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(iidi)
Abstract.,
The resonance energy transfer of electronic excitation
between pr ﬁéékly coupled moleculé; ig discussed. The energy

transfer mechanism between an isolated ground state acceptor

and an excited sensitizer is studied in the dipole-~dipole

approximation , and the limitations of this model noted .

Using the singlie acceptor-sensitizer pair interaction the

behaviour of a whole system of transferring species is investigated.
A new cell-model is proposed for the statistical treatment of

the transfer in solution , and the results of a computer

simulation of a random solution presented . The effect of
diffusion on the transfer rate is also theoretically investigated;
The time-dependent luminescence of a randomly distributed

collection of sensitizer and accepbtor molecules is discussed
using a Green's function method when the exciting light is an
arbitrary function of time . This theory is applied to the
interpretation of phase-~fluorimetry results.

Theoretical expressions describing the effect of light
attenuation in fluorescing solutions are given , and a model
for secondary fluorescence and the trivial effect is proposed
and tested against experimental results . An account of an
apparatus for the observation and measurement of resonance energy
transfer is given , and the results of an experimental
investigation presented.

The treatment of molecular I -electrons in the semi-



(iv).

empirical self-consistent field (SCF) approximation is discussed.
A derivation éf the Hartree-Fock SCF equations for both closed-
shell ground states and half open-shell states is given. The
nature and validity of the semi-empirical SCF approximation and
the TT - (Y electron separability is considered. The Pople-Pariser-
Parr approach is followed throughout .

The calculation of spectral properties from the
“TT -electron SCF wave functions of molecules is discussed, and
the spin properties of the open-shell methods considered.

The application of a spin projection operator in the form of a
single annihilator to obtain spin eigen states is also described.

A semi-empirical self-consistent treatment of the
TY ~electrons in polymeric systems with simple translational
symmetry is presented , using the crystal orbital Bloch approx-
~-imation .

FORTRAN IV computer programs of the SCF molecular
and polymer treatments are included , with a description of their
particular usage .Results obtained with these programs are
finally presented. Theoretical predictions of T -electron
properties in molecules and polymers are compared with
experimental results. The band widths of helical analogues of

DNA were calculated in the delocalized ~TU -electron model.
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CHAPTER 1.

RESONANCE ENERGY TRANSFER AND RELATED PHENOMENA.

(I) Introduction.

The first observation of resonance energy transfer was
made by Cario and Franck in 1922, (I). They studied the
emission spectrum of a mixture of Mercury and Thallium vapour
excited by a Mercury-resonance light source, ahd found it
contained Thallium lines as well as the anticipated Mercury
components, Since Thallium did not absorb any of the exciting
light used, they concuded that the Thallium was indirectly
excited by the Mercury atoms. This non-radiative transfer
could not be attributed to trivial reabsorption, or collisional
effects,and indicated a long-range transfer of excitation
across space between the isolated atoms, with Mercury as the
"donor" or "sensitizer" and Thallium as the '"acceptor".

The mechanism for this transfer was first discussed by
J. Perrin,(2), using a classical coupled-oscillator model.
This theory was expressed in quantum mechanical terms by
F. Perrin,(3), and Xallmann and London,(4).These treatments
culminated in Th. F8rster's discussion of resonance transfer
between vibrationally relaxed sensitizer and acceptor molecules
in solution, (5),(6).

In the extensive theoretical discussion.which follows

we shall consider the evaluation of the transfer rate using



time-dependent perturbation theory and the dipole-~dipole
approximation. The theory will be applied to bulk systems

of acceptors and sensitizers. The time-dependence

is explicitally considered, and a new model for the transfer

is proposed. ¥Finally we consider some of the experimental
problems involwed in the study of the phenomena, and illustrate

these with an experimental investigation.
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(2) Time-dependent Perturbation Theory.

(a) Introduction.

A quantun mechanical treatment of resonaﬁce energy
transfer involves the use of time-dependent perturbation
theory to evaluate the rate of inter-state transition under an
applied perturbation.

In the following conventional develcpment of time-
dependent perturbation theory,(7);(8), we shall assume the part
of the Hamiltonian * which varies with time is small in
comparison to the time-independent part, f+° . Thus we can
write our total Hamiltonian as,

Wty = H, + HE© (1-1)
Additiconally we presume knowledge.of the orthonormal eigen-
funetions of the unperturbed time-independent Hamiltonian, f*o ’

Ho ¢n = g." ¢n (1-2)
For the perturbation problem, as f{ is now a function of

time, we must use the time-dependent Schrddinger equation,

cR Y = Huy
t ! (1'3)
ot
Where q%z&g represents the total wave function of the system,

and may be expanded in the stationary eigenfunctions of F{D s

except now the time-dependence of{é&% must be included,
n

_g,c€
Y =S a @ < F‘“;\f‘ (1-4)

by
* See the section on Wave Mechanics, Chapter 2., for a

fuller discussion of the concepts used here.
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The expansion coefficients depend on time, representing the
evolution of the new state from the state at € =0 »(9),

and the sum over M includes all the discrete set of
eigenfunctions of F{o together with a continuum for
completeness. Substituting ?%}) into the perturbed Schr8dinger

equation we find,

SRR S e <

" E t
- n t
~Zq L He +H]g5 (1-5)
Multiplication by ;éiﬁ' y followed by integration gives,
: — = Eﬂ\ 6
z)@ _B__S‘K QE((Ct an ¢ ¢*H¢d,t
at

I-6
Writing the integral on the left as, ( )

% 7 _ oy
fgéK H'@ dy = Hi, -

/
where f4ky\is refered to as a matrix element of the
perturbation and if we also use an angular frequency defined
by ,

C‘()kn = gK - gn (I-B)

then we have,

(1-9)
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To find C[kyt) , we express these expansion

coefficients as power series in :\. ’

p
o) AT () e
Oy = O-K(m": XULKU,-';A k (1-10)

as :R Fi , we find,

d3a,0 £ X dauh + AT o@D + .. ..
ot ot ot

I AT [a_ (0) +\ 0,0 +X o )+
S,L:&Z_‘ KT

<,wt

Je
(1-11)

On equating coefficients, and setting‘Auz 1 we have,

and if we write f{

@_E} K( 0) = o

ot : +
’ € Wi
} ZE o (o) e
ot n
, £ W

Yo = g L Hen™r?

(1-12)

These equations can be integrated in principle to

approximate for any desired order in the perturbation.

(b) First ~ Order Perturbation.

The zero - order coefficients, CLK(O), are

independent of time, as E)Cl,FgC)) , and are hence

ot
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constants, giving the initial conditions of the problem,
specifying the state of the system before the
perturbation is applied. This state may be represented
by all but one of the {QK(Q)} being =mero, thus for

a system initially in state J s represented by ¢

then,

a,K(G} = éJK (1-13)

where ﬂg is the Kronecker Delta, defined by CS =G

JK é N ) JY
with 4 # K .= with =
Hence substituting for Cﬁ<(0) in our expression
for O._ (1) .
K P
A th‘t

9l ~ -'—T Hien th?’
2t ke

- ! }{K :
= (1-14)
) J
and , t - ij T
: L3 ‘e
Q«K( ‘) HKJ (I—IB)

o
We have assumed the perturbation is "switched on",at
1: =0 and"turned off" at time 15 s then evaluating

the integral at these limits we find,
| Lo Twt
o = e e T T 1]

w ,9'

In this first - order theory we represent the probability

(1-16)
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that after time t , under the influence of the

perturbation_H , & transition from ¢ .‘7¢Kwil}‘
have been induced by fCL KU) ! - ,_j,‘:w N «-iw‘t
| (e -1

‘ s Rle Tk -
o= [awra, il [HgULE

or, expressing the right hand side in terms of a real # K (1-17)

function,
c el P ot
| (1)!1: Lf-}ij!l e b l;_'.]
. K %'L z
OOKJ

The predomineqnce of the transitions with (TS

2.
can be seen from evaluating S—f/r\ (wKJ-t) as a
function of €., - 2

ﬁi/ 3

(1-18)

~ Q

k)

>

\.V“:.w-t
s ()

/\/\ WA ‘\/.\/\

—Ln‘r/t —2;r/t 27y WYt

Hence we find the probability for a transition between



two sharp states l< and J , represented by the ordinate
depends on tz . This implies that the transition probability
increases quadratically with time, which is not observed
physically or expected intuitively. This ambiguity is removed
by giving the final state K a finite width , with a density
of states, 6(&:‘() . The requirement of a finite width of K
is easily fulfilled in real systems as ¢(< is not exactly
stationary. Under the influence of unspecified interactions
other than the perturbation, H g sy 1t will be split. We
shall assume K agquires the nature of a continuous
distibution centred at &_)K , with gfk)d EK representing
the number of K -states with energy between EK and EK+ CJEK,
Additionally we shall take e(ﬁk) to be only a weak function
of EK . Then the trans'iti‘on probability per unit time

for the transition J to K is given by,
+ 0o

fo = [ow] el d & (3-19)

p _ 00
Then,since HK-.C(EK} varies little over the important

range, gk » s

J
;L
P = %"—’7 @) -[Higj| (1-20)

It will be noticed that the conservation of energy principle
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for the transition v}-% K is automatically fulfilled, and
does not have to be inserted as a special requirement.
The principle is however suitably modified by the uncertainty
relation of Heisenberg, which gives an energy width of A~ 2% .
We have neglected transients from the “"switching on" of the
perturbation, and have obtained a probability which is constant
per unit time, unlike the 'sharp states" transition which
incregsed with time.

Let us now consider transitions between two

o o
Lorentzian distributions, centred on «J; and (AJK .

J
representing the initial state | , and the final state K .
The broadening of these corresponds to the coupling of the

states with their environments.

AW N W S
)
AL
,/"”)a -
> Wi
O
6y e — —
J

We then find the total transfer probability per unit time,
which according to our first-order perturbation treatment

is given by equation (I-20),



I

/ s and
’ J {A)
also assuming that /#{kj ( is not a strong function of k:

and &).

d/ ’

f-cxﬁ
;L
o [ de dwy
HU (FJ/ ﬂgﬁb(&ﬁﬂwwrﬂﬂqmwﬂﬁ)

(1-22)

Further, on assuming, /I - = s

Without any further qualifications /DLQ may now be

evaluated by Riemann integration, (8),

po = Myl 4T
Rl w7

This result can also be obtained by a simpler route —

(1-23)

if we insert the conservation of energy principle, by

using the Dirac delta function, é;(bdk"“%)) . This function

has the property,

[F o) 8 ) o = ()

(I-24)
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+ 2
(DY) 2r [ Sz dudey
’ B -+ XCeg-193+r)

-

Hence,

Py =

+OO

z- -
2 1 [H(-)l A,
- ‘g?: KJ (L‘)U-—w-)—‘.}-\_‘l) wo-u)- 'L+r\1
7 R ( kK J (( J J) )
-— O
(I-25)
This a much easier Riemann integral, and gives the same
result as before, equation (I-23).
° o
The case of &)K = 0%; , can be solved, using

the conservation of energy principle, without recourse to

complex integration, giving,

+ Co
{
P = 27 [Mil*(__du o gl
TR*> (Coe-WH+I)* R
- oo (1-26)

It should be realised that these derivations of the transfer
probability per unit time ignore initial transient effects
from the "switching on" of the perturbation. This is shown
by the more rigorous evaluation of the probability, which

involves the determination of,
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+ o

P(!) #_J f"/,, de | f—'/T‘dLOK ,aK(t)‘)z
) (- T (o0 1)

| Hxj Il(eéwki-t- NET )
R C")'Zj (1-27)

Using Riemann integration it is found, (8), with the

(.&K(t)ll-::

/
assumption that i}4kj l is not dependent on C*)K‘ and LN{I,

O lH;J- ’1{(! i)t
T (w

KO"' "‘:’jo""z Cr’)z

((L,_;,;’_ wj°+2 L P)t)

_f_ (J‘_' € —+4 Lf (’1
(- w; + 2:7) (2= +477)

(1-28)

The first terms in the curly brackets are the transient
terms, decaying rapidly with time, and leaving a constant
probability per unit time represented by the last term.
This will be recognised as the expression derived in the

simpler procegdure given earlier.
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(c)Second - Order Perturbation.

