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PREFACE

This volume contains the proceedings of the NATO-Advanced
Study Institute on the "Spectroscopy of Biological Molecules",
which took place on July 4-15, 1983 in Acquafredda di Maratea,
Italy.

The institute concentrated on three main subjects: the
structure and dymanics of DNA, proteins, and visual and plant
pigments. Its timeliness has been linked to rapid advances
in certain spectroscopic techniques which yielded a consider-
able amount of new information on the structure and inter-
actions of biologically important molecules. Among these
techniques Fourier transform infrared, resonance and surface
enhanced Raman spectroscopies, Raman microscopy and micro-
probing, time resolved techniques, two photon and ultrafast
electronic, and C-13, N-15 and P-31 NMR spectroscopies and
kinetic and static IR difference spectroscopy receiced a
great deal of attention at the Institute. In addition, an
entirely new technique, near-millimeter-wave spectroscopv
has been presented and discussed.

Two introductory quantum chemical lectures, one on the
structure of water in DNA, and another on the energy bands in
DNA and proteins set the stage for the experimentally oriented
lectures that followed. Fundamental knowledge on hydrogen
bonding was the topic of two other lectures.

Panel discussions were held on the structure and confor-
mations of DNA, metal-DNA adducts and proteins and on visual
pigments.

Many scientists who normally attend different conferences
and never meet, met at Aquafredda di Maratea. We feel, that
at the end of our Institute a synthetic view emerged on the
powerful spectroscopic and theoretical methods which are now
available for the study of biological molecules.

The directors of this Advanced Study Institute would like
to express their profound gratitude to NATO's Scientific
Affairs Division for making the holding of the Institute
possible. They express their heartfelt thanks to all the
Lecturers and Participants for their valuable contributions
and for consenting a certain financial sacrifice so that

ix
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we could have the required number of lecturers in all the
sections of our broad subject matter.

Last, but not least we thank our Italian friends for
their help and kind hospitality and Nature for the blue
sky and sea of Italy.

TRl

Montréal, Québec, December, 1983 C. Sandorfy
T. Theophanides
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ENERGY BANDS IN DNA

]
Janos J. LADIK

Chair for Theoretical Chemistry, Friedrich-Alexander-
University Erlangen-Nirnberg, FRG and Laboratory of
National Foundation for Cancer Research at the Chair
for Theoretical Chemistry, University Erlangen-Nirnberg

ABSTRACT.- Ab initio SCF LCAO band structures of homopolynucleo-
tides are presented. In the case of a cytosine stack the effect
of the surrounding water on the band structure is shown. It is
mentioned in the case of polyacetylene that using a good basis
set and taking into account the major part of correlation the
Hartree-Fock gap reduces to a value in reasonable agreement
vith experiment. Therefore, one can expect that the gap for DNA
is also considerably smaller than minimal basis calculations
indicated and can raise the question whether DNA is an intrinsic
semiconductor.

Finally, the effect of aperiodicity on the band structure
of DNA is discussed on the basis of calculations using the
negative factor counting (NFC) technique.

I. INTRODUCTION

Polymers play an important role as plastics. Highly conducting
polymers are in the last decade objects of extensive
experimental investigations being candidates for the discovery
of new physical phenomena and serious attempts are made for
their technical application (like batteries). Biopolymers like
nucleic acids (DNA and RNA), proteins, polysacharides, lipids
etc. have fundamental importance in life processes. To under-
stand the different physical and chemical properties of polymers
(vhich underlie in the case of biopolymers also their biological
functions) one has to obtain a fair knowledge of their electronic
structure.

To treat quantum mechanically DNA one has to proceed step-
vise:
1.) One starts with ab initio SCF LCAO crystal orbital (CO)

1
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2 J.J. LADIK

calculations /1/ taking a nucleotide base, a nucleotide base
pair or a whole nucleotide as unit cell (periodic poly-
nucleotides).

2.) As next step one has to consider that DNA is aperiodic,
therefore one has to apply appropriate techniques /2/ to treat
this compositional disorder using the results of periodic
chain calculations as input (see below).

