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Abstract. The hydrogen bond is a fundamental ingredient to stabilize the DNA and RNA
macromolecules. The main contribution of this work is to describe quantitatively this interaction
as a consequence of the quantum confinement of the hydrogen. The results for the free and
confined system are compared with experimental data. The formalism to compute the energy
gap of the vibration motion used to identify the spectrum lines is the Variational Method allied
to Supersymmetric Quantum Mechanics.

1. Introduction

One of the most important interactions to stabilize the DNA and RNA macromolecules is the
hydrogen bond between pairs of nitrogenous bases. It promotes a link among the complementary
pairs of bases, maintaining the double helix structure. In the DNA the pairs of bases are
guanine-cytosine and adenine-thymine; in the RNA the thymine is substituted by uracil, [1]. In
a recent work, the hydrogen bonds present in proteins and in smaller molecules were studied
by considering the hydrogen quantum confinement in the NH and OH molecular groups, [2]. In
the present work, we extended the results for the nucleic acids, which present the NH molecular
group.

The hydrogen bond is present in various systems, [3], and it is classified as a donor-acceptor
interaction. From the experimental point of view, it is possible to identify if a particular
molecular group is forming an hydrogen bond due to the change in the vibrational spectrum.
This change can be observed by different experimental techniques, as for instance the infrared
spectrum analysis.

The main point of this work is to show that the hydrogen bond can be treated as the quantum
confinement of the hydrogen, which would change the transitions related to the NH group present
in nucleic acids. As usual, the Morse potential, [4], is used to simulate the vibration of the NH
molecular group, [5]-[11]. The parameters used are the ones found in literature for these groups
without the hydrogen interaction, i.e., without confinement. The geometrical restrictions due to
the hydrogen bonds are obtained from standard experimental results for this kind of systems,
[3]. The calculation of the energy levels is made through the variational method with test
functions obtained from Supersymmetric Quantum Mechanics formalism, SQM. This procedure
has alrealdy been used in different quantum problems, with and without confinement, [12]-[15],
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L length of the hydrogen bond (/)

Figure 1. Schematic one-dimensional model, where x. is the covalent radius of the atom donor,
Zyw is the van der Waals radius of the atom and acceptor and x4 is the equilibrium distance of
covalent bond. X is the donor atom and Y represents the atom acceptor.

including specific studies involving the Morse potential, [16], which corroborates its applicability
in the present case.

In section 2 the adopted model for the hydrogen bonds is presented. We then present a review
of the SQM formalism in section 3. In Section 4 the specific mathematical formalism concerning
the Morse potential is developed, including the identification of the wave functions to be used
in the Variational Method. The numerical results, with the appropriate parameters of the NH
group are presented as well as the comparison with the experimental data are in section 5. In
section 6 the conclusions are discussed.

2. Model

Figure 1 shows a schematic model of a hydrogen bonding between the donor atom X and the
acceptor atom Y, here denoted by X-H---Y. The hydrogen bond is represented by H---Y and
covalent bond is represented by X-H. The X and Y atoms are considered as hard spheres and the
hydrogen is treated as a material point, since the electron cloud is shared with the donor and the
acceptor atoms. The origin of the coordinate system is located at the center of the atom X. Any
distance used is computed from this point and it is considered center-to-center. The covalent
radius is adopted by the condition of impenetrability of the donor atom X; the employment
of the van der Waals radius is justified because it is a measure of the volume excluded by the
acceptor atom Y, i.e., the hydrogen cannot penetrate this region.

Thus, the hydrogen nuclei may oscillate within a region determined between a minimum
distance (Zmn), given by the covalent radius (z.) of atom X, and a maximum distance (Zmaz),
given by the length of the hydrogen bond (I...,) subtracted by the van der Waals radius (2yuw)
of the atom Y, i.e.:

Tmaz = Ix..v — Tow (1)

The vibrational energy of this quantum system is suitably described by the confined one-
dimensional Morse potential, widely known to well describe oscillations of diatomic molecules,
[4], [12]-[14], [16]. The energy absorbed/emitted is obtained from the difference between the
energies of the ground state and the first excited state. Since the confined Morse potential
is non-exactly solvable, the energies of those states evaluated by using the variational method
associated to the formalism of SQM.
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3. Supersymmetric Quantum Mechanics, SQM

SQM is a well known algebraic method commonly used to exploit different aspects of non-
relativistic quantum mechanical systems. It is particularly efficient to solve exactly all the
quantum potential problems by means of the Hamiltonian factorization, thus providing the
entire spectrum of wave functions and respective energies and a hierarchy of Hamiltonians, all
related by the supersymmetric algebra, [17].