In this section we are concerned with the magnitude
of O\F (1> , the second non - zero term in the
expansion for CLK (t) given in equation (I-IO0).
For the transition J-A,. K , we have O\K(o) =0,
and Clr<(l) ig determined as described in the last section.
The term QK(Z) represents the contribution of second =
order processes t0 the J—% K  transition. Using the
recurrence relations for AQK(SA-I) with the result for CLKQ)

N~
we obtain from equations (I-I2) and (I - I6),

’ - i (,.(A) t
2 _ ( / ) bw,\ o kn
B..EK()* f‘zz Hen Hh}({ J"l)e
Ot (R :
" L (1-29)
If we have only one state n, with n = F for which H Kn
and HY!J are non - zero, on integration we find,
HI H/ [U)K‘t ethat)
. 2 ) —
G (Zf\‘: Tl_l ke gy (
K (ﬁg
o) eJ
(1-30)

This corresponds to the transition "/-9 K passing through
an intermediate state, '€ » coupled to both the initial

and final states. Thus it is a three - state interaction effect
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which we are considering in the evaluation of these second-
order coefficients.
Representing each of the states, J > 48 =K,

as a Lorentzian distrlbution, we require the integral,

e = -’J G/ 4o : N[ dwx
) ((wP-wY + T (W90 +T%)

*&
’/é/Tr o\uoe“” .ouKLz‘) C\K(Z)

((w&-wey + T5°)

(1-31)

This has been evaluated explicitly for the case where,
o

. °—- o,.. :
r;:/;-':{—é‘: [__,, and , U-)k*“‘?j -—we_ y using

Riemannian integration, (8)

/ 7 A
P = Hee - Hoj |
3@“’/_‘3 (1-32)

This discussion of the second-order process is included so

that we have an insight into what conditions militate for the
breakdown of the simpler first-order perturbation transfer

route. This will be discussed later.
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(d) The Perturbation Matrix Element, (HJK [ .

As we have established from the discussion of
first-order perturbation theory, it is possible for a transition
from the state ‘j of a system to the state K o occur,
so long as J and K both have the same energy, and are
coupled via the perturbation matrix element, lk4j; ( .

Now we shall specifically concern ourselves with the case

of resonance energy transfer between two species. Let S; denote
the sensitizer and H the acceptor, The initial state of

the systenm \) corresponds to an excited sensitizer in the
neighbourhood of an acceptor, which is in the ground state.

This situation can be represented by the simple wave function,
‘quklﬂl . The final state, with the transfer to the acceptor
having occurred can be written as, fyb 1%% . Competing

radiative effects and non-radiative transitions are ignored

for simplicity.

Then the matrix element required is;
S LR AN
g A LS A
The perturbation coupling the two states, without which an
energy transfer is impossible, arises from the electronic

interactions of the molecules. Normally we consider only the

coupling of the excited valence electron on the

+ ©Note here antisymmetrization is ignored.
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sensitizer with the corresponding ground state electron on
the acceptor, but initially we must at least acknowledge
the presence of all the others. Neglecting retardation and

magnetic effects,(8), we represent our matrix element as,(I0),(I2),

[Hea! = <VJ5%7L;‘H, YY)

- j/cy,%&?ﬁ,o LEZ: ;E: —Aéll _ rggcjjegﬁki”fsciijﬂ
Jpo R o (R Te)

m, S n

(1-33)

‘The sums involve all the electrons effected in the transition,
rnm refering to sensitizer electrons, and M to

acceptor electrons. The integrals are over the coordinates of

both electronic distributions. If the element is expanded in

a Taylor Series, and we retain only the dipole-dipole term,(IG),

(11),(12),

3.3 2,-R)(dn- B)
— . ds - :
[Hial = & ( e — 3D

| (1-34)
S 2 SELN
where; IQz XS— XF\ , the distance vector between the
T
centres of the sensitizer and the acceptor, and & = M y 1is

the dielectric of the medium.
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—:\ ef’\’@*z(?@s’ %) \PS OLYS'»
S

m

H

Qo
>
]

3 ST L X)) A

e[ Vo 2, (Tra=Xa) 7Y, d%

n
(1-35)
These are the transition dipoles between the ground and excited
states for both the sensitizers and acceptorse.
This "dipole - interaction" model is only an

approximation, we usually consider only a single electron
on both the sensitizer and the acceptor as being involved,
and have totally neglected electron exchange. Also in the
Taylor expansion we have ignored higher order interactions,
such as dipole - quadrupole, and guadrupole - quadrupole (I0).
This is reasonable so long as this dipole - dipole term is
non - vanishing. If it were not, higher order interaction
would have to be used.

In the evaluation of the transfer probability we

. H /

require the square of l SA / y and from equation

(1 - 34), we obtain,

Hoal = 2=
= s
/ sl n* RO T R®
(1-36)
which immediately brings us to the familiar inverse - sixth

power variation of the probability of resonance - energy transfer.
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Clearlyhoweverwé have ignefid the specif{giangular properties
of the transition dipole C)‘S and éﬁ in l H;H‘
and only one pair of sensitizers and acceptors have been
considered.,

We shall particularly concern ourselves with the
application of the principles discussed to the sensitizer -
acceptor transfer for species with large band - widths in the
next section; then it will be possible to proceed to the
statistical problem of macro - ensembles of interacting
molecules.

(%) Resonance - Transfer via Dipole - Dipole Coupling.

Now we shall consider the specific problem of energy
transfer between two vibrationally relaxed species, (I4}, (I%),
(I0), (5), both with broad undefined energy levels. The two

coupled transitions which give rise to the transfer are shown, -—---

W
w
o Pa(wg) (N

*
A
\\\\\MX

S C\“’s

A

/ //\
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’
We have used Pg/[u)_s-) and @, (O\JA) to represent the
vibrational energy - state distributions for the excited
state of the sensitizer and the ground - state acceptor

respectively. These distributions are normalized to unity,

f@/("ds’) dw = | ::feq (Wa) dwop
(1-37)

It will be noted that we do not commit ourselves 10 any
particular form of distribution - the Lorentzian distribution
which was used to illustrate the first and second - order
perturbation results, generally does not well represent the
experimental spectra of molecules in solution. The wavefunctions

applicable to the individual molecules in their initial states

are normalised,

f’\//s, (W) 'ﬁé*(ws> d

il

f\/",(‘*’x\) ~’Y’ﬂ*(oﬂn) dva = |
(1-38)

The final states , AY; (&&k) and nYZ’(C*JF() are not

unique as are the starting states, the excited sensitizer

may return to a band of states, and similarly the acceptor may
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be excited to anywhere within a band of states, A OJ) .

Hence we normalize these states as for a continuun,

W +aw

citﬂg.[(sb(l*?) A%’ (w) d% = |

uo+AbO
L cmﬁ i) Y, iy 4y - |

e (I-39)

The integrations over OI. A(/s and dﬂrA' involve all the
electron coordinates of the appropriate molecules.

Antisymmetrizing the initial and final states,

denoted by i&?jf and fY;/T respectively,
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N _
Here r, and F; are the valence electron.

coordinates =~ here we have taken the simplest two electron
model for the transition, (I0).It will be seen overlap terms

of the type,

R owd KR N AGEY ddty

y /

¥
¥ =) Y,

have been ignored. It is reasonable to expect them to be
small, especially within the dipole - dipole approximation,
Q
which is only valid for /& > S A . If they were
SA T

non - zero the '/CJZJ expansion coefficients in the
antisymmetrization proceddure would be affected. We write
the dimensionless matrix - element between the initial and

final states as,

Thus the transfer probability, in the first - order

perturbation approximation can be written
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as,

P, = foo\wﬁlgduas dw 4 Cawn) ..
SA T R

duosr P(“S) < UA H/ws WA>)

(1-41)
We have assumed the transition may only occur between two
non ~ degenefate states. In order to integrate for Egl ,
we invoke the Frank - Condon Principle, that is we assume,
(UJS f— S) "-"(‘*-)A” L-«.)A) . This is an approximation
which is analogous to the conservation of energy principle
discussed in the section on first - order perturbations. Now,
however, we have to take into account the fact that the two
molecules are coupled to non - specified other gystens,
which give them such broad energy bands. The Frank - Condon
principle also allows us to assume the jump f?giz - ’Tgﬁr
is much faster than any other external process, and as an
isolated mechanism must conserve energy.

Hence in the expression for ‘:g?d we can use the
Dirac Delta function, 6((035’- Ws) - (wA/'" CJA))
Integrating over C\)S- , using the properties of the

Delta function, (see equation (I -24) ),
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and with [~ —;—_ws—-ws:.—. Wa’' — Wa ,
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(1-42)

The perturbation matrix element is obtained using the
conventional dipole - dipole approximation, considering

only the single electrons on the acceptor and sensitizer
explicitly involved in the transition. Unfortunately this term

has an angular dependence, given by,
P
2. .
: : —2ch O . cn b
jgr = (@chq E%; Sen é%‘ o) 7£A 7;2 Cy H,)

(1-43)

arising from the coupling of the two transition dipoles,

da
a R
SN

Thus the transfer rate is dependent on the orientation of the

two dipole vectors. If we assume our sensitizer and acceptor
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are rotating at a speed much greater than (‘ / Q{H~) ,
then this angular dependence may be averaged out. To find the
2
mean value of this angular term, ('3%; ) , we have to
™

Qo

2
integrate over all 85 ) 8#} and ¢F\ s, With §

weighted by a suitable probability function,

PO, .6, %) = g’Z sin O 54n 6, 48 d6, 7,

(1-44)
where fD represents the probability that the dipoles

are orientated with angles 69 ; 69A ?%q . Hence we require,
S J
T T R

mea.m.
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This gives, (6), (1-45)

2
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Hence we can write,
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(I-46)
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It is found that performing the averaging at this step,
for only two molecules, yields an identical result to
averaging at a later stage in the development of the

statistical model, (I4). Thus we finally obtain,
oo oo 2

P, = 4T AE cmj,(j,(ws').\c&s(wj’)u{;/—E)j...

—
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Wy =0 (1-47)

This is the full theoretical expression for F?SIA ’
and from it we might consider it would be simple to insert
the various quantities to calculate S,H in any given
circumstances. Unfortunately the distributions f? / and /9 ’

. _ 3 A

—

and the moments cis and ci(; , are usually
unavailable -—or of low accuracy. The solution to this problem
is, as shown by Férster (5), (I0), to relate the triple
integral directly to the extinction coefficients of the

states, ‘which are easily obtained experimentally. We shall

follow this development and first we consider the

coefficient for spontaneous emission of an excited species,

this is the Einstein coefficient A s (I5),
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A is the mean value of the Einstein coefficient over
the whole of the emission band; G0 is measured in units of
energy. This integral represents the fluorescence spectrum
of the sensitizing molecule, whilst the second integral in
SIR , Over C“)A corresponds to the absorption
spectrum of the acceptor. This absorption is related to the

mean value of the Einstein absorption coefficient,

B(wa,watE) = AT | dw, C.(Da)..
3R AT

BN
PR \da (UJA)(*);Q"'E) \1

(1-49)

This coefficient is also related to the decadic extinction

coefficient, e y of the absorbing species,
’é(wﬁ )WATE) = < Qv‘(/o)- E(ED
nN"E

(1-50)
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/ : 2
Where PJ is the number of molecules per millimole, 6'02x"0

While it is experimentally quite simple to find

pensrty

E? from a measurement of E:('E:) y, the correspondipg
measurement of ;i for the emission spectrum is not
so easy, and it is better to try and relate this to the
absorption spectrum. This is possible if we assume the
vibrational structure of the sensitizer is approximately
the same inzboth the ground and the excited states,
N
d, (W, wrE) = A (Wg=E 7))

HCORENHCS
(1-51)

Then if in addition we use this "mirror symmetry", (I16), (I7),
to relate the energies to the plane of symmetry, E?;

between the absorption and fluorescenée bands.

