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ABSTRACT 

The Charge Migration in Biomolecules 

by 

Huen Kwong Leung 

The one - dimensional polyconjugated chains of biomolecules 

are chosen for study. The band theory of the *T- electrons in 

polymers is reviewed and the experimental results of electric 

conduction in biomolecular systems are discussed. The migation 

of charges, especially that of holes which is considered to be 

important in both conduction phenomena and physical processes 

of radiation damage, .is studied in a simplified mode]. We use 

the Wannier function to represent the access charge, say a hole, 

made initially at some localized region and the time evolution 

is described by the time - dependent Wannier function. It is 

shown that the hole or the access electron in the polyconjugated 

chain of a protein or a DNA macromolecule, will spread out after 
-15 

some time duration t > Ti , where “J>~10 sec for most cases. 

And the r.m.s. velocity of spreading is approximately equal to 

the group velocity in the band conduction, it is estimated that 

vrms**10®--10/ cm/sec. The probability of finding the access 

charge at n unit cells away from the initial place is =jj (2[$t/h) 

where is the Bessel function of first kind and of order n . 

The effects neglected in this simplified treatment and their 

expected importances for intra - molecular charge transfer 

processes are discussed briefly . 
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I Introduction 

Biology has now reached the stage where the tools and 

concepts of molecular and solid state physics play an 

increasingly important role\ Experiments concerning the 

cooperative behavior of proteins and other molecules of bio¬ 

logical interest, such as the migration of absorbed energy 

through molecules and the transmission of oxidizing power in 
2 

various enzyme particles are capable of physical explanation. 

The electronic processes in biological systems also require, 

of course, quantum physical discussion. Wave mechanics is 

being introduced into biological studies, leading to anew 

field "submolecular biology" or "quantum biology". 
' "3 The famous Koranyi lecture of Szent - Gyorgyi has done 

much to stimulate the interest in applying the theory of. 

solid state physics into the biological systems. Szent-Gyorgyi 

in his lecture entitled as " Toward a new biochemistry ? " , 

thinks of a protein macromolecule as a semiconductor of metallic 

like structure with electronic delocalization extending over 

large part of protein molecule. He put forward the hypothesis 

that the energy transfer in biological systems could be carried 

out by a mechanism analogous to the conducting phenomena in 

crystals, and in particular that the regular arrangement of 

the peptide linkage in the protein could result in the 

existence of energy bands similar to those present in semi¬ 

conductors. Extensive investigations have been done in the 
4 

studies of optical properties, photoconductivity and electrical 
5 

conductivity of proteins as well as other biomolecules . The 

quantum Chemical theory and some concepts of solid state physics 
S~ 

has already been applied into this challenging field . The 

energy levels, band structures and semiconducting theory were 

set up for some biomolecules, especially for proteins and DNA. 
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Also these theories and concepts were further applied in 
7 

explaining some biological processes, e.g. the carcinogenic 

and enzymatic activities^. 

However, all these studies are still in a crude and 

primitive stage, and there are controversies concerning the 

electronic role in processes of electrical conduction and 

biological functioning. Of course, no single physical property 

of biomolecules is expected to resolve the fundamental biological 

problems. At present our physical and biochemical knowledge is 

meager, but with the accumulation of more physical and bio¬ 

chemical properties of molecules in biological systems, one 

would hope, in their proper combination and usage, to describe 

the biological processes in a more accurate way. There is still 

a long to go, and it is clear that the problems will eventually 

be solved by interdisciplinary efforts. 

Life is probably too complicated to be understood by 

quantum mechanics. However, unavoidably, we have no chance at 

all of better understanding some of life's secrets without 

molecular studies on physical level. Molecules remain to be 

the unit of life, and electronic processes should be the most 

fundamental and most important ones in the biological systems: 
.. 1 

Szent - Gyorgyi thinks of an invisible fluid1 of electrons, 

being much more mobile than molecules and ions, carry energy, 

charge and information and act as fuel of life. The dynamical 

theory of electrons as well as holes, can help in \mderstanding 

the biological processes in submolecular level and can give 

further information about what happens in the macromolecular 

systems when their structures and physical properties are 

inve stigated. 



II Electronic Theory of Macromolecules 

II-l The Schrodinger Equations 

According to Quantum Mechanics, the properties of a poly¬ 

atomic system can be computed once we have obtained the station 

ary state solutions of the Schrodinger equation 

= Er^r (1) 

for the eigenenergies and corresponding eigenfunctions'^^. 

The non-relativistic Hamiltonian is given by 

2 , _ 2 
H = 2^- V?+ htv,. + .s.v,. *1^- p.\. % siVi. 

« 2Met 
v* ip'll X2m ‘ i,j x- (2) 

which includes all the kinetic energies of nuclei and electrons 

and all the coulombic interactions among them, but the spin- 

orbital interaction and higher relativistic terns have been 

omitted. 

As is well known that exact solution of (1) are 

obtainable only for the very simplest problems. A series of 

various approximations should be made in order to estimate the 

properties of polyatomic systems. The first and most important 

one is the Born - Oppenheimer approximation. Here, since 

the velocity of electron is much larger than that 

ofnuclei and the electron is assumed to move under the momen¬ 

tarily fixed nuclear framework. Under this adiabatic appro¬ 

ximation, we can describe the motion of electrons and nuclei 

separately. Writting 

.(R«) (3) 

then, the Schrodinger equation (1) is decoupled into two, 
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2 2 

[ ^ + HrV<“ + ]-Srs(ri.RJ = 
E
s(R«)'!i;(ri.R-) 

.5. -f>2 W' 
[ <£> -377- V«t 

<K M(( 
+ *5 21^ 

*P rs
(R-> = tEr-

E
s(R«)] VCR.) 

(4) 

(5) 

for the electrons and the nuclei respectively. 

If (4) is solved for fixed molecular positions then the 

E (&*) appear^in (5) is considered as an effective potential 
s 

energy for the nuclear motion. When we come to consider the 

energy transfer between excited electrons and the nuclear motion, 

which can lead to covalent bond breaking, hole trapping, etc., 

then we must solve ( approximately ) these coupled, equations 

together. In the present work however we shall mainly be 

considering the electron motions in the absence of coupling to 

the phonon modes, and we shall take the nuclei as fixed at 

their equilibrium positions. Rewrite (4) as 

[ s H. 1 
+ '2 ID 

(r.; = E 
s "“s (ri> ! 6) 

from which, we obtain the wave function U" (r) which gives the 
s 

informations about all the electrons in the polyatomic system. 

This is still a many body problem, of course, which will 

have to be solved only approximately, namely in the independent 

particle approximation. Each electron is represented by a one 

electron wave function, the trial function for the total 

normalized wave function of all the electrons is then built 

up according to the following two schemes. 

