenelf. HakoHew, NoKasku-
BaeTCs YTO PaCCMOTPEHHUSI MPOCTO 7-3JIEKTPOHOB MOTYT IIPOBOJMTD HE TOJBKO K Kau€CTBCHHOMY,
HO H K KOJIHUECTBEHHOMY OLIHO0YHOMY NPeICKasaHHI0 O PaclpejieIeHHH 3JIeKTPOHHOr 0 3apsaja.
Hanpumep, aTtom MO)KeT ObITb 3apsKEH IOJIOXKHTENIbHO, €CJH PAaCCMaTPHBAKTCA TOJIbKO —
3JIEKTPOHBI, H TOT YK€ aTOM MO)KET HMETb OTPHLIATEeNbHBIH 3apsf, €CIH pacCMaTPHBAKTCS JIHMIb
S-anekTpoHH. Ha OCHOBe 3TOr0 Mbl MOQUEPKHBaeM HEOOXOAHMOCTb NPHHSTHSI BO BHHMaHHE
BCEX JJIEKTPOHOB IIPH BBHIYHCJIEHHSIX HE TOJIBKO € HeNbI0 KOJMYECTBEHHOI0, HO JaKe H KauecT-
BEHHOI'0 H3YY€HHSl JJICKTPOHHOH CTPYKTYDH MOJIEKYJIHL.
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