2E-E ' E

x|

Using the relations derived for 'A and
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AGE) “chfif—)g- B(28.-5)

2\3 Cg ™" (1-52)
Then,
AE) = nS(ZEo“’E)?T Ln(10) E(2E,-E)
L3 1 2N (1-53)

From these relations (I-5I), (I-53), and (I-47), we can
now derive Fglﬂ in terms of integrals over extinction
coefficients,

o0

3 _7@& Qn(/of#. (£) 2E-£) dE
PSA Lo RE(NY)E T &8 & ( =)

E (2€,-E)
E=o0 (1-54)

With the reasonable approximation, Eoﬁ: l:j E/Eo> O, then,

p, =3 K€ [e,0e) €. (26-8)dE
- n?. RQ(N/)‘L E'o?.

(1-55)
Hence the rate of transfer is obtained as a function of
easily observable parameters, and involves a special type
of "overlap integral" over the absorption bands of the

transfering molecules. This is the same type of integral that
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occurs in the discussion on the trivial effect, however

it must be remembered that here it reﬁresents the possible
coupling between two states —vnot the possibility

of photon emission and reabsorption processes. The usual

working definition of transfer probability is, (5), (6), (9),

, 6
.,0, = 4 (_@2) (1-56)
SA ntk R

where ’t& is the radiative lifetime of the sensitizer in
solution. Thus the radius parameter K?o , often called

the "critical radius", (5), (6), is given by,

4 —

Ko = 3R> J (1-57)

s EZ (V)TNT

where tj- is the overlap integral,

T = (&aro) C.E) E (2e,~8) AE

c-o (1-58)

Most experiments in the field of energy transfer are aimed
towards a determination of /43c y rather than the direct

confirmation of a calculated R o s (19), (18).
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The correlation between calculated A?b and their
'experimental values is not always good, this is due to many
causes - the approximate nature of the statistics used in
solution, the inherent failings of the dipole - dipole
approximation, and finally the value of the integral :I-
is not always very accurately known.

(4)The Break - down of the Dipole - Dipole Approximation,

Here we shall discuss the breakdown of the approximations
used to derive the transfer rate given in the last section.
Apart from various minor assumptions in the derivation of Flm
the major basis of the theory is the use of first -~ order
perturbation, and the retention of only the dipocle- dipole
term in the multipole expansion of the perturbation matrix
element.Considering first the perturbation approximation,
we must recognise the basic differences between the
various orders of perturbation. 1ln first - order perturbation
induced transitions we picture energy transitions between
sensitizers and acceptors as being a series of single jumps,
no intermediate states are involved in the transition
across space between the two molecules. Representing the
initial and final states as Lorentzian distributions, with
the same band - width, and centred at the same point, we
found P(l) = /Héjlz/r-lﬁz . (See
equations (I-20), to (I-28)). The transfer of excitation

through an intermediste state is described by the magnitude
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of the second-order perturbation term. Here we can regard the
sensitizer as passing its energy to the acceptor via a third
molecule, acting as an intermediary in the transition. This
transition is however a concerted one , and the intermediate
has only a transitory existance. The probability for this

transition was found to be, 3
A
Pay = | Hiw Hol BT

Thus the ratio of the squares of the perturbation expansion

coefficients is given by,
f)CZ) -_— / F{/lz-
P 7@2 !—77—

. 7 - - /I
assuming, HKL"’ HZ‘J = H{<j_H sy and for the

/
perturbation series to converge we must require, kf<:?g r1 ,(1I1).

This corresponds to a "weak coupling" model ,(6),(20), where
the perturbation must be small compared with the band-width
of the states, [-1 .When the reverse holds, and f%Z) ~ f)(ﬁ),
then we can no longer consider the excitation as localized
between jumps, it is essentially delocalized, and may transfer
through a number of intermediate states. This is the "strong
coupling" case, and certainly is not appropriately described
by any of the foregoing theory. For this case the exciton
model is used,(2I),(8).

Coupling criteria have been discussed by F8rster,(6),

who proposes three categories, strong, medium, and weak . Our
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"weak coupling" corresponds to that of F8rster's, and he
distinguishes the higher couplings by whether of not
resonance exists between individual vibronic levels in both
molecules. The situation in molecular crystals, such as benzene,
where the transfer has to "wait" for the correct vibration
before transfering, is refered to as a "medium interaction"
case in P8rster's nomen-clature. For this mechanism we regard
the excitation as being only slightly delocaliged, in the
"strong coupling'" limit, delocalization is complete. Here

the interaction is so strong that the vibronic levels of the
two species are in resonance and vibrational guantization
may be neglected. For two "strongly coupled'" molecules

we find an oscillation of excitation between the two centres.
Considering the time dependent functions for the sensitizer
and acceptor, we can write two antisymmetric functions
representing the exciton splitting, (2I),

¥V, = (e - W He)e

(_[é? ~-H')E

—(Es +H)6

. L *) €
iigg_ - X2ﬁ (’qéfﬁlq%a FVD AYJ f%
If the system is in the state ’%* ’VA at time € = O

the time dependent wave function is given by,

P o= & (V)

(1-59)

(1-60)
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Squaring ng? we find,
(B1= (e e () + e Ve s=()

(1-61)

Thus the transfer is a purely oscillatory process between the
sensitizer and acceptor, and the excitation is effectively
delocalized with a rate of '~:Zl4;/TT3g ., It is this delocalized
excitation spreading over the whole system of molecules
involved in an aggregrate which is refered to as an exciton,(22).
In both of these last two cases, the absorption and fluorescence
bands are effected by this strong coupling, although for the
medium coupling the effect may only be slight, the molecules
in an aggregate retaining their individuwality. With strong
coupling the bands are very distorted, and we must consider
states of the gystem rather than the individunal molecular
excited states.

Hence our "resonance transfer" theory applies
only to weakly coupled systems, with essentially localized
excitation. These conditions are however likely to break down
at high concentrations of acceptors and sensitizers, when the
interaction term, f+ ’ s becomes large, with the increased
likelyhood of close proximity,(~5 E ), of acceptors and sensitizers.

We assumed the interaction between the two molecules
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is purely Coulombic in form, representing the inter%ftion
e

L 4
of the electrons on each molecule as, 2{; 2 R =D s

(see equation (I-33) ) . This neglects all magnetic, exchange
and retardation effects,(8), the exchange omission seems
reasonable at large separations. The other omissions may however
be more important. The Breit Interaction , which has been
discussed elsewhere,(S), helps remove some of these critisisms,
and a residual term in I./R appears in the multipole
expansion, so the use of a better interaction term may be
very important. Also in the multipole expansion of the interaction
we only retain the dipole-dipole terms, this approximation is
reasonable, except of course for non-polar states where
dipole-gquadrupole terms are vital. All these expansions are
based on the 'single electron" model, but as we see from the
SCF descriptions of molecules, the representation of the
excited states of molecules by single electron transitions is
inadequate. We should really concern ourselves with the total
state wave functions, dependent on all the molecular electrons.
Finally we should note that with the simple
dipole~dipole expression transitions are only possible between
singlet states, and zero rate igs predicted for singlet-triplet
transfer,(23),(24), when the intermolecular overlap integrals
vanish. However, if the Breit Interaction is used in place of
the Coulomb interaction, the theory predicts that resonance

transfer of “triplet excitation energy can compete
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effectively with spontaineous photon emission over distances

as large as 30 A ,(8).

(5) Resonance Transfer in Solutions.

(a) Introduction.

After discussing the preliminary theory, aimed
at deriving the transfer rate between an isolated acceptor-
gensitizer pair, let us now consider the problem of an assembly
of such sensitizers and acceptors. Our specific concern is
solutions, and we assume our approximation concerning the
mutual orientation of the species is valid, and that they are
rotating rapidly in solution. We shall develop our theory
towards explaining the enhancement of the acceptor, and the
quenching of the sensitizer fluorescence, as this is the major
experimental technique employed for the study of resonance
transfer in solution,(I8),(I9). The luminescence of a system of
sensitizers and acceptors in solution is made up of the
individual contributions of each species, with each molecule in
its own exclusive environment . Thus the physical model used to
explain the phenomg&na of sensitized fluorescence must make some
assumptions concerning the distribution of molecules in solution.
We shall always regard the solvent as just a medium for the
solute molecules, and these molecules are taken as being randomly
distributed throughout the bulk of solvent. This random
distribution was assumed by Farster,(5>; after a preliminary
lattice theory,and he assumed that the molecular positions

were constant over the
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lifetime of the excitation in solution.Since the development of
P8rster's original theory the effect of Brownian Motion on the
transfer has been investigated——with some evidence for a slight
diffusional effect at low viscosities,(25),(26).We shall have
more to say about this later, when a rather oversimplified model
including diffusion is proposed. In moderately viscous media
however, the FP8rster model seems well established , and
confirmed by many experimental results,(I8),(35),(36),(32),(33).
In our discussion we shall consider the sensitizers and acceptors
separately, and the applicability of a new simplified model

will be investigated. Throughout our treatment we shall assume

the inverse-6 power law for the transfer rate,

N, = s <'f;2 )‘5 6
sa T T, \Ryea (1-62)

where tg,is the lifetime of the sensitizer in solution alone,
and k;77 is the distance between the sensitizer and acceptor
pair. We shall not consider expliéitly other random processes
competitive with resonance transfer, such as internal guenching
and radiative decay,(27). These are all contained within the
lifetime term T, , where }”tg is the rate of decay of the
sensitizers in the absg$ence of acceptors,(I9),(28).
The random nature of all these competing processes, and their
consequent constant probabilities with time, always results in

pure exponential decay,(27), so long as no resonance transfer

occurs.
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This is observed experimentally, using direct pulse scintillation
measurements of fluorescence decay, (30),(3i). Also it should be
noted any possibility of back-transfer from acceptors to
sensitizers is ignored, in any case the Stokes Shift,(I6),(29),

helps make this unlikely.

(b) Sensitizers.

(i) General Theory.

We shall consider the decay of the excited
sensitizers with time, in the presence of acceptors. The
excited sensitizers are assumed to be randomly distributed
throughout solution,(I4), having been excited by a flash
of radiation at time , & = O | Then if we let S}é&)represent
the probability that the‘j -th sensitizer is still excited
at time L , we have,(8),(5),
AU CAYEY
ot T ” %K. J (1-63)

The sum over K gives the total de-excitation probability due

to the acceptors at various distances kbkifrom the ~J -th
sensitizer. Thus we obtaing
- & ' /Ko \6
_+- 0
() =S>8 ¥ (.1 B-
SJ()- J<> Ts < Rjk
(1-64)
We shall assume that the initial excitation probability, S{y@;),
is independent of gj , so that S}(Q) = $(0). Then the total

excitation probability of a sample containing A[; sensitizers
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is given by, ., (
S) = S(O)Z(e JC(t z >))

But the observed sen31t1zer fluorescence intensity, .J.S (t) s

(1-65)

ig proportional to S((:) '

3 —-“~'(l+2( ))
I,S(f):: S = g.ez

o
Cs 55 (1-66)

Although it is easy to write an expression for ::;(éﬁ) as

in (1-66), it is not so simple to evaluate it as a function of
time. The presence of the sums over vj and ﬁf forces us
either to propose a distribution for the species in solution,
80 as to obtain an integrable function in place of the sums,

or to set up a simulation ofa small representative volume of a
"random solution", and watch the probability decay with time.
This latter more direct evaluation of:I;(e) is possible using
a computer simulation. However we shall first consider simpler
statistical models involving the use of distribution functions.
F8rster,(5),(I8),(32), assuming a completely random distribution

of acceptors and sensitizers in solution, obtained the result,

T = cC X% ~ FN( )««5)

with, ﬁ?? 2V (1-67)
J LT

i

Here M is the number of acceptors contained within the
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volume \// ' ‘20 and nt; have been previously defined.

This expression for the decay of the sensitizer luminescence

is clearly not purely exponential since it involdes if%/tg .