Using the superalgebra, a given Hamiltonian H;, which has the energy E(gl) and wave function

\Ilél)(x) for the lowest state, can be factorized in terms of bosonic operators Af, such that the
Schrodinger equation can be rewritten (in 7 = ¢ = 1 units) as

d? _ 1
Hy = —— 4+ Vi(z) = AT 4] + EY 2)
where "
Ap ¥y () = 0. (3)
The following realization of the bosonic operators in terms of the superpotential wj ()
AT = ( i—kw (a:)) (4)
1 = :de 1
results in the Riccati equation
wt = S = Vi(e) - £ o)
dx

and defines the ground state wave function in terms of the superpotential
My — A
Uy (x) = Nexp(— ; w1 (Z)dT). (6)

It can be shown that a n-members hierarchy of Hamiltonians can be generated, all related
by the superalgebra, [17],

H, = Af AL + BV (7)
where

At = (31 +unlo) (8)

with simple relations connecting the eigenvalues and eigenfunctions of the n-members,

n

vl = AfAf.y Y, B = BV, (9)

In equation (9), the upper index between parentheses refers to the hierarchy Hamiltonian
member and the lower index to the level within the hierarchy.

At this point, it should be remarked that if the potential is non-exactly solvable, such as in a
confined system, an approximation technique is needed and the variational method has already
appeared as fully appropriate, [12].

4. Mathematical Formalism

The one-dimensional Morse potential, [4], defined in terms of the parameters D, the dissociation
energy of molecule; 3, the parameter related to the width of potential well and .y, the inter-
nuclear equilibrium distance, is given by

Vg = Do(e”2P@=2eq) _ 9p=Bla=weq)), (10)
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By treating the molecule as an oscillator of frequency v, we can Taylor expand the Morse
potential around the equilibrium position to find, in second order, the 8 parameter given by

212
D.

B=( )2v (11)

and fix it through experimental data. With the change of variables, y = S, the dimensionless
Schrodinger equation for a molecule subject to this potential is given by

d*V(y)

o+ A2 ) — 96 (ve ) (y) = ew(y) (12)
Y
with 0.D
Hle
A2 = e (13)
and .
I

where p is the reduced mass of the system. The Hamiltonian operator in equation (12) is given
by
Ao 22y o) 5
W= A — 27 (mw)) (15)
Since the Schrédinger equation is exactly solvable, we identify Hjs with Hy of equation (2) and
proceed the process of factorization, calculating the whole hierarchy. The result is, [12]

Vn+1(y) — A2(672(y*yeq) _ 267(y*yeq)) 4 QnAef(yfyeq)

2n+1
2

wara(y) = ~Ae ) 4 () = ZE)

2n+1
2

)2 (16)

In addition we can calculate exactly the wave functions. The ground state wave function is
evaluated by using equation (6) and is given by

1
¥ (y) o eop (~Ae ) y(a - ) (1)

This wave function is then used to evaluate, through the SQM algebra, the wave function for
the excited states by using equation (9); the first excited state is given by

\Ilgl) (y) x —2 (Ae*(y*yeq) — A+ 1) exp (_Ae(yyeq) _ y(A — 2)) (18)

The wave functions given in (17) and (18) are the ground state and the first excited state
wave functions of the exact system, non-confined or with no hydrogen bond. We refer to
them as Wy (non—confined)s » = 0,1. As our aim is the lowest state and the first excited
state of the confined system, with the hydrogen bond, a potential barrier is introduced, i.e.,
Vi(Ymaz) = V1(Ymin) = 00, meaning that these wave functions must be zero outside the barrier.
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Figure 3. Schematic model hydrogen bonds present in the AU pair in RNA.

Consequently, the probability of finding the hydrogen outside the confinement region must be
Z€ero.