3.) After this one has to take into account the effect of the
surrounding water and ions on the band structure by
constructing an effective potential of the environment /3/.

4.) Finally, one should take into account (using a good basis
set) also the major part of the electronic correlation /4/.

5.) Having performed for a polymer steps 1.) - 4.) one is in a
good position to calculate different properties (electronic
and vibrational spectra, transport and magnetic properties
ete.)aof dt;

6.) In the case of biopolymers it is very important to treat
also interactions between polymer chains (for instance the
genetic regulation of a cell is mostly dependent on DNA-
protein interactions in a nucleoprotein).

Since the unit cells in DNA are fairly large, the calculations
performed until now belong mostly to the first step (band
structure calculations of homopolynucleotides. There are a few
attempts to treat aperiodicity in DNA and there exists a pilot
calculation to treat the effect of the surrounding water
molecules on the band structure of a cytosine stack. In this
short reviev the results of a part of these calculations
performed for DNA will be presented together with the necessary
methods. For the calculation of the electronic structure of
proteins which presents a still more formidable problem than that
of DNA, one has to perform the same steps. Until now only the band
structures of a few homopolypeptides have been computed and the
density of states of mixed glycine-alanine and glycine-serine
chains, respectively, have been determined (see the papers of
Seel and of Day, Suhai and Ladik at reference /2/). Since, how-
ever, these calculations though being similar are less advanced
than in the case of DNA, we do not discuss them in this paper.

No correlation calculations have been performed on bio-
polymers yet, but such computations have been successfully
executed in the cases of transpolyacetylene /5/ and polydiacetylenes.
The same holds for exciton spectra which have been successfully
computed applying intermediate exciton theory /6/ (including
correlation) for the before mentioned two chains /7/. There is
an early calculation on transport properties of periodic DNA
models using simple tight binding (Hiickel) band structures /8/.
There exist pilot calculations also for the interactions between
hompolynucleotides and for polyglycine chains in different
conformations /9/. Finally one should mention that in the case
of a good basis set calculations of polyethylene ((CH2)y) taking
into account also the major part of the correlation even the
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mechanical properties of this system could be computed with results
/10/ in good agreement with experiment.

The good results obtained for chains with small unit cells
give rise to hopes that with even larger computers and with the
improvement of the numerical techniques in the next few years
the calculations on the electronic structure of DNA and proteins
and on their properties will reach the same level of sophis-
tications as those on the simple chains.

II. METHODS
IT.1. Ab initio Crystal Orbital Method

If there is a translational (or more generally any periodic)
symmetry in an infinite solid or polymer the infinite matrix

vhich one obtains in any LCAO theory can be brought with the help
of a simple unitary transformation into a block-diagonal form /1/.
The order of these blocks is (in the ab initio case) equal to the
number of basis functions in the unit cell. In this way the
original hypermatrix equation splits into N+1 matrix equations

if N+1 denotes the number of blocks (unit cells). Each such
equation has an index which denotes the serial number of the
matrix block to which the equation belongs. If N—% oo _this serial
number becomes continous. Physically it is the vectorT? (or one of
its components in the one-dimensional (1D) case) of the reciprocal
lattice which gives the crystal momentum /1/.

Here no attempt will be made to reproduce the derivation of
the expressions of the ab initio SCF LCAO CO method (for this see
/1/) only the final equations are written down (for the sake of
simplicity in the 1D case). Let us express a crystal orbital in
the form of a linear combination of Bloch orbitals

M, D e e R0 - cogikia Y, 2 I\
n N1 ; Y ch) X (F-R.
:—N/2 M’.d 6 35
szl

Here N+1 is the number of unit cells, m is the number of basis

func}iog; in the unit cell, a the elementary translation,

A (P Rjs) the sth atomic orbital (AO) centered at the Sth

atom (to which o&?ital s belongs) in the j-th unit cell (with

position vector R%5g5) and n is the band index. The coefficients
c(k)n,scan be determined from the generalized eigenvalue equation