The Hartree method is the simpler one in which the total 

wave function is constructed as a simple product of individual 

one electron wave function, say, 

^s(r) =TJ 
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use it as trial function, the variation method separates (6) 

into N equations, one for each electron, 

[ Hi + 1 ^(i) (7) 

These are the Hartree equations which are not a simple one 

electron Schrodinger equation and should be solved by the self- 

consistent ( SC ) method. The total energy of all the electrons, 

E = + H (8) 

The Hartree function does not satisfy the antisymmetry 

requirement, taking as a trial wave function the Slater 

determinant, 

*^Ts(r) = N"^ det^(j)} 

which satisfies the Pauli exclusion principle. Similarly, 

[ H. + J.. - K.. ) ] ^(i) = (9) 

where the coulomb and the exchange operators are defined as, 

jj \%w)- <+.j 
v / IV {10) 

Kj !%</*>> = (% Ifj <-»)> 

The total energy is, 

E = 2-!/ilHli> + % (J. . - K. .) (11) 
i ^ ' i, j ag 3.3 

with 

J±j = 

K.. = <i|K.|i> - 
(12) 
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In both the Hartree and Hartree-Fock approximations, the 

effect of the correlation of electron motion resulting from the 

Coulomb repulsion is neglected (though the correlation stemming 

from the exclusion principle is taken into account in the 

Hartree-Fock but not Hartree approximation). Even with this 

simplification the task of determining the SC solutions of (7) 

and (9)is a formidable one and has only been attempted for some 

relatively simple molecules (and solids). 

For polyatomic molecules one usually guesses at the form 

of the wave functions and computes the energy in terms of various 

"overlap integrals". Two main schemes are used, the Heitler- 

London (HL) and the Molecular Orbital (MO) approaches. 

In the (H-L) approach one actually takes correlation into 

account in a rather crude manner. One chooses a set of localized 

atomic orbitals each of which is occupied by a single electron 

and computes the energy according to (8) or (11) retaining only 

the nearest neighbor overlap intergrals. The atomic orbitals are 

not orthogonal and provision for the non-orthogonality must be 

made in the normalization factor. Elaboration of this picture in 

the hands of Pauling and others gives rise to the valence-bond 

theory. For the strong -bonds where correlation should be very 

important this approach is probably superior to that of the 

MO approach. The H-L-Pauling valence bond approach, using as it 

does non-orthogonal basis functions, is not amenable to the 

improvements in the calculation or for error estimates. 

In the MO approach one solves approximately the H-F equations 

(9). The solutions of the H-F equations are orthogonal and may 

be used as basis functions for improved calculations (e.g. the 

configuration interaction) in which the correlation may be 

taken into a.ccount. in practice one usually takes the MO wave 

function as linear combination of atomic orbitals (LCAO) and 

'■H? 
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computes the energy keeping just a few near neighbor overlaps. 

The MO wave functions are usually non-localized and are more 

suitable for the conjugated molecules involving TT-bondings, 

where a considerable delocalization is expected. 

II-2 Molecular Structures of Proteins and DNA 

The major organic compounds ptesent in cells are the 

carbohydrates, proteins, lipids, nucleic acids and steroids. 

We shall study only the proteins and DNA . 

(i) Proteins. 

The proteins are of prime improtant as structural com¬ 

ponents of cells and as the functional constitutes of enzymes 

and certain hormones which charaterize the species. They are 

large, complex and vary widely in structures and properties. 

The primary structure of the proteins is a polymer with 
H 0 

repeating back-bone [- C - C - N -] with which a specific se- 
(R) H 

guence of side groups (R) is connected. Practically, the 

molecular configuration is stabilized through the hydrogen¬ 

bonding which links together the carbonyl group = 0) and 

the imide group ( N H ) of different amide unit (C — N-) belonging 

to either the same or the neighboring polypeptide chain(s). 

The intra-peptide H-bondings will cause the backbone of the 
9 

protein to fold and coil in an c<-helix form , proteins of this 

form are called K-proteins [Fig. II-l (a) ] . Proteins with inter¬ 

peptide H-bondings are called ^-proteins which have a form of a 
10 

pleated sheet as shown in Fig.II-l(b). 

The side groups are also called amino acid residues, about 

twenty-odd of them are found in the proteins. Details about the 

sequences of most proteins are not available, however, there is 

no question that they are not regularly arranged. The amide 



H f ^ 
tv" 

■c-c- 
-NHx 

w 
o 

V 
ii 

H 

A- c 
II 
o 

H 
■
! 

n X 

f H 

r^c»cV? 
• t ? c5» v c-C^ 1 

/
N
 II .* 
U O H H 

o « 
o 

/ 
RCH 

H N 

HCR 
/ 

o-c 
\ H"' 

RCH 
\ 

/^o. 
HN 

H^CR 

/ 
RC H 

\ 

‘‘•HN 

HCR 
/ 

.o-c 

KH' 

RCH 
\ 

■H 

HCR 

0. 

/ 
RCH 

\ 

.. /c = o- 
*'K* 

HO £ 

oaC 
\ 
M H •* 

RCH 
\ 
/•^O. 

•HfV 

HCR 
/ 

(a) (b) 

(c) 

Fig. II-l Molecular Configuration of Proteins. 

(a) ei- protein. 

(b) p-protein. 

(c) Planar amide group (-N-&-) with saturated carbon 
H 

connected at both ends. 
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it is planar, has 

its dimension [Fig.II-1(c)] almost unchange for various protein 

configurations and regardless of the particular residues exist 

nearby11, it is believed to have a fairly high degree of electron 
12 

delocalization over its molecular framework, this is considered 

important on account of the electronic properties of proteins, 

especially the amide groups are linked together through inter- 

or intra- chain H-bonds. It is expected to have an overall 

electron delocalization in the protein molecule through the 

H-bonded multipeptide chain rather than through the satuated- 

carbon-bonded polypeptide chain (the backbone). 

(ii) The DNA 

The deoxyribose nucleic acid, or the DNA, is responsible 

for the specificity and chemical properties of the genes (the 

units of heredity). As in case of proteins, there are many 

kinds of DNA having different structures and properties. 
14 

According to the famous Watson - Crick model , the stereo 

structure of the DNA consists of a double helix with the back¬ 

bones coiled, joined together by H-binding their bases in 

pairs [Fig.II-2(a)&(c)]. There are four kinds of bases: Adenine 

(A), Guanine (G), Cytosine (C) and Thymine (T) . 

The pairing of bases is specified as the combination of 

A-T and G-C for the normal DNA. The backbone is made of alter¬ 

nating sugar-phosphate units to which the nucleic base is con¬ 

nected to form a mononucleotide. From Fig.II-2(b) it is seen 

that the backbone is mostly satuated, the bases and the H- 

(A> (-Q) CC) CT) 
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Fig. II-2 Molecular Configuration of DNA . 

(a) The Watson - Crick stereomodel of the DNA. 

(b) The sugar - phosphate backbone. 

(c) The pairing of bases for normal DNA. 



9 

bonded base-pairs are planar and are considered having electron 

delocalization. 

Fig.II-2(a) gives the Watson - Crick stereomodel of the DNA. 

Each turn of the helix includes-ten nucleotides,has a height of 
O 

33.6A, and all the base-pairs are perpendicular to the axis of 

double helix. The inter-base-pair overlap of TT-electron clouds 
20 for the superimposed base-pairs suggests that there is electron 

delocalization extending over the whole system of the poly¬ 

nucleotide chain inside the DNA double helix. 

II-3 TT- electron Theory of Conjugated Molecules 

We have learnt that biomolecules are large and complex 

systems formed by a number of well-known small organic molecules. 

Among them some are "conjugated" molecules which show such 

common physical and chemical properties as having high reactivity, 

and having higher diamagnetic susceptibilities, higher electric 

polarization and more intense UV absorption bands at longer 

wave length than those of similar nonconjugated molecules. 

Also, the conjugated molecules show a high degree of electron 

delocalization by their ability to propagate electric influences 

from one part of the molecule to another^. We shall see. that 

it is comparatively easier to obtain the electronic properties 

of conjugated molecules. 