This is what we would antécipate. Sensitizers in particularly
unfavoursble environments, with the close proximity of aecceptors,
will be quickly de-excited leaving those in more favdurable sites

to decay almost unaffected by acceptors. The method used by
P8rster,(I8),(32),(33),(19), to obtain this expression for ‘jégfr)
was to assume a distribution function for the acceptors around

each sensitizer and replace the sum over accsptors by an integration.

Thus he evaluated the integral,

T(&) = < £, Tﬁ' ( )Ys CI(R)IR

(1-68)
ot
where C@)(}e) repressnts the digribution function. The result

was independent of the sensitizer concentration, and depended

only on the concentration of acceptors, which provided the
environment for each sensitizer, the number of sensitizers
considered was only important from a statistical point of view in
giving an "average' result. This is seen in the full expression

for the intensity, given in equation (I-66), where the sum

over u) only serves to add gp all the sensitizers contributions,
whilst the sum over K represents the energy-transfer contribution,

depending on the number of acceptors in solution. It will also be

noted that we cannot factor the expression, (' + 2 ( ﬁb >6)
R)K
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out of the sum over \j . This would only be possible if all
sensitizers were in identical environments, and then purely
exponential decay of excitation would occur. Thus it is the
non-uniformity of the environments in solution which gives
rise to non-exponential decay.

Unfortunately the quantityj_;ét) is usually
unmeasurable because the lifetimes of excitation in solution

8 to 1079 sec. Recently however, the decay

are of the order I0~
has been observed directly with the use of special techniques.
These are usually pulse scintillation methods,(3I),(30),(34),
in which a pulse of X-rays is used to excite the molecules,

and then the output observed on a travelling beam oscilloscope.
This work is difficult because the duration of the exciting
pulse and the respohse time of the photo-multiplier are all of
the same magnitude as the lifetimes under investigation.

For this reason one is lead to seek for a more easily measured

parameter, derived from ];‘#).Such a quantity is the Quantum

Yield, (37),(I9),(32), defined by,
oo

(%1 = —%—; T4t
° S

e (1-69)

The quantum yield represents the total output quanta in the
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presence of acceptors, divided by the quanta which would

have been emitted in the absence of acceptors. This is the

ratio,
(ﬂ) g S(O)Z(éis(lfz( ))dt
—’T’IDS Ts J"’"
J“é@ 5 S Tmak
o “CS j=!

(Z’L

——

Ko I-70
K/LZ 1/(x+ZK( )). @

Using F#rster's expre551on for ; (é;) we find (I9), (32),

(21)3 . S—_'i 67/(/——}5(7)5

(I-71)

where, ' —x*
#(9) z,y%?;“ L/e
and ,
A YAV e Co)
with, CL < ( ) /

o = 3/ :23—?”\//,{’3

Often when discussing a particular example of resonance -
transfer we refer to it's efficié%y. Remembering the

definition of (7?/h ) , (equation I- 69), we are able to

express the transfer efficiency as *-{blﬁrl, « Also we

(Q/Q)H = 1= Ct/7.) wre)
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(61 /710> represents the efficiency of the transfer to
A

the acceptors - and may be alternatively defined as,

7 _ f T, oUC/ ~
(’ﬂ)n o S’I;(e)dk'

o
where :I;q (€D represents the yield of the acceptors,

(1-73)

when all the energy absorbed by the sensitizers is passed
on to the acceptors,

FBrsters expressions are in good agreement with
experimental results. However, his model does not allow
a discussion of the acceptor luminescence as a function
of time. For this reason a simpler alternative model is now.
proposed.

(ii) The Cell Model: Sensitigers.

In this model (38), we allow each acceptor to
dominate a volume of solution given by Aﬂq’//\/ , where
is the total voluae of solution. This "sphere of actionin
which the acceptor can act is assumed spherical, with
radius(fﬁr‘/z CA)ygmeasured in units of RG . Here
reduced units of acceptor concentration C:A are used,

giving the concentration in units of Férster's (Co ,C = 3

. 2INR
Thus our idealized solution consists of N‘q spheres, TN Rc’

each with a dominating acceptor at it's centre. These acceptors

are regularly distributed throughout the solution, for example
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they might be arranged in a regular hexagonal lattice. Now
we add sensitizers to the solution, and an average Mg
fall inside each sphere of influence - then the distribution
function for the sensitizers inside each "average" acceptor
volume is given by,
1 z
S T R = M é; Ca ﬁz C)FQ
LERAR = Ny ATTR dR=m 24
V AT (1-74)
€
where \/%r is the volume of the spheres.Using this
distribution function in equation (I-66) we lose the sum over
T
K , as we only consider the single acceptor, and the ZE

becomes a definite integral. The total intensity is given

by, /2 Cﬁ)

Te) ~ Stes Ns . £Cn [Q—L—t(lﬁ— “B dR.
’ YS Y_'J (1-75)

/Q ig in units of FHrster's /Qo , and (’7’75 Nﬂ)

is just the total number of sensitizers /\1; When

this function is evaluated numerically for wvarious
concentrations, (see Fig. 1), it is found to be almost
identical with that of F8rster's at low concentrations,
however larger deviations occur at high concentrations. This
is only to be expected of such a simple model, but as we
shall see later it does have the great advantage of

yielding analytic functions where F8rster's model does not (19).
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T,timei
Tﬁe decay of sensitizer luminescence as a function of time.
The abscissa represents time in units of AUS , the ordinate the
log of the excitation probability for an individual sensitigzer
excited at T=0. The letters on the curves refer to the acceptor
concentration CA measured in units of CO ,a=.OOI,b=.I,c§.3',
- d=1,0, and £=5.0. The solid lines show F8rster's function, the

dotted line the computer simulation, and the dashed curves show

the cell model. Aﬁ CA}Q.B,the first two are identical,at'cA§4all are
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We can easily calculate the quantum yield in this

formalism, with y
00 (,S?T'/ZCA)z
-E(+_L) 2
ﬁ»)’-’-é_(’_ﬂ.——'— o JoR 7 U7 ge) R™
o™ N 't;
I-76
S 3 (I-76)
On reversing the order of integration, integrating first
over t: , and then changing variables, and integrating

over f? we obtain,

71 - ( - ;g_géﬂ —+2;::{ ijfi
</n°)s RN 2C’H> (1-77)

This tends towards the same low concentration result as

¢ - ‘
does P8rsters expression, on expanding.1:x4« we obtain,

with C/;; << 1

(V). = | — VT .Cq (1-78)

At high concentrations however the results deviate, on the

model proposed here with C:A >>1 we find,

(M Ms), =T/ \12¢i (1-79)

For the identical requirement, C:q:§> 1 , psrster obtains,

(U, = 1/2 e

Over the region where effective measurement of(ﬂ/no)s is

possible the differenceg in the predictions of the two models

is quite small. The form of (?7]/{10)5 is shown in Fig.2.
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Quantum efficiencies as a function of reduced accevntor

concentration, CA/CO » The ordirate shows the sensitizer

quantum efficiericy (’ﬂ,mo)s, this is the sane as 1 — (n/qb)A

where Ol{ﬂw)Ais the efficiency of the transfer. The solid

line shows the results of F8rsters statistics, the dashed

ling is obtained from the cell-model, and the_points are

from the computer simulation.
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(iii)Steady - State Illumination.

A1l of our discussion until now has been based on
the "flash - excitation" model as used by F8rster, (19),
Galanin (I3) and others, where we have sought to describe the
decay of an initially random array of excited gsensitizers.

The reason we say "initially. random" is that after the time
t::z o v those sensitizers in close proximity to acceptors
will be quickly de - excited, whilst those in effective "holes"

in the acceptor distribution will decay relatively
uneffected by resonance transfer (14). Thus after a time there
is a correlation between the distribution of excited sensitizers
and the distribution of acceptors - the sensitizers in the
"holes'" predominate. Experimentally however, instead of
watching directly the decay of species in sblution by a
sophisticated technique mentioned earlier, we normally
observe steady state fluorescent intensities, excited by a
constant incident intensity.

Thus we nust now consider the steady state situation,
where the fluorescent intensity is no longer time -
dependent. As we now show, in the case of the sensitizers, we
obtain the same result as for "flash - excitation" and the
mode of excitation is unimportant.By assuming low concentrations
of excited acceptors and sensitizers, we are able to preserve
the requisite of a random distribution of excited species.

Then we obtain the excitation probability from the "driven"
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differential equation,

‘f_.SJ:*‘ l—rZJ + T o
C)J: ( ( \> (1-81)

——

where; 1. is the incident intensity, independent of time, and
Ct} represents the capture cross-section for the uj -th
sensitiger. At a steady state, E dsj = O  hence;

J ok

Z Tej (0 +Z(RJK)6)

(1~-82)

N_g

\)

With no transfer occuming, the probability is given by;
Ng N s
\
). L o/

Sy
Thus we find the quantum efficiency,given as;

5V
e Z’/<'+ LAY
o Sf (184)

J
This expression for C?lﬁq‘sj is identical with that obtained
°

(1-83)

for flash excitation in equation {I-70). Thus as we would
expect, the efficiency of transfer is unchanged by the mode of
excitation — we could have represented our steady state
illumination just as easily by a series of flashes, but this
interesting point is left until we consider explicitly time

dependent excitations.
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(iv) Sensitizer Life - times.

Until now we have been concerned mainly with the
probability that a sensitizer is still excited after a
certain time - lapse from it's initial excitation. Here we
shall consider the "mean - life" of the excitation on the
sensitizers.

Many definitions of mean - life are possible, but we
shall use that proposed by Inokuti, (37), writing the meaning-

life as Xm . -
v = ftl‘(é)dk/gj;@)a}c

Thus for pure sensitizers we have,

fﬁ equsoll’/je"t/fso\f = s

(1-86)

|

/
To evaluate the mean - life /tk , of sensitizers in

the presence of acceptors using the cell - model we require,

co (Y-‘/ZCA)Y
fod_ RZ ¢ ——‘7 (|+//R6) dR

j f /w\ -2 VReY 4R

(1-87)

Normally we write “E as a ratio of the mean - life in

S
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absence of any transfer Tf y hence on integration we find,

v (0 + 2({+7T/L+C,q) 22 ()

S

s (' o %Ef‘# [2La ) (1-88)

At low concentrations, C}\ég | y the above equation reduces t0;
!
Y _ | — YT Ca
~sg 2 (1-89)
This is the same result as that obtained by Galanin,(I3), in the

low concentration limit using the FP8rster model.

{
The form of 3&» obtained with this simple cell
s
model deviates quite appreciably from that derived from P8rster's

:Ig(tj using numerical integration , see fig. 3. In fig. 4 a
]

s

s

comparison of the cell model and the experimental data
of Schmillen,(39), is given.
Having considered the sensitizers in some detail
we shall now turn to the recipients of the transfered energy,
the acceptors. In this field there is much less experimental
and theoretical work available for comparison.
(c) Acceptors.

(i) General Theory.

As in the case of the sensitizers we shall first
consider "flash-excitation" of the solution of acceptors and
sensitizers at time,1f’=€>. Then the decay of the acceptors is

described by the differential equation,

A _ &) -+ L £
st T, KO Z(@QSU

(1-90)
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Sensitizer lifetime as a function of acceptor concentration.

C is the reduced acceptor concentration, measured in units

of Co. The solid line represents the cell-model function,

the various points are experimental results of Schmillen,{39).
Different points are used for the differing transfering
systems; O =Trypaflavin/Bhodamine-B , @ =Trypaflavin/
Rhodamine-6G , @ =Fluorescein/Erythrosin .
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Where Ak(t) is the probability that the K -th acceptor is
excited at time i: yand %;(f;) the corresponding quantity for
the sensitizers. Making use of the %;{é) derived previously in

equation (I-65), and integrating we have,

- €
Adle) = M@ e 8

Me o )6 - ~t /+Z(
+S(°)Z (fa/R; i) (Qt/r,q__ﬁ /’t’( s)

[ =% /~en 25 (Ref Rig)® (1_91).