F(k) gn(k) = €,(k) S(k) cnh(k). (2)
Here the overlap matrix §(k) is the Fourier transform of the

matrix blocks containing the overlap integrals between basis
functions belonging to different cells,
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N/2 :
k
S(k) = e 5(q); (3)
5] q=-N/2 5t
(for instance $(o) contains all the overlap integrals within one
cell, S(l) theTones between the reference cell and its next
neighbouT and so on). Similarly one obtains /1/

q=-N/2

&

The elements of the matrices F(q) are defined according to the
detailed derivation /1/ as

w N/2
ns o
[F(q\\] <XmlH lX 7+u§r=4 %11."'”/2. PO ey (5)

KxextalF Ix:mxdar-Tocaxdal o]

Here the shorthand notation xg means Xs(r - ?sq)v s €5, thus
the superscripts are glways cell and the subscripts basis
function indices and H™ stands for the one-electron part of the
Fock operator of the chain. Finally the elements of the charge-
bond order matrices P(q) - qp) are defined as a generalization of
the original definitTon glven by Coulson as

2l R qz)u’v = 2a/2 ; i (k) g () oikala)-a,) 4
VR (6)

vhere A’ is the number of filled bands.

Inspecting equ.-s (2) - (6) we see that they represent
nothing else but Roothaan's SCF LCAO equations for a closed
shell system /11/ generalized for an infinite chain with
periodic boundary conditions. One has to solve them at a number
of points in k space simultaneously to be able to construct the
matrlces_ﬂ(ql - g2) for the next iteration step. Using appropriate
numericalTintegration techniques usually it is enough to have 6-8
k points between o and M/a k) = g( k)] to obtain
consistent results. The SCF procedure does not converge, hovever,
in most cases so easily as in the corresponding molecules,
especially if one uses a larger basis set. The main reason for
this is that in practice one can go in the summations (3) and (4)
only until a limited numbers of neighbours (actually to keep
charge neutrality and obtain reasonably reliable results one has
to go to different numbers of neighbours for different types of
integrals /12/) and the error caused by this procedure is strongly
amplified in cases when the matrix §(k) has some very small eigen-



ENERGY BANDS IN DNA 5

values /13/. (For the elimination of S(k) in Equ. (2) one uses
again Ldwdin's symmetric orthogonalization procedure.)

Finally it should be pointed out that the formalism described
here is valid not only for simple translation, but also for cases
of repeated combined symmetry operations (for instance helix
operation). As group theoretical considerations show it in this
case 1) one has to put the nuclei into the right positions by
going from one cell to the next and 2) one has to rotate
correspondingly also the basis functions /14/.

II.2. Negative Factor Counting Technique for the Determination
of States in a Disordered Chain

To obtain an orientation about the level distribution in

aperiodic DNA and proteins one can apply the negative factor
counting (NFC) method /2/ to determine the density of states in
these disordered systems. According to this method if we write for
the disordered chain a Hiickel determinant which is tridiagonal due
to the fact that only first neighbours interactions are taken
into account

%1 2 g; 5 g 8... 0
\2(1)\ E 92 83 ,\g L0p¢ 18y = 0,
: 0,

(7)

this can be easily transformed into a didiagonal form with the help
of successive Laussian eliminations. Therefore, the determinant

e 'ﬁ-l (X, -2 (8)
;e
can be rewritten as
\11_(')\)\ = ﬁ- Sk (9)
Tl o

vhere the diagonal elements of the didiagonal determinant are
given by the simple recursion relation

€N - °\1 i B Bf/f.i_l(?\), iy e (10a)

1

El(ju)

J~l -y (10b)

Comparing equ.-s (8) and (9) it is easy to see that for a given
value, the number of eigenvalues smaller than
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(’liL')\ ) has to be equal to the number of negative ei(l)
factors in equ. (9) /2/. (Calculations of all the eigenvalues &4
of a long chain (N = 10%4 or 103) is impossible, but the computation
of the€;!A)factors with the help of equ-s.(10a) and (10b) is very
fast.) By giving ‘N different values throughout the spectrum and
taking the difference of the number of negative ©;(%)'s
belonging to consecutive A values, one can ontain a histogram
for the distribution of eigenvalues (density of states) of H for
any desired accuracy. =%

For actual calculations one has to make a band structure
calculation for each component of the disordered chain assuming
that it is periodically repeated. Then the values d; (diagonal
elements of H) can be determined from the positions of the bands
of the components (the middle point or weighted middle points of
the bands) and the off-diagonal elements B{ from the widths of the
bands. It should be pointed out that the NFC in this simple form
gives only the level distribution belonging to one band (for
instance, valence band or conduction band) of the disordered
chain.