Generally, conjugated molecules are planar and consist of 

alternate single and double bonds. For an unsaturated hydro¬ 

carbon, for example, the carbon atoms with valence four, bind 

to each other and the neighboring hydrogens or oxygens with 
2 2 

the four AO [ (2s) (2p) ] hybrided. To obtain maximum overlap, 
2 the valence orbitals of three trigonal sp hybrids will point 

in the direction of the three neighboring atoms in a plane 

leaving a lone 2p orbital with its axis perpendicular to the 
z 
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the molecular plane. Each valence electron in the three hy¬ 

brid orbitals forms a tf-bond with neighboring atom, the fourth 

one in the 2p orbital may couple with those in neighboring 
z 

atoms on either side and thus, as the whole molecule is 

involved, this electron is delocalized over the system. This 

kind of bonding is called the TT-bonding. The^- electrons are 

considered to be responsible for the special properties of 

conjugated molecular systems. 

(II-3-A) TT -electron approximation 
There is no doubt that the MO method should be used for 

2 
the if-electronic systems, with = e /r^j in the Eqs.(7) to 

(9). If we separate the total wave function for all the 

valence electrons, into two parts, say, 

Sif(r) = 2(rff) + 7T(rn) 

with H = H<f+ , and E = E*" + E^, and the Schrodinger 

equation (6) is then separated into two. So, we can obtain 

the molecular properties mainly by solving the Schrodinger 

equation for the it-electrons only: H* = E^T^r,,-). From 

now on we use the same notations of section (Il-l) for 

it-electrons. . 

The H-F equations (9) can be rewritten, after tf-Tf sepa¬ 

ration, as, 

[ H. + (J.-K.) + 
(C) 

(r) = 6 . V<(r> 

(13) 

the additional parts are the coulomb and exchange operators 

due to the -electrons. Let us combine these into that of the 
CO3T0 

atomic cores. By writing IL = T^ + V^(eff.), the total 

Hamiltonian for all the Tf-electrons is then, 
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H = 
core 

H. 
l 

(14) 

The one-electron wave function for the Tr_electron is, in 

the MO approximation, expressed as LCAO MO, 

N, 
Z2 
s=l 

C. 
3s (15) 

with the AO as the localized 2p orbital which is anti- 
s z 

symmetric with respect to the z-plane 

(II - 3 - B) The LCAO MO Theory in Huckel Approximation 

The simplest treatment for the conjugated system is the 

Huckel approximation which use the Hartree's method and with 

further simplifications; the Pauli exclusion principle is not 

included in the calculation, rather it is something of an 

after thought. Obviously, it is an oversimplified theory but 

it does give surprisingly good results. 

As in the usual way of the Hartree's method, the total 

wave function for the Tl-electronic system is, 

■£r= IT 'fi(r) (16) 

i=l 

and the total Hamiltonian is now written as, 

with the one-electron Hamiltonian H __(i) determined throuqh 
ef f 

their matrix elements which are related to some empirical 

quantities,(see below). 

Now with E = £. f the one-electron Schrodinger 

equations are, 

H 
eff 

N f j 1,2,...., (17) 
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which are solved through variation method. The best choice of 

the trial solutions which are closest to the true ground state, 

are those with a set of expansion coefficients , C. 's, which 
Ds 

minimize the one-electron energies, 

" 
5S 

* 
C. C. H 
jr js rs. 

c. c. s 
3r 3s rs 

where H is the matrix element of H __ in the AO basis, and 
rs efr 

S is the overlap integral of r-th and s-th AO. This consi- 
rs 

deration gives the secular equations. 

. C . - £. ^ S ,C. = 0 , t=l, 2, -H st ]S J St ]S 
J J s J 

,K, (18) 

Now, further assumptions are made, for the conjugated molecule 

with the atoms regularly arranged, for example the hydrocarbons, 

" 15 
Huckel assumes that the AO overlap is completely neglected, 

i.e., S = A and that onlv nearest neighbor interaction is 
rs mr,s 

included, say, H =B ^ . Also, it is assumed that u = p 
rs (rs Or,s±j J rs J 

regardless of the environment of the AO and ^,and Krr= d, 

for all atoms of the same kind. Both and | are empirical 

parameters. 

Then the secular equations (18) take the simplier form, 

<0t- ) cjt + 
s adjacent 

to t 

jts Cji = 0 , t=l, 2, . . .N. (19) 

the condition for nontrival solution for C.^ results a secular 
Dt 

determinant of coefficients, being equal to zero. N solutions 

of £j1s are then obtained, from each of which (19) give a set 

of solution C 's, combined with the normalization condition 
2 3t 

2?Cjt=l. then C^'s are determined explicitly. 
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(II-3-C) The HMO for a Linear Polyatomic Chain 

For a molecule composed of identical atoms regularly 

spaced in a linear one-dimensional chain, the secular equations 

in Huckel approximation, can be further simplified to, 

ct-i+ ct+ Pct+1 =0 • 
t=l,2,...,N« (20) 

which are of the form of finite difference equations the 

it/* 
formal solutions of which are Ae 7 or Bcos (t/0 +B ’ sin (t/*) . Now, 

for our case with boundary condition: c0
=c

N+i • we can find 

that the appropriate solutions for (20) are 

J—1,2,•«.,N. 

For each j, (20) gives a solution of £ , 

jir 

C . = B.sin[ ■?—] 
3,t 3 N+l 

^ = «+2ecos[ti] (21) 

which is the one-electron energy of the j-th MO : 

N 

' 3 t=l N+l N+l ^t 
(22) 

If N is practically infinite large, then in many cases, 

the linear chain can be treated as a molecular ring with.same 

number of atoms, and so the chain-end effect is neglected. 

The boundary condition is now Cfc+N = ,and the solutions for 

(20) are then C =C .e"*" with j=+l,.... ,±(^-1), N/2 for 
3
 N-1 

2 

even N, and j==tl,...., + —-— for odd N. Similarly, we have: 

€ j = + 2 f cos [-^1 

N 

^ ^ ei2Tt^ „ TU t=l //N "t 

(23) 

(24) 

Both (21)&(23) show that the MO energy levels are split into 
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bands with bandwidth ^^4 ^ . 

There is no difficulty to see that the MO method in the 

LCAO approximation, satisfying the symmetry of the molecular 

system with cyclic boundary condition, is identical to the 

approach of band theory in tight-binding approximation: 

In the band theory of periodical system, say a lattice 

or a polymer, the translational periodicity requires the one- 

electron wave function to satisfy the Bloch condition 

l|/k(r+Rj) = 
el1 j % (r) where is the lattice translational 

vector. So, it is written in a form of Bloch function 

Y*(r> = e u^(r) where u^r) has the same period as the 
lattice. In the tight-bonding method, the crystal wave function 

is written as 

vyr) ■ N ikR 
e n ftr-Rn, (25) 

n 

N 
with k=2 q^TT/Na , qk=-l, =2, ..., ± (—1) , N/2, for even N; and 

q =±1, ,±(N-l)/2, for odd IT. Or, ^4ka4Tr, as a result of the 
iv 

i i 

Born-Von Karman boundary condition which is essentially 

identical to the cyclic boundary condition. The orthonormality 

of ^ (r) as expressed in (25) follows to that of the AO ^(r). 