J=7 K
qu(o) represents the probability that the ﬁ( -th acceptor

is excited at t::: O , before any transfer can have occumed,
and is the result of dirject excitation. Hence the total intensity

at any time € will be given by,
N_r NA

L,©=% ﬁ(o)z "L S(o)zz ..

.—-/ K_,,

(st _ TR, (1 Z(R°/E ) )

| =% /%y + Z(fe,,/@-k,)<°

’T’
Here we have assumed all the A k(o) and gJ(O) are equal,

(I-92)

corresponding to the initial random excitation requirement.
This expression describes the acceptor fluorescent intensity as
a function of time for flash-excitation.The first term on the
right corresponds to the dirfect excitation decay, and the
second to the transfer contribution donated by the sensitizers.
Prom this equation we may derive an expression for the transfer

efficiency, the ratio of the quanta received by the acceptors
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via resonance transfer to the quanta absorbed by the sensitizers,

()= 2% arz"‘z(/@K (@5 -5 (* Z043)
' L= v + 23R

The number of quanta which are absorbed by the sen81tlzer ana (I-93)

which may be tranfemed to the acceptors, is given by, .S(OD-Aé;

Integrating gives us the guantum efficiency,

N - (Rof £:)°
/> ) z S : (1-94)
( MoR Ns ZK J o+ };(&/Rﬁ)" "

This efficiency does of course refer to flash-excitation conditions,

however it can be shown to apply equally well to steady-state
systems, under constant incident exciting light. Under these

conditions we have, for the K -th acceptor,

Ns I “
A}\K _.__‘ {‘ _F”J‘TEE: (ﬁb/. 6 J_ﬁj té .
Tr A v & Rk o ¢ (1-95)
_ S j=¢ l +Z( O/RJ‘K’)
KI
Since Z Ql-&("'o , and the gquanta absorbed by the sensitizers

k=) ok

per unit time is _L.OJ Ak‘ s then,

8 _ ()Qo L ey
> JZ? &r) (l_,,_z(,eo/ﬁk) )
(1-96)

(h =Tz he - 27 2 S (B 2l

£y

\

(1-97)
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Thus the quantum efficiency is the same regardless of the
excitation mode, and in passing we confirm that our equations

obey the conservation of energy principle,(sece equation (I-72) ),

s * p)a = T\/’Z(JZ (l—rlz(ﬁb/%K}e)
‘*‘% .?: (—%—‘;\7{ |+ = (Bl Rie) ) )—_- 1

(ii)The Cell Model:Acceptors.

(1-98)

In this section we shall utilize the cell model as proposed for
the sensitizers, and develop it to account for the behaviour of
the acceptors.

We now have to consider the excitation of the acceptor in
the centre of its cell by the senfitizers contained in the "sphere
of influence", radius(&'f—‘:“/zcﬁ)/z. Following the arguements
used before, we have /V% such cells, each containing ’hS
sensitizers, with r)SN =’\/S « Thus we lose the sums overJ and K
in equation (1-92) and obtain,

Tyle) = Mo Ae e‘t/”fﬂys
A (Fﬁ1/2ﬁ3§ij;/% ——1:WT;'(‘—+E£;%) ﬁ?. R
r Gca(Bans Ko [(lg) (E7— 2 ;

T A A | =%/~ + /RS g

By setting H(o)::o s We derive the expression when no acceptors

are diryectly excited, and their excitation is all the result of

energy transfer from the sensitigers,
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(577/2¢)

T©) = M Gon S (o (€77 T AT RD)RAR
’ Tp I

L= /vy + V/RE
© (I-100)

The form of I;Qt) has been evaluated for wvarious A‘%/IVA ratios,
and concentrations, as is shown in fig.bh.

If we have Cﬁ >>! , and ._R}6>>] , at high concentrations then

we obtain, >§
. (/)

Tle) = Na A e™a, N Se) 6es | 5%,  RdR
A /lf,q I‘d,q rS:ﬁ:j
0

(Mo BE + N5, 5())

(1-101)
Thus the energy absorbed by the sensitizer is apparently

instantajfneously transfered from sensitizer to acceptor.
However, this transfer does need a finite time, for when we put

4 = © in the original expression for __LH_((:) we find,

T.(o = Na: A® /¢ (1-102)

The factors controlling the energy flow from sensitizers to

acceptors are the ratio ,L/S/'\C/H and the reduced concentration,
C,q « Clearly any transfer is helped by higher concentrations,

and also if the sensitizer has a long radiative lifetime, ACS .

Now let us turn to the quantum effiency of the transfer. As we
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have seen, the yield is the same for either flash or steady-state
conditions, so applying our cell model we obtain,
G—"/ZCFDyg
(3 ‘—’669 RT_ (LyaR = :\70ﬂ+am( )
o’ A O ’/R) T 2Ch
(1-103)

This could have been obtained diryectly from (q7/ﬂ ) ,using
0
S

equation (I-72j.

(iii) Acceptor Lifetime.

Using the definition of "mean - life" mentioned earlier,(37),

we obtain with the cell model the ratio of the relative lifetimes, .

oo ((T7/2ch) %

(ﬂ (o)"Ce_"(a AL + £ S(O)/tdkfk (C Ta— € “gs(H_L))dR

5/?}3*‘)7Q6j) ﬁe

ﬁr\/zcebs
jﬁ(o)e‘(ﬁ + écﬂ 6Ga S(= fd\tfﬁl(‘?. —e_‘r 3)0(@

N (1 =7 /ea + VRS) R®
(1-104)

r%\ri

This expression may be easily 1ntegrated to give,

N | + 2Cn 5@ v (__L—(-M( y - fﬁ"/zCﬁ
- = A\ Ta 2 2Ca 2<;+T/[+CF,1)

Ae) + RCA S(o) ‘l‘w(
Ve 2““‘

(I-105)
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Here QfA represents the lifetime of the acceptors in solution,
with no resonance transfer occuming. At high concentrations

with Cp >» | , we obtain qi;/ﬁﬂf,' This is as we would anticipate,
because if the excitation is transfemed instantafneously from
sensitizers to acceptors we might as well excite the acceptors
directly . At the other limit, with Ca € | , we find with Ate)= 0,
"d,;/'yﬂ = | + "‘(;/2‘*—’,,4 Without A(0) =0 , then we have,

with Cpd< | ’L’A’/,t,ﬁ:l .This latter result would explain why
Schmillen,(39), and Galanin,(I3), both observed lives tending to Y
at low concentrations as well as at high concentrations of

acceptor. In any experimental set up using filters or even
monochromators it is unlikely that /}(o) would be zero, and

the acceptors would undoubtedly absorb directly some of the
incident light.When Qﬂ;‘t% is evaluated as a function of

acceptor concentration a maximum occurs whose position is

determined by the ratio, A@) /S(b) .This is shown in fig.6.

The effect of the transfer is to increase the lifetime of the
excitation in solution. At moderate concentrations the excitation
lives on the sensitizers until it is passed to the acceptors where
it acquires a new lease of life, so that T"E;?a. In contrast,

with increasing tranfer probability the excitation's 1life on

the sensitizers becomes successively curtailed with T;/Q;"ﬁs.
All the foregoing concerns decay after flash excitation, we do not

W, . . . . .
have to cosider an input intensity which is time-dependent.

However, most experimentel measurements of lifetimes in solution
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involve the use of modulated input light,(39),(40),(41),(42),
and we shall now turn to the problem of fluorescence excited by
time-dependent illumination.

(6) Time-Dependent Fluorescence.

Here we shall be concerned explicitly with the fluorescence
emitted by a solution of acceptors and sensitizers under excitation
by a time-dependent incident intensity. Previously we have had either
a constant incident beam, or a flash-excitation with the form of a
Dirac Delta function. The treatment given now is perfectly general,
both the case of steady illumination and the case of flash excitation
can be derived as special examples. In this Green's Function
method,(38), we consider first the function,

cQ
S:} @& = C)Jt/ I(ﬁ/) 6'(t'c f) (1-106)

-
where,

’ 6
e m &)
G\.}.(f‘.t’) = o UCt-¢H € . ( k Rk
and (L(t»t’) is a step function, ,
o <€
LE-¢> = ’

BRDS ol

J
J—(GE) and C:E are the illumination intensity and sensitizer

capture cross-section respectively.

It can easily be shown that this function S:/‘G?) » 18 a golution

to the "driven differential equation" expressing the
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time-dependence of S} , equation (1~81),since we have,

d o+ Ro N6V [oppety= of QE-ED
(oU: A%(I +%( RJK) >) 6/(t 7 s (r.107)

( (“f'Z(KD//QJK)é)) S
fouc I‘(t)(d + (1t 2 )))G(t €
= [ ot 'T(E) o é(t—e) = o L(®)

I-T08
Similarly, the differential equation governing the excitation ( )

probability of the acceptors'under time-dependent illumination,

Ak ..Ak _f.,LZ(,?//%K)éS +oy LW

4k (1-109)
has, as a solution,
oo p ,
A © = f M T(E) G (t-€) -
with, |

o
.
C(E-¢) = C((t'f)("‘/ A+

) |+Z )") _, R
%’JZ(”,—%Q( e =t Zier)

It can be seen that on replacing_i({b by a delta function,é(t‘t),
to give the case of flash-excitation the results for S(t) and Ak(t)
assume the same form as we have derived previously.

We can now use our cell model to help evaluate the
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N
functlon :§3 C; Gf't:) , which we need to interpret the bulk
propertles-éf the solution. In this model we consider the
acceptors dominating their own particular "sphere of influence",
which contains Mg sensitizers, with A@‘Yk:zhk’.Thus the sum

overJ R 'g\)g Ne , reduces to a sum over M¢ , all the

sensitizers in our averaged cell. Normalizing the result we obtain,

Mg
) = — &7 &
VT , =(t-t) - rr
dEe-t) e =7 6 Cn RQ 60”6
AT J, (I—III)

Hence we find the total emission of the sensitizers,

4 v
Te) = M S = N | dE"TIE G(t-€)
s s oo M (I-112)
Using the same model for the acceptor function G:(t é)we find,

K=t

L) = ,%ﬂ [O\k( INCSS Gﬁ(éle/) (1-113)
A

where,

—t
Gy (E-€) = e~ 6)(‘5J < /’t’n+ - - -

/20
Lo N Lo iy k(€ Ta-TRTFI)R
N'A ’\j—ﬁj ) [ — \S/’t}ﬂ -+ \/KG

It will be noted that either of these expressions could easily

be modified to apply to transfer processes which were not
governed by +the inverse-6 law, all that would be necessary

would be to replace '/R6 by F(R) + The evaluation of the
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integrals at later stages might not however be so straight
forward as with the l/Ré' .

(7) Phase-Fluorimetry.

Most experimental methods used to measure the lifetimes of
fluorescing species observe the phase-shift between the modulated
input light and the appropriately time-dependent fluorescent
output, (I3),(39),(40),(41),(42),(43). The only methods not
involving the measurement of this steady phase-shift are those
using pulse scintillation techniques,(30),(31),(34). These methods
follow the decay of excitation in solution, and hence determine

Y and '\lf_g directly from the observed Iﬁ(‘t) and I;(t) .
We shall consider the special case where the intensity of the
beam illuminating the sample is a sinusoidally modulated function
of time * ,

. (wC __
e = I, con(ot) +L, = &(Ioﬁ + i@)

(I-114)
Here 1_6 is the constant background intensity, and (O is the

frequency of modulation.

Then the function -S(f:) is given by using equation (I-I12),

S = &/ f SE(T,eF ) Gle-e))

“¥* By, /42(3{) y the real part of function j: ,1s

implied, for example, /QQ(DC‘)“ ij): X .

(I-115)
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Hence, e
&( fww“ S

(x"’/ch) .