As the system is no longer exact, it is necessary to use an approximative method, which
we choose to be the variational method associated to SQM. From the SQM point of view,
this is equivalent to introduce two additional terms in the superpotential w;, associated to the
superalgebra, [13], [14]. Adopting this procedure, the wave functions to be used in the variational
method are given by

\I}T(ll)(confined) X \Ilgll)(nonfconfined) .(ymax - y)(y - ymzn) n=0,1, (19)
with the corresponding energies obtained by solving

b Jue Ui H Tndy
" Jimas G U,y dy

(20)

where H); is given by equation (15) and W, are the trial wave functions given by equation (19),
which depend on (17) and (18). The integration limits are the covalent radius of the atom for
which the hydrogen is chemically bound () and the van der Waals radius complementary of
hydrogen bond (2,42). The results of energy are presented in em ™! units (inverse wavelength),
the same as the ones from spectroscopic results.

5. Results
The hydrogen bonds studied involve the NH group. The necessary parameters, presented in
Tables 1 and 2 below, were obtained experimentally, as indicated.
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Table 1. Parameters used for the calculations of energy to the NH group, [18].

NH
Equilibrium distance (z4) 1.0362 A
Harmonic vibrational wavenumber (w) 3282cm !
Energy dissociation (D) 3.47 eV
Reduced mass (u) 1.5614.10~2"kg

Table 2. Covalent radius and van der Waals radius used for the nitrogen and oxygen atoms
[19], [20].

N @)
Covalent radius (z.) 0.71 A 0.66 A
van der Waals radius (z,,) 1.55A 1.52 A

5.1. Results for NH group
5.1.1. Non-confined case

Using the values given in Table 1 the value of the Morse potential 8 parameter, determined
by the relation (11) for NH group is # = 2.3168.10'm~!. The value of the constant A for NH
group, given by equation (13), is A = 17.0534.

In the situation free of any confinement the calculation of the transition from the first excited
state to the ground state is made according to equation (16). In this case, in spectroscopic units,
this value corresponds to E; — FEy = 3089¢m ™! and should be found in spectroscopy. In studies
by infrared spectroscopy with polypeptides it is observed an absorption band in 3090c¢m ™! and
it has been described as a vibration frequency of the NH molecular group, [21]. This value is
found very close to the calculated and can be identified, according to the model proposed, as
vibration of NH without the formation of hydrogen bonding.

5.1.2. Confined case

When the NH group form molecular hydrogen bonding the vibration frequency is shifted. An
interesting system where you can observe this effect are in the nucleic acids, DNA and RNA,
because between the base pairs there are hydrogen bonds that allow the maintenance of the
structure of the macromolecule. Here we analyze the vibrations of the NH group in hydrogen
bonding between base pairs adenine-thymine (AT) and adenine-uracil (AU). In these base pairs
two hydrogen bonds are formed, one with oxygen and the other with nitrogen. The schematic
models are shown in Figures 2 and 3.

The lengths of the hydrogen bonds of AT and AU present in the DNA and RNA molecules,
respectively, are well known in the literature and are obtained by X-ray diffraction, [22]. The
distances are given between the donor atom and acceptor atom, because by X-ray diffraction
it is not possible to determine the hydrogen positions. The lengths of the hydrogen bonds are
shown in Table 3 below.

Table 3. Length of hydrogen bonds in nucleic acids, [22].

AT AU
(N..N 2.927 A 2.820A
(N...O0) 2.861 A 2.950A
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These lengths are used in equation (1) to determine the hydrogen maximum limit of
oscillation.

Solving equation (20) through the variational method, we found the transition energies for
each bond; they are summarized in Table 4. These values are compared with results given in
literature obtained experimentally.

Table 4. Energy levels of the NH group in the hydrogen bonds between the base pairs
AT and AU. Ej is the ground state energy, Fj is the energy of the first excited state and
AFE = Fj — Ep, in (Cmil) units.

Ey FEy AF1
AT (N---N) -26330 -23122 3218
(N---0) -26314 -23039 3275
AU (N-.N) 26225 22794 3431
(N---0) -26340 -23175 3165

Femtosecond vibrational spectroscopy with DNA oligomers realized with an alternating
sequence of 23 adenine and thymine base pairs, [23], shows that there are three absortion peaks
in the vibrational spectrum interesting to remark.

One is between 3000 and 3100cm ™! and two around 3250c¢m ™!, one being located between
3200 and 3250cm !, related to the N...N hydrogen bond in the AT pair, and the other between
3250 e 3300cm ™!, related to the N...O hydrogen bond in the AT pair. These last two peaks
can be identified, according to our model, as the vibration of the hydrogen bond in NH, with
a deviation between 0.56%-0.98% and 0.76%-0.77% respectively to the two ranges. The first
peak, located around 3000 and 3100cm ™!, was found to be in fact at 3075¢m ™!, and can be
associated, according to our model (3089cm '), with NH group without hydrogen bond, with a
deviation of 0.46%.