The one-electron energy is, 

600 JH|y \ =0(+ - ^ f$ eaJc(Rn“Rm) (26) 
' <kI 1 'k' N n/m ( nm 

with same notations as used in the last section. I f the 

nearest-neighbor-interaction (n.n.i.) approximation is used, 

£(k) = od + 2 ^cos(ka) (27) 

where a is the lattice constant such that R =na. (25) & (27) n 
are in the similar forms of (23) & (24) respectively. 
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II - 4 Energy Band Structures of Polyconjugated Systems 

in Bio-macromolecules 

We shall consider only portions of the biomolecules, 

say, the multipeptide chain of proteins and the modelized 

homopolynucleotide chains of DNA. Mainly, the rectilinear 

structure will be considered, the symmetry operator for the 

one-dimensional lattice is T (na) which is pure translational 
o * o 

one with a=4.77A for the multipeptides and a=3.36A for DNA. 

Practically, DNA and oC-proteins are of helical structures with 
O 

a screw symmetry operator R (0O) T(a) with ©o =60 for the ei- 
o ^ 

proteins and 0O = 36 for DNA in the double helix form. 

( II - 4 - A ) The H - bonded Multipeptide Chain 

This system consists of N peptide groups (CONE) linked 

together in a chain through hydrogen - bondings, each peptide 

group contains four IT-electrons so the whole chain is a poly¬ 

conjugated system with 4N 7f- electrons. If the lattice vibration 

is neglected, the multipeptide chain in proteins has indeed 

a periodic structure. Energy level calculations of monopeptide 
17 

and multipeptide systems are first done by Evans and Gergely , 
10 18 19 

and later by Pauling et al , Suard et al and by Yomo.sa 
II 

The results of Yomosa's will be used here. The Huckel 

approximation gives the "71- electron MO as, 

= 0.367 + 0.526 % + 0.767 

y2 - 0.799 ¥. + 0.244 - 0.549 % (28) 

^ = 0.476 % + 0.815 Vc + 0.331 % 

with energies : = -12.96 eV , ^ = “9.63 eV , = “3.68 eV . And 

the energy between the empty level and the highest (completely) 

filled one is A6 =5.95e,V. 
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In calculating (28) only three centers are considered : 

0,C,N atoms with respectively the 2p AO : <^Q, <-P and ipN . 
z 

For the multipeptide, the Bloch functions are constructed 

in the tight - binding approximation and in LCMO form,. Now, 

the repeating unit is not a single atom but a molecular unit 

-CONH- of which the MO is shown in (28). Writting, 

u, ((;= Z2 I'fls e
llcRr> '4'. (r-R ) (29) 

Tjk Rn h 
n 

where monomeric wave functions % (r-Rn)=£c ^r_IV)/With 

A = (1,2,3 ) = (0,C,N ) and is given by (28) explicitely. Then, 

'U' = N ^ zm 
7 D* n /<. DA 

C. elkRn u (r-R ) 
V n/ (30) 

where is the spatial coordinate of the center of n-th 

monomer, and R is that of/<-th atomic core in the n-th monomer, 
n/’ 

The orthonormality of '■fj^(r) comes from that of monomeric 

MO Nf'. , and thus from that of the AO . The one electron 

energy is calculated just in the same way for the LCAO Bloch 

functions in the n.n.i. approximation, 

where 

and 

£jk = (^klKl^k> + 2?jcos(ka) 

*1 = £cj/»tV<fllHl»-> 

A 

I2 

/*■? 

= z:c 

j/M A >U>J 

* C. 
DA pr <«.< 

* 
^1 

j/* 

(271) 

with ^ ^ v = is the resonance integral between /i- th atom 



in an -OCNH- unit and the J-'-th atom in the next or the last 
O 

monomer. From the fact that a = 4.77 A, we can consider only 

the integral between the oxygen and nitrogen atoms belonging 

to neighboring monomers, or, 

CJ1C13 ?3+l - CJ1CJ3 fl_3 

Following Evans and Gergely^, 0 = £ = 0 S5=r0.2ev, 
' 13 ( 31 | N • • 0 

and using the values of C. 's in (28), we can calculate $. ' 
3/“ ~3 

And then from these data, the bandwidth -4 |3. of the j-th 
band, the group velocity v^ and the effective mass nij for an 

electron moving in the j-th band can be estimated. 

v. = rr grad £. (k) = 
3 ft 3 

- ~2 
h 

sin (ka) (31) 

m. = ft / f (k) 
3 Tfk'- 

2 ,2 = -ft*” / 2az cos(ka) (32) 

the important parameters are listed below. 

H
 

O
 1 to
 

CD <
 

Aj=4 fj ev 
2/fjja / cm ^ 

S0C 2a2 |f-| (me> 

j=l -5.62 0.23 8.15xl06 2.97 

j=2 8.77 0.35 1.27xl07 1.90 

j=3 3.15 0.13 4.75xl06 5.30 

The band shift is negligible , and thus the energy gap 

between the highest filled band and the empty band is about 

5.7 ev which is high enough to be considered as in the range 

of that for insulators. 
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( II - 4 - B ) The Homopolynucleotide Chains 

The simplest model used for the DNA macromolecules is 

the homopolynucleotide chain made up of sugar-phosphate back¬ 

bone and one of the four bases: A,T,G,C . The conjugated system 

is then the helical chain of superimposed bases , all of which 

belong to a given kind,and it is assumed that there is no inter¬ 

action between the polyconjugated chain and the satuated back¬ 

bone. The number of base-pairs in true DNA is in most cases, 
5 

about in the order of 10 ; it is also found that the interaction 

between atoms in neighboring bases is not small: about 10% of 
20 

that within the same base 

The energy levels of bases and base pairs have been studied 
21 

by many authors . The band structures of polynucleotides in 
» . 22 

Huckel approximation have been done by Ladik and Appel . The 

bandwidthes of highest filled band (HFB) and lowest empty 

band (LEB), the transition energy (^6) and the corresponding 

group velocity and effective mass are listed below for poly(A), 

poly(T), poly(G) and poly(C). 

^mono 
46poly (e^) BW (eV) V no6-™) g sea m*( me ) 

A 3.87 3.60 
LEB 0.205 16.45 14.25 

HFB 0.293 9.28 3.01 

T 4.48 4.34 
LEB 0.029 0.93 29.4 

HFB 0.246 8.35 3.34 

G 4.34 3.98 
LEB 0.176 5.57 4.91 

HFB 0.293 9.28 3.01 

C 4.19 3.98 
LEB 0.117 3.71 7.40 

.HFB 0.246 8.35 3.34 
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The general result is that the band shift is negli¬ 

gible as in the case of multipeptide, this is due to the <T- 

type interbase overlap is comparatively small. We also see 

that the bandwidths of the lowest empty band (LEB) are about 

0.25'■‘•'0.3 eV for the four polynucleotides,and are generally 

larger than that of the HFB. 

The model we use is not quite realistic to the DNA. It 

is due to the complexity of the DNA macromolecules that 

further improvement in estimating the electronic properties 

is not easy nor reliable. The more realistic models are 

those consist of repeating base pairs : poly(A-T), poly(G-C) 
A-T 

and copoly( ). Ladik and Hoffman estimate very crudely the 
G~c 23 

energy band structures of those systems, by using the 

monomeric energy levels and taking the band broadening 0.29 eV 

which is the bandwidths Qf most bands in the homopolynucleotides. 