:Z&ZH

(I-116)

Using the relation,

[ ot ue-e e:(t;f’) = % /A

we have, <r7/2 Cﬂ) % |
S = o5 X AT ﬁ dR(g_— (1+}{eé)ww6+’§w5mth
A (TR o)

T4 T i+ %))

Similarly, from equation (I-II3),

(s”ﬁ/:tcé).s
wo-nln Bl )

° [+ QQQé

(r“'/eoA)B
+I°’Eﬂcwa)t A +@0\5ﬁ’1' £ R

(1-117)

| +(0¥a)? 204 R Ve fta \/RC

o[ = B (VRO 1) +cova T simurt [
I+(‘—0T'A)?‘ <|+y G)Z‘I-(w’t/)z

s _Sh + T oy ﬁgzﬁi [~ =L |

[+ {w Yy 2<a | ="T5] v p+ Vs tHov)?t (l_f_&/k)e)l* (‘“@j

(I-118)
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For these equations the corresponding phase-shift, ?g and 94% ,

of the fluorescent light of the two species with respect to the

sine-wave input is given by,

@‘*'/20/0y
f R*d R
tom B, (Vg Ho*
On e o

(1+vee) RTAR
S (1 + RS+ @)

and

’ T 2Cﬁ)3

wﬁﬁ‘\: 6’a +EG\S/(L>/R7‘C!R [ |

w20 SR g eyl O

— (% )" > ( .
(("'y")l—f-(‘d'rs z) /ﬂ-(ﬁd’l“ﬁ)l

(r"'/zc,qb
.._,\177:16\, ( ) gt olK { _.’tg/zlﬂ((—i-‘/gg
2Ca R Ty | W (1 O ey

; (1-120)

Usually in the interpretation of phase fluorimetry results the
relation .12k~\74 =Y is used to relate lifetimes o
observed phase-shifts,(39),(40),(43).A8 we have shown above

this is not exactly correct in a sensitizer/acceptor system

except with Q)'ljs.(( [ and Wy KL | ,when we find,
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t b = W/ (1-121)

LY
and, .
“ton g/,q = ¥,/ ¥a (1-122)
W YA

Thus the relationship between the phase-angle and the lives is
very simple, so long as the inequalities given are fulfilled. ¥

(8) Reabsorbtion of Fluorescence.Time-Dependent Theory.

Much experimental evidence concerning the effects of

secondary fluorescence comes from results of lifetime studies of
single-componont solutions asa function of concentration,(13).
Because these results are obtained using phase~fluorimeters we
must once again consider the time-dependence of the problem in
deriving a phase-angle to approximately describe the contributions
of primary and secondary fluorescence.
First we shall start with some relations expressing the decay of
higher order fluorescence in solution. Considering a solution of
pure sensitizer, initially excited at t:=‘C5 ythen with time the
total probability decays from its value S(0) at & =© ,s0 that at
any time t: ’ 65/46

T(e) ~ S = S ¢ S (1-123)

/
The rate of loss of probability at any time, t: yis given by,

_.WEI v,
_c_i_§_(6/j = — S ¢ /% (1-124)

at s

If we imagine the radiative fraction of this probability to be

/
reabsorbed, then the increment ESSlé) gives rise to the new"SQ» n

* See figs. 3 and 6, where equations (I-II19) and (I-I20) have
evaluated for various defining parameters.
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term for gecondary fluorescence. Thus we flnd,

e —(E-€),, 7 - £
fz(&)wg_(g)vz e 7, e_?ﬁk:&c’)ﬁe?t
' ot S S
=2 (1-125)

From this expression for :Z;Q&) we find the lifetime of secondary

fluorescence, ?f , using definition (I-85),

ft e—"t’sdt/gﬁe_to\t = 2%
(1-126)

S0, as we might have anticipated, the lifetime of reabsorbed light
in solution is exactly twice that of the simple primary fluorescence.
Also we observe that ]:Z(tj reachs it's maximum value at ’E& .

A similar treatment for tertiary fluorescence, assuming two

complete re-absorptions before eventual emmission gives,

y) - rd
—_ — S (o> . " f
& - -~ € i < vl -
,L3 (&) ————’t’sl ]25 s (1-127)

With a maximum at 2% , and a lifetime of 3 Gg
In these equations we have assumed complete reabsorption occuring,
rather than the partial effects we would expect to observe, so

the total intensity could be better represented as,

IT(L”) L& +I(e) + L (6)«{— A

Hence,

L. (t)= S(o)(ﬁ %f + ﬂ“‘“”ls tf

. 5
+ fi—:F§ : 6: ‘f% coe e )

s
¥s—" (1-128)
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Where‘g‘ ,ﬁ s fg ’ i‘, ...... fL’ are the appropriate coefficients

representing the proportions of the various orders of fluorescence,
In order to simplify our problem we shall consider only primary
and secondary fluorescence, neglecting higher-order effects,

I_TQ'—) = “:| 11(&) + {'Z, Il(é) (1-129)

i

Using :[; and l‘z,! given by equations (I-I23) and (I-I25), and
applying the time-dependent theory discussed in the last section,
we find the total intensity':E. as a function of time,. excited

by a modulated input, . ff ¢

/,
T (!&) = S El ™ (?}f:.j/.j: (i:) -Eit;/t% oLif/

t=e
e b [fO&EES ),

If we 1gnore any constant background term in the modulated input,

and write:F:(&j ;;caouuxf, then we obtain,
ey

P
+ Sin € []Cz WY + ]C:(‘U’Vs)s'f'?z ﬁﬁzw%ﬂ)

(I-131)

Hence we can find the phase-shift between the input and the output

light, ?é , with ,

+om ?( = [ F1(1+&)) + 27 f2 ] (1-132)
o Y [jc,(H- (W) +n f (1 -—(w?'s)’“)]

Results of phase-fluorimetry studies are usually expressed in terms

:_...w
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of lifetimes derived from the equation,'f'am WY, so on rewriting

our expression with Cf;fVIS /-j:;)=ﬁ?, the ratio of the lifetimeg
with secondary fluorescence is given as,
Ea
+M¢$ ,:(J_s_/ — [(l '{f(w'\fs) )“f" ZQ] ] (1-132)
WY X [y + RO

The ratio:SL/f‘ is obtained simply from the relative intensities

of secondary and primary fluorescence, ng/%? y under steady
illumination, and may be calculated theoretically as we shall
see later.

(9)The Computer Simulation of a Random Solution with Energy

Transfer.

This computer simulation of a system of sensitizers and
acceptors was directed at the explicit evaluation of
equation (1-65). The species in the sample are allocated
coordinates to give an appropriate random disribution, and then the
sums over g} and A nay be evaluated. The purpose of this
simulation was to test the validity of F8rster's assumptions,as
well as those in the similar proposed cell model. The statistics
of the transfer were studied by simulating a small volume of
solution with random acceptor and sensitizer coordinates, and
the decay function of the sensitizers obtained in this microscopic
system. The treatment includes the same basic assumptions as those

proposed before in alternative statistical treatments. Apart from
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the basic premise of the form tfg(tj , the particles were assumed
to have no finite size, and may be represented as points, without
any intermolecular attractive/repulsive potéatial, and with a
random distibution in solution.

The practical application of the simulation was limited to fairly
small sample solutions of only about 500 sensitizers and 500
acceptors, Any increase over I000 total particles resulted in a
disproportionate increase in computer time, the evaluation of

the RJ'K matrix becoming prohibdtive.Fortunately the “/RC
dependence of the transfer rate means that lomg-range transfers
are unlikely and that the behavior of the small sample closely
corresponds to that of a large one. While the size of the sample
is not important from the point of view of the transfer rate, as
long as it is above a certain critical size, it is important that
enough sensitizers should be taken to give a good statistical
sample.

The position coordinates of the molecules were allocated by three
numbers from a pseudo-random number series, (44). These numbers,
with a normal distribution between O and I , where generated from
a truncated Log function. The sensitizers were given coordinates
in the range O to I, while the acceptors were assigned with
coordinates between -,I5, and I1.1I5 ,the distribution of the
pseudo-random series had to be renormalized for this last step.

The sensitizers are contained in a unit cube, with origin at (0,0,0),
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while the acceptors occupy a larger cube, surrounding the inner
one containing the sensitizers. This cube has its origin

at (-.15,-.15,-I5) , with a side of I.3 units,
A “A

q v/

Vi /
7
(e.0,°) T/ 72X
(«-/g——-l;)-.!g)

This proce¢dure, imposing a larger acceptor environment on the
sensitizers in the inner cube, was followed to eliminate
"edge-effects'" : that is to say all the sensitizers were placed in
reasonable environments. If acceptors were contained only in the
inner box, the sensitizers at the sides would feel a marked edge
effect, having only half an effective environment. This correction
was especially needed as the initial gample was so small, and
consequently the cube had s high proportion of side for it's

volume ,(Surface Area/Volume)cube=6/L. The ratio of concentrations,
cs/Cp = Ns/Na =500/200 , was chosen, but as we had to

consider the acceptors occupying the larger cube, we were

involyed in dealing with 439 of them also, (200*1.33), although
only 200 were in the inner cube. Hence each final result represented

the average for 500 sensitizer environments.
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For one particular random set of acceptor and
sensitizer coordinates the hox size was scaled by appropriate
factors for each acceptor concentration investigated. Thus
the same sums over K dould be re-used with scale factors
and they did not need to be constantly re-evaluated. While this
was not so satisfactory from a statistical point of view, since
a new random distribution was not generated for each new
concentration, it certainly was very effective in saving large
amcunts of computer time.

As well as evaluatingjz;(ﬁ) for the micro-solution
the program also calculated the guantum efficiency of the
. transfer and the lifetimes, using direct numerical integration
of the results for :Zl; at the various times. Also some read-
outs of individual environments were used to investigate the
concept of the "average environment".

The program was run using various random number
serles, and the results evaluated over a range of concentrations.
The results, however, were rather "noisy". This could have been
due to poor random numbers. However the pseudo-random numbers
used passed several standard tests for "randomness",(44). The
most likely cause was the small size of the sample taken, but
by taking I0 total "configurations" of acceptors and sensitizers,
that is sampling the environments of 5,000 sensitizers, the
average was considered to have settled down sufficiently to give

acceptable consistency . The deviations from the average results
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were most marked, as we would expect, at high concentrations,
when the interaction distances of the sensitizers and acceptors
were btending to approach the sample size.

Comparing the results obtained from this simulation
with those of FBrster,(see Table I and fig. 2 ), it is found
there is little deviation. This deviation is however of
gignificant size, and reflects the validity of the approximations
in F¥rster's model, which apply less rigorously as concentration
increases.The differences are of the magnitude of typical
experimental errors, and often in experimental work results
are fitted to the(’“/ﬂo)s plot to obtain KO ;and no direct
comparison is made using the theoretical expression for /eo .
Hence discrepancies would be hard to confirm experimentally.
Perhaps the greatest hope of an experimental check is at high
concentrations. In the main, the statistical theory of F8rster
is validated by our computer simulation, including its rather

unexpected dependence on X't; in the exponential.

(I0) The Effect of Diffusion on Resonance Transfer.

(a) Introduction.

In all our congiderations of resonance energy
transfer we have assumed the interacting sensitizers and acceptors
W occupy fixed positions throughout the lifetime of the
excitation in solution. Thus we have taken the rate of energy

transfer as being much faster than any variation in intermolecular
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Table 1 .

Comparison of Computer Simulation Results and those of P8Brster.

* \ @
oy (S (Vs L xmf | e | ue)f | g

1.0 248 .215 .24.8 I19.2 .039 021
0.3 617 . 587 I100.9 * 98.6 . 881 <754
0.1 ~848 .829 150.7 I48.9 | 2.154 2.087

0.03 « 955 -939 I75.4 172-4 2.945 2.921
0.0I .989 | .975 180,53 179.9 3.222 | 3.204

* Reduced acceptor concentration, measured in units of Cé'

® E(T) gives the number of sensitizers still excited in a
sample of 500 at time T after the initiasl excitation.

This time T is measured in units of “CS.
f This indicates the P8rster Model.

¢ Indicates the Computer Simulation.
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distances. The diffusion, or Brownian Motion of the solute
molecules was only involved to the extent of producing
a random solution, which was necessary for the statistical
treatment of the transfer.