Thus, these experimental results of the AT of DNA and AU of RNA oligomers show perfect
agreement to the results obtained through our method.

Other infrared spectroscopy studies with RNA oligomers, [24], show the vibration spectrum
when the NH participates in hydrogen bonds with some explicit numerical values. One of the
peaks of the spectrum is located at 3185¢m ™!, very close to 3165¢cm ™! relative to the binding
(N---O) calculated by our method, with a deviation of only 0.63%. A peak between 3050 e
3100cm ™! can also be observed, which can de associated to the non-confined situation, with no
hydrogen bond of NH group of our model, (3089cm~1).

6. Conclusion

In this work the quantum confinement of hydrogen present when hydrogen bonds are stablished
was studied through the variational method associated to SQM. The vibration spectrum of NH
group was evaluated in the situations of non-confinement, i.e., with no hydrogen bonds and
when there is confinement, i.e., when the hydrogen bonds are formed. We focused our attention
to the case of DNA and RNA oligomers, which present the NH group. As a result we conclude
that the presence of hydrogen bonds promote significant changes in the vibration spectrum of
NH group. The comparison with experimental data reported in the literature showed perfect
agreement, with percentage errors smaller than 1%, which reenforces the applicability of the
proposal.

We conclude that the variational method associated to SQM was successfully applied to the
calculation of the vibrational spectrum of NH molecular group with the principle of quantum
confinement of hydrogen bonds. The treatment proposed here can be extended to the study of
other molecular groups, as FH and CH, involved in hydrogen bonds.



30th International Colloquium on Group Theoretical Methods in Physics (Group30) IOP Publishing

Journal of Physics: Conference Series 597 (2015) 012033

doi:10.1088/1742-6596/597/1/012033

References

1]

= = = T T e e

NN NN

[2

[3

B W N = O © 0O Ui WN = O

Yang M, Szyc L and Elsaesser T 2011 J. Phys. Chem. B 115 1262

Santos C S, Drigo Filho E and Ricotta R M Quantum Confinement in Hydrogen Bond, submitted for
publication.

Jeffrey G A 1997 An Introduction to Hydrogen Bonding (Oxford: Oxford University Press)

Morse P M 1929 Phys. Rev. 34 57

Leviel L and Marechal Y 1971 J. Chem. Phys. 54 1104

Rekik N, Oujia B and Wéjcik M J 2008 J. Chem. Phys. 352 65

Noureddine I, Houcine G and Brahim O 2012 Intern. J. Quantum Chem. 112 1006

Houcine G, Noureddine I and Brahim O 2012 Intern. J. Quantum Chem. 112 1373

Goryainov S 'V 2012 J. Phys. B: Atom. Mol. Opt. Phys. 407 4233

Marechal Y and Witkowski A 1968 J. Chem. Phys. 48 3697

Blaise P, Wojcik M J and Rousseau O H 2005 J. Chem. Phys. 122 64306

Drigo Filho E and Ricotta R M 2000 Phys. Lett. A 296 296

Drigo Filho E and Ricotta R M 2002 Phys. Lett. A 299 137

Silva F R and Drigo Filho E 2010 Chem. Phys. Lett. 498 198

Varshni Y P 2004 Mod. Phys. Lett. A 19 2757

Ley-Koo E, Mateos-Cortés S and Villa-Torres G 1998 Intern. J. Quantum Chem. Phys. 58 23

Sukumar C V 1985 J. Phys. A: Math. Gen. 18 L57

Janoschek R 2001 Pure and Appl. Chem. 73 1521

Cordero B 2008 Dalton Transactions 21 2832

Bondi A 1964 J. Phys. Chem. 68 441

Badger R M and Rubalcava H 1954 Proc. Nat. Acad. Sci. 40 12

Saenger W 1983 Principles of Nucleic Acid Structure (Berlin: Springer-Verlag)

Szyc L, Yang M, Dreyer J, Nibbering E T J and Elsaesser T 2008 J. Chem. Phys. 357 36

Woutersen S and Cristalli C 2004 J. Chem. Phys. 11 5381