Though the modelized systems are far from the realistic 

cases, the band structure of polynucleotides do give some 

qualitative understanding of some properties of DNA. 
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III The Electric Conduction 

III - 1 Semiconduction in Proteins and DNA 

In order to explain some biological processes, Szent- 

Gyorgyi boldly suggested that the biomolecules, especially the 

proteins and the DNA, should behave like semiconductors"*". The 

experimental results did show that most of the biomolecules 

are semiconductors with energy gaps as high as 3 eV , some 

of them might be considered as insulators, however the 

practical dividing line between semiconductor and insulator is 

not important for us. 

We are interested only in the electron conduction through 

isolated macromolecules, however, the semiconductivity, though 

observed in many cases, is not well~ established experi¬ 

mentally. On the theoretical front the situation is even 

poorer, owing to the complexity of the systems and to lack 

of the knowledge of conduction mechanism. 

(i) The Proteins . Baxter is the first one who investi - 

24 
gated the electric conductivity of proteins in 1943. Later, 

2 3 26 
Eley and his colleagues inverstigated many proteins ' , 

27 
and some amino acids . All the samples were assumed to be in 

dry state and measured in vacuo, so as to probe the possibility 

of intrinsic semiconductivity. The general result is that the 

proteins are semiconductors, and the energy gap derived from 

the measured specific conductances as function of temperature : 

<r <S£ e 
- 4€/2kt 

(Q cm 1 ) (33) 

are, for examples, 1.74 eV for ferrihaem, 2.97 eV for globin, 

2.75 eV for haemoglobin,2.92 eV for glycine, 3.12 eV for poly¬ 

glycine, and 2.2 eV for tyrosin. Gutmann and Lyons have reviewed 
28 

the results of some 116 biochemicals , the values of 46 range 
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from 1 eV to 3 eV for most cases. 

The common pattern is that the values of AG are not 

affected by the voltage used and decrease with increase of 

applied pressure, also, the currents follow approximately the 

Ohm's Law. It is interesting to find that the current and the 

AS change rapidly if impurities are introduced into the samples, 

for example, addition of some 1% of NaCl into haemoglobin led 
27 

to a measureable decrease of , absorbing 7.5% of H O caused 
29 Z 

conductivity increase by an order of nine 

(ii) The DNA . The investigation of conducting properties 

of DNA begins later than that of the proteins. Duchesne et al 
30 

report their result of of dry DNA in vacuo as A£=1.8eV 
31 32 33 

Later this is revised by Eley , Snart and O'Konski with 

their new results as 2.24 eV, 2.4 eV, and 2.4 eV respectively, 

the result of Duchesne is considered as being attributed 

largely by the effect of absorbed water. The sensitivity of 

conductivity to the absorbed water is analagous to that of 

proteins : exposure of a NaDNA film to 10 % humidity increases 

the conductivity by 10^ and causes a drastic decrease of 
34 

from 2.33 eV to 1.5 eV 

It is interesting to note that the values of Ae for 

many dry DNA measured by different authors are not largely 

different, usually, A€~2.4eV. But the difference among the 

nucleic acid components is very large,say, A€ = 2.0 to 2.2 eV, 
31 

and 46 =4.5 to 5.2 eV t for nucleotides, nucleosides respectively 

III -2 Charge Carriers and Conducting Mechanism 

The charge carriers in biological systems may consist of 

electrons, holes, protons and other heavier ions such as K+ 

and Na+. We shall not consider the charge transport in cellular 

system, but focus on the isolated bio-macromolecules in the 

dry state or in slightly hydrated cases. 
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36 
According to the theory of Eley , the 7T- electrons are 

responsible for the semiconducting properties of organic 

molecules. For the case of biomolecules, the polyconjugated 

systems might be important for the conduction processes. 

However, the samples used in the measurements may either 

have certain degrees of hydration or being denatured by over¬ 

dehydration through heating treatment. The conductivity and 

energy gaps are already questionable, the properties of charge 

carriers have been a topic of discussion for a long time until 

Rosenberg's experiments indicates that the carriers in wet 

proteins are electrons but not the ions. This experiment is 

based on the fact that electrolysis will occur in ionic but 

not in electronic currents; so, the detection of gas and 

measuring the current as function of time will tell the con¬ 

duction process. Another parallel experiment shows that for 

a hydration level of about 18% or higher, the- protoni*c con¬ 

duction will predominate. For the DNA, it is also believed 

that protonic conduction will set in only at relatively high 

degrees of hydration. 

The effects of the absorbed water on conduction may have 

two parts : one is to donate electrons to the empty band of 

the biomolecule so as to promote conduction; another one is 

29 
to increase the dielectric constant of the system so causes 

the electrons to be more readily excited into the empty band 

through thermal processes. The reason for the latter one is 

that the energy gap will be decreased and the resulting value 

, 29 
is given by , 

( ) •wet 
ue) 

dry 
(34) 

The experimental results of A£ for proteins, DNA and 

other biochemicals are too large for the electronic processes 

in biological systems at room temperature (the theoretical 
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results are even considerably larger ) . The intrinsic semi¬ 

conductivities of biomolecules are probably not responsible 

for the electron conduction in biological systems; especially, 

when the thermally excited electrons in the LEB may not be 

conducting and forming excitons with the holes in the HFB as 

is commonly the case in molecular crystals due to the weak¬ 

ness of the inter-unit interactions. The extrinsic semicon¬ 

ductivity may be a reasonable process. For a slightly wet 

protein, the water absorbed can act as donor; and for the 

DNA this will also be true, furthermore the phosphate groups 

in nucleotides may act as acceptors, as is from the experi¬ 

mental results that the conductivity of nucleotides are much 
35 

larger than that of nucleosides 

Sometimes, for a semiconductor with narrow energy band, 

the tunneling and or the hopping processes will be more 

realistic than the band conduction mechanism. For the case of 

organic molecular crystals, the band model is still good if 

A 9 
jx > ——— 'stl cm /volt-sec 
^ ^ ft Tr 

O 

where /x is the mobility and a»5A for most cases, this is the 

result of requirement for a meaningful band conduction: J*C>h, 

and J >hy* , where J is the bandwidth, ~C is the relaxation time 

for electrons, and to, is the phonon frequency^. 

For polymeric semiconductors, the mechanism of conduction 

will depend on the structures of polymers, the band conduction 

should be good for the conjugated polymers if the calculated 

bandwidths are considerably larger than the thermal energy, 

say, kT~0.025 eV at room temperature. So, for our problems, 

the bandwidthes of multipeptides and polynucleotides are about 

0.2 eV ^0.3 eV , the band conduction is expected for intra¬ 

molecular system and the inter-molecular conduction might be 
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tunneling conduction. The overall mechanism should be com- 

41 
bination of them 

III-3 Superconductivity ? 

Parmenter suggested a possibility of the supercon¬ 

ducting transition temperature T^ as high as the room tem¬ 

perature range for ordinary metals if they are in high current 

state with current density J ~10^ amp/cm^. Also London has 

suggested the possibility of superconducting states in certain 

macromolecules which play an important role in biochemical 

reac tions^3. 