Despite the omission of diffusional effects the
treatments of both F¥rster,(I8),(I9), and Galanin, (I3),
have been shown to be in quite good agreement with experimental
investigations of the transfer phenomina. Several studies have,
however, been specifically directed towards the detection
of a diffusional effect,(48),(45), both Wéinreb,(46), and
Feitelson,(26), obtained evidence in favour of the diffusional
enhancement of the resonance transfer rate. However a contradictory
result was obtained by Hardwick, (47), who concluded that the
effect was negligable.

To some extent these differing results may perhaps
be explained by the experimental problems involved. In order
to change the diffusional parameters of two solutes in a solvent
it is inevitable that either the temperature or the solvent
must be altered,(46). The obvious disadvantage is that both
methods would also effect the resonance transfer rate quite
appreciably.In the first method the change in solvent viscasity,

11~ y with temperature, 4r-, is relied on to change the
I

P

diffusion coefficient, which is proportional to P .
There is, however, some evidence that viscosity may effect the

fluorescent efficiency of the individual molecules in solution,
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Bowen, (49),(50), found that the return of the excited-state to
the ground-state seems to require certain amplitudes of vibration
to be reached against the solvent viscosity. Also we must always
remember we are considering the bulk macroscopic viscosity ,
which may not necessarily be applicable on a molecular scale.

The use of temperature changes to obtain different
diffusional parameters is also suspect since changes in thermal
energy may alter the vibrational populations of the systems
concerned, and these populations are directly involved in the
transfer probability. Thus any band changes with temperature
indicate a shift in the resonance conditions. Attempts have been
made to allow for all these variations experimentally,(46), and
to isolate the diffusional effects, but often the corrective
factors involved are relatively large.

Variation in the solvent has also been applied to alter
the mobility of species in solution. Solutions are investigated
and then polymerized,(48),(51),(52),(53),(54),(55), or the
system's viscosity changed by adding various proportions of
other solvents to the main solvent,(46).

While these methods are valid for the FBrster mechanism,
assuming no band shape changes and no solvent-solute interaction
effects, one should remember that if the transfer goes even
partially through excited states of the medium any solvent

change may alter the whole process. This may be a serious
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objection to the polymerization method, where the whole

mechanism of the transfer may be altered. We may have virtual

excited-states in the solid phase, or even exciton delocalization
Most evidence seems to point to the fact that if a mechanism

of transfer is essentially of the single-jump variety, with

localized excitations, the diffusional effect is not too large,

and the model is one of the F8rster type rather than the essentially

diffusion controlled quenching discussed by Bowen, (49),(50), such

as oxyg&en quenching of organic dyes in solution obeying the

Smoluchowski rate,

ff — Eg aC FzA—r-///:g C)C)(Dﬂvft

N

where OO = a molecular dimension.

A theoretical treatment of the effects of diffusion on the
F8rster model has been attempted by Feitelson,(26), using a
mean displacement approximation. This method seems rather
fallacious however. The idea of allowing for diffusion by taking
a term appearing in Flrster's statistics, and then allowing this
" average distance " term to change with time seems questionable
We shall now consider an alternative to this model.

(b)The Diffusion Model.

Solving Fick's second law,(58),

X =D Ve (1-134)
St

for spherical symmetry, we find the probability function of the
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diffusing particle, initially at F=9© at t=o0 ,
L '...'L

F>(r) éXT' = ;_,_l_~——w y € Z:E;Ef . Z+~—Tr'r?‘ckf~
(4T>ﬁ)l (1-135)

where ]) 1is the diffusion coefficient.The function fDCF)
expresses the probability of finding +the particle between a

radius of T and-r"*-dT‘from its starting point after a time f: .

—_L
The mean displacement of the particle is given by T ’
‘ cO
2
7 ~ ID(F') I/ oo - 2>t
™ = o) g{)(i‘)Ar'
o

(I-136)

Clearly if we had taken the mean wvalue Er y we would have
obtained zero.

We shall use this mean displacement instead of integrating
over f%rﬂa", in order to simplify the mathematical treatment
used later. The meaning of /.)(")O\T“ and Fﬂ can be
understood as the statistical average of the Random Walks or
Brownian Motions of a large number of particles, all started
at T= © and f: o .

Before considering the interactions of a whole system of
acceptors and sensitizers with diffusion, we shall first
consider the pair interaction for an excited sensitizer and
an acceptor separated by a distance /?jﬁ . The rate of tragnsfer

is given by equation (1-62), but for our time-dependent problem
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we must rewrite this,

e
i Ko . (1-137)
Ts (RjxtE)

Let us simplify the situation by fixing the acceptor, and allowing

the sensitizer to diffuse, with a diffusion coefficient ,]> ’
given by ,(17),

D = /bﬂ +LS (1-138)
Then the rate '1W3\< at any time~t: can be obtained using

the diagram below,

INARAYU R AN

oy
x
ATTIY

and we find, NI
mn: (&) = A fig)u{r‘ S;LNW(QB) Ckfa 3
JE T 2 %oy, — Va Rioy. DE
( Reon, 2(2Dt) lR(oLKCo‘bB'QD )
O

(1-139)

Note here that we have used the mean displacement model for

7
simplicity, the probability the sensitizer is at radius ﬁ? and

angle © being given by, Sen & (th‘) 2 due
LT (Zb*t‘:)
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On integration we find,

2
Nty = Reo KOk +2D6)
Ik

Re " (I-140)
’YS (R(O)JK —" 2Dt_>

This result represents the averaged time-dependence of the transfer

rate over a large number of systems, started with ,Q.)'K: K‘j)Kat t=o0,
This result corresponds to that obtained by Feitelson,(26),however
we must observe, as Feitg}son did not , that 71 (t)has a
discontinuiﬁy at € = _REJK , that is when R (o) 2>t

The reason for thlezncongruity is obvious, in elther the
mean displacement or the full distribution model we must always
have this problem. For atffﬁjigd-on the mean displacement model
we place a small probability of excited sensitizer on the acceptor,

which since the term 1is now zero, results in the

JK
discontinuity. Similarly,on the distribution model we have the
saine trouble, except here it occurs at any time'tr ,with f?7ECL
as there will always be some probability, however low, of the
sensitizer sitting on top of the acceptor.Portunately this
problem can be circumvented quite simply by allowing the
acceptors and sensitizers to have a certain collision size, and
this will be discussed in more detail later. Now, however, we
turn to the basic differential equation, expressing the decay

of the sensitizer luminescence as a function of time, although

now we allow for time dependent coordinates,

- 4L
%C_J ,L{/—t—Z(R(&) )IJ.(t)
(I-1471)
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6
Replacing the time-dependent term sum, L E(fﬁt) by N (E) ,
and integrating over time we obtain, K
T = I(o) .Q,,\F(———(,t:. -+ ﬂJ‘ (t) &t)
J ' L

. (1-142)
;€; representing the decay of the h} -th sensitizer in the

vicinity of the acceptors , 11)(&) has been defined earlier,
and the meaning of its integral is perhaps best understood on the
Brownian Motion model.

Although after a time'tf, the mean displacement of the

h*

sensitizer is represented as <:Zz>t;)‘Lthe molecule will in fact
have moved very much further than this, having performed many
short random walks in solution. If we denote each "infinitely
fast" jump by é s and give a residency time of “f; after each

¢ =-th jump, then we may write for the total possibility

transfer has occuned,

S 1 (R N\
6.(6) -“—'ZZ “{s<7€7¢> e (1-143)

JK

where Z ,Y(.. =t , ™Y jumps occuring in time [ Clearly in
'8

the limit when ﬂf; is small this reduces to ,

+ t
é
(&) > [ (Ko = [ n(&)dt
fi ¢ Y, (,% -K(t.)) J

o (1-144)
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To obtain our final total intensity, E _L (t), we shall

Y
use the cell model already proposed, thus dropping the sum

6
over K in n'tt) R Y]Q&)~.— -E} ) a8 we are only concerned
J Rk
with one single acceptor occupylng its own isolated cell,hence

we have to evaluate, t
_.(._E —+ Y\J.U:.) oki')

T.@& = L-(o) & (1-145)
v o/

o]

before we can find the total intensity function. Unfortunately

in obtaining the integral over 'ff of N:(E) we immediately run

J 2
into the problem of the discontinuity, with é_; g@‘j)gj.
~ 2D
Mn.{(¢)
Jk
,f
|
Sl
N >
(o

= ‘E% K
However, as mentioned briefly before, we can easily remove this
problem by assigning the sensitizer/acceptor distance /ifk. a
certain minimum value, 4§k :E'AL. This is physically reasonable,
for apart from the physical size of the two molecules, there is
the solvation shell of each to consider.
Thus in the time range (R(O)'—)ec)z t<(R@;+b(),?— that is

as * passes from R@) d to /GDJ'fR the rate of transfer
JK Jk
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A
is teken as constant, with the value of 7Zj 6pré‘ﬁ%z)outside
this range we integrate normally. Hence we have three domains
t
to consider the evaluation oi‘u(jfy(t) at over.We shall use the

notation, + °

Ku (K(O) “f‘ZDt)

- [ nErdt = L
T e i

~ H-
s (R(o) —2D6E)
o ° (1-146)
and omit the zero in the radius at C =0 term, /Qo; —)K;K
Jk
(a). with ot (Llﬁé‘él

On evaluation of the integral as a function of time

we obtain,

T =R (3—° Rje St e >
S AN G G

i Rix =R ¢ £ ( (Rig+Re)*
(b). With J'< \é_‘!..:f];.«_

(I-I47)

The total probability is regarded as constant in this range,
where the discontinuity occurs, and set equal to I ((Q - C))

Thus we have,

‘I (t) 1 Ko __2_ Rj:l( - BN l
" ?2> JKC ) Z(ZJKQE)

;-Z%QTFT)-F lefi__ (ﬁZ ;/K K) —< EDK ﬁii) (ff ( IKZJ')
K RC'* ?%. (2 J’K - /ec),* 2D
. (I-148)
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. . /e +Rc_)7‘
(c). with £+ > (Jk_2>

For this, the final domain we have,

ﬁ?o ﬁ) /Q%;K
T (&) = L ( K “+
" ¥ 2D <( J.K,z»rf (RZ‘—f—ZRJ'KRC)

|
R 200 T 2Ry ey, R =) )

RS (2R +R~2 Rk RC) ((’QJK+ k‘)}—(‘éj&(—ﬁc)z
RY Y (2R =R 2D

2
+ 'Q° (_._. K ~21_~ I , - __L >
3 » — : LY
(2R e~ RF) (2R R=F)™ & Rt
These integrated rates may be inserted into the cell (1-149)

model, using the appropriate :E;‘(t) depending on, '1t
with the modification of the "closest approach'" distance /a:

Thus we find our total decay represented as,

_ e r’ﬂ/cha)
"zé: - 43 e g _ T
L&) 3 e (~T6)) K R
(Gr/2¢a— KC (1-150)
£=Re

Where the radius of the cell, /? y 1s measured in units of /eo
Hence.j:£fj) may be obtained by numerical integration at
each time 1&' as required, using the appropriate form of :f;(&ﬁ)
given by the equations (1—I47to I-149) for each combination of
(,?J €) in the integral (I-I50).
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From I(t) for a given concentration of acceptors CA ,
and a reduced diffusion CO%?IClent ]> y with ]> I)‘t ’
the quantum efficiency and the lifetime were calculated from
numerical integration of :Z;(Tt) itself. It was found the results
were not critically dependent on /QC , so the value>of f?c was
standardized in all calculations at O -[ units of ﬁ?o
that is 3-4 & .

— {

The results of evaluating _,'_SU:") and C{)/f‘o)s , /YS/'}'/S’ as
functions of concentration and reduced diffusion coefficient,
shown in figs. 7 to I2, indicate as we might have expected that
diffusion has its greatest effects at intermediate concentrations.
At high concentrations the iransfer of excitation is so fasi that
diffusion hardly has time to occur and affect the issue. At low
concentrations the radiative decay of excitation predominates
any non-radiative effects, and the separations between sensitizers
and acceptors are so large that diffusion does 1little to favour
transfer within the lifetime of the excitation in solution.