In the case of disordered quasi-1D systems the NFC method
can also be applied for the case of an arbitrary number of
orbitals per site either in an ab initio form /2/ or in a semi-
empirical, for instance, extended Hickel form /15/ (for the
derivation see Day and Martino's paper in ref. /2/). In this case
one has a matrix block instead of each diagonal element Ji and
off-diagonal element Bj4+], respectively, in equ. (7) a.i~A2AL-AS.)
Biv1 = £ﬁ+1 - % Si+1)- To construct these matrix blocks one
has to perform ab i1nitio MO calculations for the different units
to obtain the diagonal blocks and cluster calculations for the off-
diagonal ones. For instance in the case of a binary diordered chain
in the first neighbours' interactions approximation one has to
compute the AA, BB, BA and BB clusters. Having constructed the
supermatrix of the disordered chain one can obtain again very
easily a histogram for the density of states for all the electrons
(or valence electrons) of a long disordered chain in any desired
accuracy. After obtaining the level distribution one can generate
also a wave function for any particular energy level using the
inverse iteration technique /16/.

II1.3. Mean Field Treatment of the Effect of the Environment on
the Electronic Strcuture of Chains

To take into account the effect of environment on the band
structure of a periodic chain or on the level distribution of a
disordered chain one can build into the one-electron part of the
Fock operatop.of tae chain the effective potential Veff of the
environment, AN = HN + Veff. To generate Vgrg one has to know

the positions of the molecules (in the case of DNA water molecules
and ions) in the environment of the chain. Having this information
one lets to interact the systems building up the environment. If
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one takes into accunt besides the electrostatic interactions also
their mutual polarizations (at least at the Hartree-Fock level),
one obtains the so-called mutually consistent charge distributions
of the constituent systems. To achieve this one can apply the
mutually consistent field (MCF) method /17/ developed in Erlangen.
(The same method can be used also for the calculation of inter-
actions between infinite chains /18/). Having the MCF charge
distribution of each molecule and/or ion in the environment of a
unit cell one obtains for Veff using the classical expression
/3/ -
Qe
o0 KD

eff(?) = ;_N j_i:l W d.I-)) (11)

Here N stands again for the number of unit cells, M denotes the
number of subsystems surrounding the reference cell and gq (?)
is the MCF electronic density of the i-th subsystem in the'
environment of the g-th cell.

II.4. Calculation of Correlation in a Linear Chain

To calculate the correlation energy per unit cell for the ground
state of a polymer (either conductor or insulator) in principle
one can use any size consistent method (perturbation theory,
coupled cluster expansion, electron pair theories, etc.). To
keep the calculations in a manageable size one can use a simple
trigonometric series in k consisting of a few terms for the LCAD
coefficients occurring in the Bloch functions. In this way one can
put everything what is k-dependent before the integration and
therefore one has to perform the two-electron integrals over

the atomic orbitals only once. On the other hand, since the
calculations of the k-dependent prefactor is very fast one can
use a dense grid for the three independent k-values occurring
in the matrix elements

[ Waeyz /¥4, @) W@ lue,af NBE G 7 a2

This type of matrix elements, in which the composite indices I,J..
denote a band index, a k-value and the spin occur in anyone of
the above mentioned methods suitable for the correlation
calculations.

As first step second order Moeller-Plesset perturbation
theory (MP2) /19/ can be applied which has provided (using a
4-31 G basis set) for a hydrogen chain about 70 per cent /4/ and
for polyacetylene (using a 4-31 ¢** basis) about 75 per cent of
the correlation energy.

Correlation calculations can be applied not only for the
more precise calculation of the total energy per unit cell (making
geometry optimization possible) but they can be used also for the