Stimulated by Parmenter and London's prediction , Little 

shows that in addition to the known mechanism for formation 

of superconducting state in metals, another mechanism is 

44 
possible in the conjugated polymeric systems. He' uses the 

BCS theory of superconductivity for a system consisting of a 

long one-dimentional spine which may be the unsaturated polyene 

chain (CH)N , connected to a number of side chains arranged 

in a regular fashion. By comparing the polarization of electrons 

in side chains due to the moving electrons in backbone with that of 

lattice phonon in an ordinary superconductor, he concludes 
o o 

that Tc should be m the order of 10 ( K) The reason is simply 

that the polarizing electrons in polymeric case are much 

lighter than the nuclear mass in typical cases. From the 

relation Tc<xtocwhere is the oscillating frequency of polari¬ 

zation, the S.H.M. theory gives Tc oc . He took all the 

available data of Tc up to 1964,and took the average values 
O 

of Tc as 6 K, then he estimated, 

- Mion 
Tc = Tc 

Me 

2xl03 (°K) (35) 
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This prediction is so surprising that the value of Tc is 

far higher than what people may dream of . His suggestion 
45 

receives heavy criticism, also stimulates further predictions 

Though the possibility of having superconductivity at the 
3 

temperature of the order 10 °K is discredited as nothing more 
46 

than the scientific fiction by Matthias , high conductivity 
47 

of the DNA at room temperature is considered as feasible 

It is shown that the DNA at room temperature may have super- 
48 

conducting-type enhanced conductivity 

Experiments on a wide variety of polymers have failed to 

uncover any which exhibit true metallic conduction. The 

existence of polymeric superconductors at room temperature 

remains in the remote future, if it does exist. 



26 

IV Migration of Localized Holes in Biomolecules 

Ionization by external radiation will create a hole 

localized at where the ionization occurs, a hole maY also be 

created by trapping the electron from a migrating exciton, or by 

directly ionizing an electron in the HFB by an acceptor-type 

impurity. A satisfactory understanding of the effects on 

molecules of ionizing radiation requires a knowledge of the 

intramolecular migration of holes. 

We shall study the motion of holes in the polyconjugated 

chains which we take as the idealized models of biomolecules. 

The Bloch function (25) which describes an electron spreads 

throughout the whole system, having equal probability for being 

at any site of the lattice, is not suitable for our problem. We 

introduce the Wannier functions which are defined as Fourier 
49 

transformations of the Bloch functions , 

Vr) =Jr e-ikrn % (r) (36) 

eikr" wn (r) (37) 

where k is summed over all values in the first Brillouin zone, 

and n is summed over all lattice sites. We shall see that the 

Wannier functions are convenient for discussing the migration 

of localized holes. 

IV-1 General Properties of the Wannier functions 

(i) The Wannier functions, like the Bloch functions, constitute 

a complete orthonormal set of states. If there are several non- 

degenerate bands of interest andj^(r) represents the Bloch 

function of the « band, then the corresponding Wannier functions 
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W*(r) = N 1/2 2e lkrn r) (36') 
k K 

are normalized over the whole space if the Bloch functions are 

normalized over the first Brillouin zone or a unit cell of the 

k-space. The summation may be replaced by an integral, 

w*(r) =-^e1 /e"ikrn ^k(r) (36") 

the integral extending over a unit cell of the k-space with 

unit volume 

(ii) The orthnormality of the Wn(r)'s follow from that of 

now the allowed k's are given by k= (Z'T/Na), with 

qk=-N/2,    N/2, then using rn=na, we find that 

N/2^ 

so, 

then, 

ik(r -r ) . , Z->e m n' = -r-70 e 
k qk—N/2 

N/2 

i27Tqk (m-n)/N 

r 2Tf(m-n) T 
= 1 + 2 2=. cos [qk—y-i-j 

-V 

sin [(N/2 + 1) T7(m-n)/Nj 

sin [ (m-n) TT/NJ 

sin [(m-n)'IT] 

■'S~> ik(r -r ) 
2Lie m n' = N 

sin £(m-n )VNJ 

^m,n 

/wW(r)|we'(r)>= £ £ , \ n I m' '/ um,n 

(38) 

(39) 

The completeness of the Wn(r) s (37) fol3.ows in a similar 

manner from the relation 

^(k-k'^NC 
n yk,k’ 

(3B*) 

(iii) Each of W (r) corresponds to a localized state. 

We shall show that Wn(r) = W(r-rn) represents a state 
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localized in the vicinity of the n-th lattice site. From (39), 

the W 1s are orthonormal and hence are more convenient for the 
n 

theoretical discussion than the atomic orbitals. 
f ik ^ 

The Bloch function can be written as Nf'^(r) = e u^(r), 

a plane wave modulated by a function u^(0 which is periodic 

and which can easily be shown to be not strongly depending on 
“ 50 

k so long as k is not close to the zone boundary . Then let 

u^(r) = u(r) and then, 

W (r) = N 1//2 u 
n' ' 

ik(r-r ) 
»'] 

(40) 

we use (38') or replace the sum by an integral in (40) we have 

Wn(r) = N-1/2 u(r) 

-nr, . 
sjn :(r'rn> 

-(r-r ) 
a n 

(41) 

So W (r) is maximum at r = r and has nodes at r = r if ra ? n, 
li 11 -j^ ill 

and decreases at large r-r as (r-r ) . Actuallv, as Kohn has 
51 n n 

shown"' that the W (r)'s are even more localized than as is 
n 

implied by (40) and (41). If the k-dependence of u. (r) is taken 
K — 

into account then Kohn shows that at large r, W(r)x^-e , 

where, e.g., in the tight binding approximation, h = .]2ml£8J/n, 

and is the binding energy of the atomic electron for the 

particular bond ( tight binding ) under consideration. 

(iv) The Bloch functions are stationary states because they 

are eigensolutions of the Schrodinger equations = 6(k)'H^(r) 

with the eigenenergies £(k) . By substituting (361) into the 
“ ik 

Schrodinger equation and multiplying both sides by e m , and 

summing over ail k, using the ^-relation (38) , we obtain, 

where 

H W (r) = y\ (r -r ) 
n. ' c—i t? v n m 

m 

iw 
Wm(r) 

-1 cr ik(r -r ) 
N 2L-i e n m' 

k 
600 

(42) 

(43) 



(42) shows that W (r) is not a stationary state. The average 

energy of the state Wn(r) is given by 

/Wn(r) |H|wn(r))> = N ■ Zj 6(k) (44) 
' k 

which is the average energy of the all levels in <L-th band, 

i.e. the center of this band. The Wannier function will have 

a spread of energy related to the band, width, which can be 
5? 2 

calculated as the square root of the variance ", (AH)''. So, 

the spread of energy of W (r) is, 

WH) = (<Wn|H
2|wn> -<Wn|Hjwn^

2 )1/2 (45) 

From Eqs. (A-10), (A-ll), we have: 

</Wn(r)[ H^r)^ = U (46) 

and» , 1 Ol V ') N“1 r, o „ O 

<Wn(r)|H
2|wn(r)> = *2 + 2 2E U-&)2 6n <47> 

N n=l V 

where = <(f(r) |H^(r-rn)>. 

For large N and in the n.n.i. approximation, we then 

obtain, 

(AH) ~ (2)1/2 ^ (48) 

We should then expect, on general quantum mechanical 

ground that if an electron, or hole, is represented at t=0 

by the localized Wannier function Wn(r) then after a time of 

the order of 'C0~'K/(AH) ■ss.*^/(2)‘^//2 ^ it will have "hopped" to 

another site. 

IV-2 The Spreading of Wannier Waves 

We now compute the time-dependent Wannier function Wn(r,t) 

with W (r,t=0) = W (r), and 
n n 

ih -^-Wn(r,t) = H Wn(r,t) , 

W (r,t) = e~
xBt^ w (r,t=0) 

n n 

= N~1/2 2 e-ikrn - 1 €(k,t/t“ Yk(r) 
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then, 
W n 

. , . 1 ^ -c-t ik(r -r )-i £(k)t/h TT . . 
(r,t)= - ZJ ^ e m n' Wm(r) 

N * m 
m 

For a long polyconjugated chain the summation over k can 

be replaced by an integral. With k= (27T/Na)q^., g^=-N/2,... N/2, 

if we let rm=ma, © =^7Tqk^/N, then k(rm~rn)= (m-n) 8 , and ka= Q. 

For £(k) we the energy relation in the n.n.i. approximation 

(27) of Chapter II; the integral intervals are: k e^-^a, 7r/a], 

q^ef-N/2, N/2] , and [-Tr, + 7r,"] we find that 

1 ’■>' Qik(r -r )-i(ot +2cos ka)t/h — 4-. e m n' 

•-it 
N k 

^i £(m-n) 0 - o* t/h- (2^t/h) cos o} 
2tr 

d 8 (50) 

-IT 

By comparing (50) with the integral form of the Bessel 
53 

function of first kind , 

J (x) = - 
q 2Tf J 

i(q Q-qV/2 +xcos © ) 
d 0 

-TT 
SO, 

Wn(r,t, - 23 e~i { t/h -(-n)’W, (x) w (r) 
m ' 

(51) 

where x=-2 jit/h. Eq.(51) gives for the probability of the 

electron or the hole represented by the Wannier function, to 

be found at site m, at time t, 

V*’ =|J(m-n)(-2f 

t/h>F (52) 

Po(t)4rc(x)|2 ' pl(t)=lJl(x)|2 are sketched in Fig. (m-1) t 
we can see that after t — fi/l(S!, the particle is almost 

certainly on a different site from which it was initially 

produced. 

The root mean squarevelocity of spreading can be estimated 

as following, 

v 
rms 

= ^(m-n) 
2y/2 

a/t 
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Use the recurrence formula for the Bessel functions, 

xjn+l(x) = 2nJ
n
(x) " xjn-l(x) 

and 

(54) 

we obtain, 
+oo 
j P 

p=-i» 
jp(x) 

1 2 
7 x r 

+oo 
1 + 2ZJ J 

p=—o° 
rn- 2

(x) Jp_.,(x) 1 
Then, using the expansion formula for the products of the 

Bessel functions, 

(_l)k (f)^+/J+2k [>+^2k+l) 

J (x) J^(x) = 

so, 

k=0 p^+^k+uP^+k+lJ^+k+l) 

2 - (-D
i!(f)2p+2kr(2^2k+i, 

/* 

p( ^ k=o nzp+k+DjniH-k+i) | 

c* 

P+1 (-) 
j
D_i(

x) = 23 
p k=0 

(-l)k(f)2p+2k f(2p+2k+l) 

0 r(2P+k+i)|r(p+b+i)|
2 

Thus we may use the approximate relation J J £s=s j 
P+ X P J- • p 

with this, we obtain 

:2|jla/4i v 
rms (55) 

it is a constant of motion. 



Fig. III-l Probability of finding the spreading Wannier wave 

at the initial and the next neighboring sites . 

^
"
2
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IV-3 Migration of Holes in the Conjugated Biopolymers 

The hole made at some localized region r = r^ by removing 

an electron from the HFB, is described by the Wannier function 

(hf) , nN (hf) . . ... 4--n' = W (r), with W' (r,t=0) 
n n 

W 
(hf) 

n 
(r) = N 1/2 e lkrn ^(hf)(r) 

where (r) is the Bloch function for an electron at the 
.KL 

HFB, and we have already its properties and the eigenenergy 

for the conjugated biopolymeric systems in Chapter II. From 

the behaviors of W (r) and W (r,t) discussed in the last two 
n n 

sections, we find that the hole wave packet will be localized 

at the initial place which we assume to be the zero-th lattice 

site, i.e. let n = 0. The hole is expected to be spreading out. 

The probability of finding it at the p-site or at a distance 

(pa) away from the initial place, is D (t) =|J (x)2 , where 
«*“P l p 

x -- 2l^|t/h . 

The localization is still good, after an infinitismal time 

have passed, as from the fact that Lim Jn(x) = £ . . As time 
x=o p Up»0 

goes on, J (x)' 
x1 

2P(P)! 
for very small x. The spreading will 

become sagnificant only after some time interval at 

which it is almost certainly migrating to the other sites. 

The probability curve (t) = IJ (x)| vs x should exhibite 

a smooth patten with small slopes 2J J' and small curvatures 
P P 

2jj^| + 2J^_J^ . These are the results of the properties of 

the Bessel function and its derivatives that J (x) ^1 , and 
P 

J' (x) <1, J"(x)<l. 
P p 

The root mean square velocity of spreading of the hole 

wave packet is approximately equal to the maximum group velocity 
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of the Bloch wave in stationary state, v »ss*(v = 2 Ba/h. 
rms g max. v 

The migration of the hole in a specific conjugated polymer 

will depend on the properties of this “TT-electronic system. 

Uing the results of the band calculation for the polynucleotide 

chains and the H-bonded multipeptide chain, which we referred 

to in Chapt.II, we obtain the following estimates, 

Tr^itfsec) 
x 21P1 1 . 

~fi sec 

cm 
V ( ) rms sec 

Multipeptide 
chain 

-15 
5.28x10 

1 4 
2.68xlOJ 1.27xl07 

Poly(A), Poly(G) 
chains 

6.30xl0"15 
14 

2.24x10 7.35xl06 

Poly(C), PolyXT) 
chains 

7.02xl0~15 2.02xl014 

 i 

6.6lxl06 

As the time goes on the hole continues to propagate in the 

fashion described above. For x = 2|p|t/h ^ p , we obtain. 

J (x)~ 1//2 cos ( x - 'rr/4 - pV2 ) 

which gives 

p 
•*-p ypc 

(56) 

for the probability for finding the hole at the p-site ( p<£x ) 

where we have averaged over the cosine-square term. For given 

x , (56) is roughly correct out to p £7Tx , beyond which p 
X n ^ 

falls rapidly to zero like ( — r • 
P 
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V Discussion and Conclusion 

We have inverstigated hole migration in a conjugated 

chain which serves as a simplified model for a biomolecule. 

The treatment can be applied equally well to the case of an 

excess electron created in an empty band. 

The phonon is neglected because we have treated the ions 

as fixed in position. The electron-phonon interaction will, 

of course, be very important in understanding the problem of 

radiation damage, and the mechanism of electron-hole trapping. 

We have also not considered in this work the polarization 

effects which, whether or not as Little suggests may lead to 

superconductivity, will certainly play an important role in 

determining the intramolecular charge transfer processes. 

The system chosen for discussion has been limited to the 

Tf -electron system. For the multipeptide chain dau the paly - 

nucleotide chains, the neglection of the tf-electron contribution 

is reasonable because the overlapping of ^-electrons in 

neighboring monomers is very small. The hole made by ionizing 

an electron in <tf-bond or inner shell will probably be localized 

or propagates through tunneling or phonon-assisted hopping 

process, usually, the tf-TTtransition will occur and the hole 

in Tr-band can then migrate faster in the way we studied. The 

'TT-electrons are account for the electric conduction, however, 

for the cases such as ours one in which the charge carrier is 

created through some extrinsic ways, the contribution to the 

charge migration by the tf-electrons may be important, 

particularly for the satuated molecular chains. For example, 

the band calculation for the ideal polyethylene chain,(CE^)^ 

which is considered as an insulator, gives a surprising result 

for the band width with which the effective mass of the hole 
54 

in the HFB is estimated to be between 0.38 m to 0.48 m , e e 
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where ra^ is the free electron mass. So, we have neglected the 

the satuated carbon-bonded polypeptide chain for the case of 

protein, and the sugar-phosphate chain for the case of the DNA, 

both of them may play an important role in hole migration if 

they have sufficiently large band broadening. Under this 

situation, the motion of holes as well as electrons in the 

realistic biomolecules will no longer be one-dimensional. 

However, the informations about these are not available, and 

the applicability of the band theory in the satuated polymers 

is still questionable. 

For the proteins, we have also neglected the side chains 

most of which are satuated amino acid residues. They may be 

important for true system: they may act as donors and or 

acceptors for creating excess charges in the polyconjugated 

chain, or equally well, they may act as traps for the migrating 

charges. The polarization effect of side chains on the motion 

of charges is also expected to be important as we mentioned 

above. 

We have treated only the systems with periodic structure, 

this is true for the mutipeptide chain, but it is not true for 

the case of the DNA. Any aperiodicity will cause tailing of 

the band structure such that electrons having energies in the 

range of localized tail are not able to migrate and thus the 

hole made by ionizing one of them will probably be localized. 

Our treatment will not be good for this situation. 

In conclusion, we have taken only the first step towards 

an understanding of the charge transfer processes in biological 

macromolecules. The problem is a fundamental one for biology, 

and deserves and will receive intense efforts on the part of 

physicist in the immediate future. 
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Appendix. The Hamiltonian Matrix Elements in Wannier Basis 

Within a given band, we have, from (42) and (43), 

HW = 2 [ ^ S elk(rn"rm) €(k) ] W 
ill iv ii 

(A-l) 

where, 

£(k) = Z 
N 7q f pq 

ik(r -r ) 
e p q 

" * +5 i ZZ,
r(S 

N p,q |pq 

;ik(rp-rq) (A-2) 

with H| in the AO basis . Now for the case of 

the n.n.i. approximation, we have the one electron energy in 

the Bloch wave function basis , 

£(k) = o( + 2 ^cos(ka) (A-3) 

The matrix elements ^W.|H|W^ and H | are calculated 

for both with and without the n.n.i. approximation. Using the 
ix 

orthonormality of W (r)'s and cos(x) = Re[e ] ,or, 
m 

£cos[k(rn-rm) = £elk(rn“ril) = N SJi, 
m 

(A-4) 

Ssin[k(rn-rm) = 0 

we find that 

and that 

VW.IHIW >= 1 2Heik<rj"rm) €(k) 
s 3‘ ‘ m' N k 

<w |H2|W^= C H|W >]
+
 [ H|wm>] 

(A-5) 

= Hj -2 e
l[k(rj rn)+K'(rn' rm) 1 £+(k)£(k) (w |w \ 

n, n' k,k' BT nl n ^ 

= i K eik(rj"rni) 
N k 

€(k) (A-6) 
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where the summation over k is as usual: q^=-N/2....N/2, 

also r =ma 
m 

(i) With the n.n.i. approximation. Using (A-4) and the relation 

cos(A)cos(B) = %[cos(A+B)+cos(A-B) ] , we obtain from (A-5) that 

<W.| H|Wm'>= e
lk^rj“rm^ [ef + 2 ^cos (ka) ] 

= oils ZH [cos(kr.-kr ) cos (ka)+isin (kr .-kr )cos(ka)l 
Uj,m N k 3 m 3 m 

■“Sa.-* (A-7) 

Similarly, from(A-6), 

<Wj!n21”m>= ^ ^ (rj_rm> [*“ + 4*£coB(ka) +4B2
cos2(] (ka)] 

= I + II + III 

with 
2 ,, . , ~ ik (r ,-r ) 

1 = of (1/N) e urn 
k 3,m 

11 - 4-?t I ? ■ 21S). m±i 
III = 4 ^(l/N) ZJ e^^rj rm^ cos^tka) 

= 2 ^(1/N) Zje^^j"^ [1 + cos (2ka) ] 

■2f X,.-+y?a. i, m± 2 
so, 

<W3lH2lWm>= <*2+2f > Sj.m 
+2,lf + f <A-8> 

(ii) For the more general case in which the complete dispersion 

relation for the one electron energy (A—2) is used, we obtain, 

from (A-5) that . 
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/w.|H|w\=i2I elk^rj [<*+! N il l m' w ~-4 w in' N N /pq P,q ( 
e
ik(rp-rq) ] 

(A-9) 

+ N H ^p-q, j-m 
p»q \ 

for very large value of N and for given finite value of j-m, 

A.IHIWS =otr. + ?. (l-f ‘ ) (A-91 ) 
^ Dl \ m/ \3m Uj,m 

If we write = ^mm = ^0 
= then the general form is, 

/ W. \ H | V7 > = ft . 
> ]l I m' Xjm (A-10) 

Using (A-6) and (A-2), we find that, 

1 

k ^ pq»p'q 

= I + II + III 

k t pq,p'q' 

ti -i. r !  .. \ t.. 
3 b Un_in)~ \^t 
P ' q1 (pq 

- i - r f — — i r ... > 
»~^L vxp •Lq' '•Lp ■Lq|/ 

I - i £e ik(rj'rm> J2 =of2^ N k 

H
 
H
 II 

J
-
 

S e
ik(rj- -

rm) 2Z' 'aik‘Vrq> 
N k pq 

2 

■N 
[N- (j-m)] ?■ [ i - 

jm L 
^j,m! 

fpq 

in = 
1 57 e

ik[ (rj-rm) + (rp"rq)-(rp-rq)] R* ft 
3 Z_4 t~-L I pq* Ppq 

N pq pq k - 1 

V L’l 5 V- 
pq \Pq pq* r4 Qj-m, 

m w 3 #m 

(p-q)-(p-q) 

= in "U-i i u3 #m 
+ III 
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From the fact that P.-L , and r-$- as only the 

n is concerned, there are (N-l) different values of them 
rpq 
each of which appears 2(N-n) times in the summation P 

vr i PQ lpq 
, t r> N—1 Q 1 

of the expression III, so 2-J (2 = 2 (N-n) p 
pq [Pq n=l 1 n 

For III , with j-m=0 : we have p'-q' = p-q, for a given 

n=p-q there are (N-n) ways to choose the (p',q!) pairs such 

that p' -q' = n ( > 0 ) . Then, 

1 N-l (N-l)2 o 2 
III = i—’ 2 w 

^1 N2 f-’ S, m 
And, for III" with j-m^O , we have p'-q1 = n-(j-m), then, 

fn ^n', n-j 
Hi" = 2 (N-n) (N-n+j-m) 

n=l 

so, 

/w. |H2IW 
Sy=d2(k +2dd 

\ 3 I I m/ 
Q j ,m b 

N-(j-m) 

D,m N 

, (S-n) (N-n+j-m) 
+ — 7 “ 

N~ 

[i- §■. i 

■ j+m 

'j,m n=l I N 

fn?n’ ^n' , n-j+m|j (A-ll) 

Of course, the interaction is limited in range, the summa¬ 

tion of the third term in (A-ll) should not go as fae as N-l 

terms. Usually, only first few terms will be meaningful.- 

It is easy to see that (A-10) and (A-ll) reduce to (A-7) 

and (A-9) respectively. 
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