As we would expect , the most sensitive parameter to diffusion
is tI;(t) swhilst unfortunately the least sensitive jj;(h/ﬂu\
which is the usual experimentally measured quantity. Thus although
we do find a diffusive effect it would be hard to detect, as
often we fit experimental <7]/no)s to obtain our values of ﬁﬁo
and C?c s and as we can see the transposing of the various
functions with differing viscosities, could be done in such sa

%
way that they could all approximate to the function(”}/{\ \withb:o .
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The diffusion model: the decay of a sample of 500 sensitizers
with a reduced acceptor concentration, CA=O.I « Tinme is
measured in units of T, . The critical radius for the
sensitizers is Rc=O.I + The appropriate reduced diffusion
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coefficients,D , are shown underlined on the curves.
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Phe diffusion model: The decay of a sample of 500 sensitizers
with a reduced acceptor concentration, CA=O.3 . Time is
measured in units of 'ts .« The critical radius for the
sensitizers is HC=O.I . The appropriate reduced diffusion

¥*
coefficients, D , are shown underlined on the curves.
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The diffusion model: The decay of a sample of 500 sensitizers
with a reduced acceptor conceﬁtrafion, CA=O.3 .Time is
measured in units of T% . The critical radius for the
sensitizers is §c=O.I . The sppropriate reduced diffusion

coefficients, D , are shown underlined on the curves.
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Fig, T10.

0.0T
_ . 0.03
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*
Reduced Diffusion, D

The Diffusion Médel ' The effect of diffusion on sensitizer
gquantun efflclency,tn%d) y» at various acceptor concentrations.
Diffusion coefficients are expressed in reduced unlts, as

are the acceptor concentrations marked on the right by

their respective curves. The critical radius RC=O.I .



- 91 -

1.0 - Fig, II. =

28— 0.1

I f i I
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*
Reduced Diffusion, D

The Diffusion Model: The effect of diffusion on sensitizer
' . / '

lifetime,qﬁ/%% y &t various acceptor concentrations .

The critical radius of the sensitizers, RC=O.I . Both

diffusion coefficients and acceptor concentrations shown on

the curves are in reduced units.
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Pig. I2.
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| Reduced Concentration, CA '
The Diffusion Model: The effect of several rates of diffusion
on sensitizer quantum efficiency,(f%ﬁﬁgs, as a function of
reduced acceptor concentration, CA‘. The reduced diffusion
coefficients appropriate to the various curves are shown on

the right. Again the critical radius, Rc=O.I .
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We see the relatively small effect of diffusion on the
apparent values of ﬁ?o , the coupling parameter in Table 2.
These results were obtained by calculating the various
concentrations, Cq , which with the diffusion coefficients
given, I;k, give the same quantum yield as with<:A =0.3,and );k=.0
The apparent /a, values are obtained on an arbitary assumption

that A5 =30 & with no diffusion.

Table 2.
*

CA D Ro
0.30 0.0 30.0
0.26 0.05 53I.0
0.24 0.10 32.5
0.20 0.20 34.5

The interaction distance could be theoretically derived
from the absorption spectra of the species concerned, but as
these are not always exactly known /?o would be indeterminate
within several A units . So dirpect theoretical/experimental
comparisons of K% would be a very unfavourable way of attempting
to isolate a diffusional effect. We may note that for a 13*1 I,

Ro changes from b*=.0 to ’b* =0.I Dby only 2.5 £ s and
yet in the lifetime of the excitation the sensitizer could have

<
diffused ~ I3. A . This illustratesthe relative unimportance

of the diffusional effect , as it only begins to change the
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disribution in solution after the initial decay or transfer
has occuwed.

(c) Experimental Comparison with Proposed Model.

There are unfortunately few sources of data suitable to
test these approximations.The results obtained certainly agree
with Weinreb's rather qualitative pulse scintillation data,(25),
which showed an increase in decay constant,l/tg , with
decreasing ﬁiscosity.

Some earlier results of Weinreb,(46), are more suited to
test the theory. He measured the efficiency of transfer of
Naphthalene to Anthracene in paraffin oil as a function of
temperature, correcting for all non-diffusional effects, thus
obtaining (Vlﬂq;vs as a function of the diffusion parameter,_Tyéi.
Using rt; = 5.2*10—9 sec., (59), and ﬁ?o==40 A. obtained from
his_l>%-=0. results , and the viscosity as a function of
temperature 72(—71) for paraffin oil he quoted, it was possible
to find the reduced diffusion coefficients for various temperatures.

The equation used was,

D = ‘@T/é‘ﬂ")za- (1I-151)

with | taken as constant over the small range of temperature

: . o AN

involved, | =295 °K and & =2.5 A. Then D'= A 1. /
’ 5 D ._DA-,-DS Fa B B { ‘/l

with 71’ in centipoise, this agrees with Feitelson,(26).

With these parameters =z reasonable correspondance with
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the experimental results was obtained, see fig. I3,using the
model previously discussed. However a similer comparison
attempted for the Toluene/Anthacene system in paraffin oil did
not give such good results, but as Weinreb concluded this system
did not appear to be of ¥8rster type mechanism, the lack of
correspondance is not surprizing.

(II)Some Comments on Resonance-Transfer.

We must first acknowledge that the origional Flrster
transfer mechanism and statistical treatment was,and still is,
perfectly satisfactory in explaining experimental singlet/singlet
transfer phenom#na in solution. The neglect of diffusion has been
largely wvalidated, and the effect of averaging over all the
possible orientations of the dipoles shown to be the same,
irrespective of at what stage in the statistics this averaging
is carried out, (I4). Even the statistical treatment of the
solution problem has been shown to be basically correct by the
use of a computer simulation.

Thus it would appear to all intents that the F8rster model
is well established, and until much more accurate experimental
results are available it would seem unlikely to be dropped in
favour of a more sophisticated model.We have only to remember
all the difficulties in the discussion of secondary fluorescence
and other reabsorbtion effects to realize that any increase in
experimental accuracy would be gquite diffult.A full discussion

of these reabsorbtion effects is given in the next section.
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Fig. I3.

A

«&87

F&rster.Thgory

I - | I ] ! ] il
0. 10. 20. 30. 40. 50. 60.
Temperature, T .

The variation:of transfer efficiency,@lﬁI;L, with temperature
for the system Naphthalene/Anthracene in paraffin 0il is
shown by the solid line. These results were obtained by
Weinreb,(46) . The diffusion model prediction is given by the
dashéd line. éhe F¥rster model is independent of diffusion

parameters, and hence is invarient under tempeﬁ}ure changes.
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In fact , in view of the inaccuracy of most results, the cell
model proposed would seem of sufficient accuracy, and is certainly
useful for deriving physical guantities as analytic functions,
rather than as numerical integration problems, as often occurs
with the F8rster model.

As we have stated previously the mechanism is well established
but has nothing to say in the "allowing" of transitions between
states of different multiplicities, essentially the singlet/triplet
transfer problem,(24),(60), For this situation a more complex
interaction term is needed, (8).

The break-down of the dipole-dipole approximation at high
concentrations is again difficult to confirm experimentally ,
because this is just where the output intensities of solutions
are at their lowest, and where reabsorption processes tend to
dominate any possible measurements.

(I2)Light Reabsorption in Fluorescent Solutions.

Before any treatment of the reabsorption of fluorescence we
first consider the phenoména of primary fluorescence, ignoring
contributions from secondary fluorescence following light
reabsorption in solution.

(2). Primary Fluorescence.

The evaluation of the intensity of primary fluorescence
is essentially a geometric problem, (61),(62). We are vitally
concerned with the spatial arrangement of the cell containing

the sample and the system used to excite and detect the
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fluorescent light. In the following treatment we consider the
effect of exciting a fluorescent sample , in the form of a cube
of side J_ , with parallel monochromatic light of constant
wavelength, 7\ s and intensity I)\ « The coordinates (x,y,z)

are chosen with the light incident parallel to the x-axis, and

perpendicular to the face formed by the z and y-axes.

BN

dmﬁdz-

/%
The fluorescence emitted by an incremental volume of solution,

dxdydz, at (x,y,z) is obtained using Beer's Law,(I7),
__ — E,C X
av = L g c e . M d«dgd%
P A (1-152)
where <€ is the concentration, and E:A the extinction of the
fluorescing species. The factor 7?A is the quantum efficiency

of the subsequent fluorescence process, that is the fluorescent

conversion ratio,

'VYJ\ =(fluorescent quantafabsorbed incident quanta)
This increment of the total fluorescence is emitted in all
dirfections, as in solution all the molecules are randomly

However in leaving the solution this intensity suffers
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attenuation by reabsorption given by the extinction of the
solution for the fluorescent light é;>f ¥, The intensity is also
distributed throughout the fluorescent spectrum of the species

’ N
concerned, hence the output in the range A to )\*' is given

/ /
by de-(A)CU\ ,where ]C is the normalized intensity function,
+ 0O

IDC(A) dx = |

xX= 0
In most practical investigations the intensity of fluorescence

is observed through the use of some detector of effective area }\ '
The area /\ may represent a monochromator slit, an appropriate
filter or lens, in any case it will,(especially in the case of

the monochromator),only be sensitive to a certain '"pass-band"

of radiation, and will subtend a certain solid angle, &0 , at

each volume increment of solution. Hence the proportion of
fluorescence in the band Aﬁ)\/ incident on area /\ s, positioned

parallel to any of the sides of the cell will be given by,
W= WHaN/z
._.E)SL:L

-\ I.. £,C € Y A
d ¥, 2 Ex 3-2;;_,_

N=N=2N/3 . f(/\') d/\"a/xa'j dz

In order not to complécate the solid angle term, f%

4Tt
and the attenuation term, Qxf(—-é}\”cy) , we have assumed Y~ 3> L.

(1-153)

4

’
The total output incident on A in the band Q)\ is given by

* Although we "allow" reabsorption ,we do not take account

of any subsequent re-emission contributions to dF here.
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further integrating'figél> over ¥,y and z, giving,
i - Ly ) o
EWAE%C L(E%c (1—< J) -

<Elx—a(r — €N Y (ze1s0)

/.
This involwes the further restriction that E;\ is not a strong

/ /
function of A in the range , A>\ R

—E N N d
)C(A) o Ex Qid/x — .)CO\)CJ\)\
z" (I-155)

§ is a constant for a given spatial arrangement and fixed

incident and fluorescent wavelengths.

:/ >\—+A>\

%"I ~fﬁﬂd% (1-156)

VN - A>\

With EAC L <<‘ and €>\1 c Lk |, we obtaln the linear form,

-z 2
Ff = 2&6&<7, L (1-157)

This is equivalent to the extension of Beer's Law into fluorescence,
/
with Fsg  dirrectly proportional to £,< , 77/\ , and

sample size L_? At the other limit, with E,\CL > land € /CL>>t

@/;s = i’,,?)\ L/‘r)‘ < (1-158)

The "straight-through" fluorescence, which is observed from the
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face opposite to that illuminated by the incident light, may
be obtained in an analogous manner,
’ %
. 2 —=&xCl . ‘~(é§-—253‘ cl-
o= &,5clle | — et &)
ST (}?)C_ E:>(ﬁ) C
(1-159)

This equation includes all the assumptions given previously
for side viewing.

In the case where €>\CL<< ( and EX/CL((}we obtain the
same result as given in equation (I-157) , the limiting

expression for side viewing. At the other extreme however,

with ECLD |, grep 1, ana € > €Y/ we fing,

/ ’ - & ’CTL—
F_ =29 Ex L5, e

ST j?,\ (1-160)
(,E)\" €X) 7
It will be noted how much faster F;7, decreases after
44
reaching a maximum than F§ﬁ> sy the latter only falling as

the reciprocal of concentration.

The final case we have to consider for our cubic sample
is "forward viewing" , observation from the same side as
excitation. We shall consider the case with light incident at

an angle © , and observed at }Z{ as shown.

1:\9%‘ [;/,éFz
A

/N
-,
~
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Refraction effects on leaving and entering the solution through
any glass cell wall are neglected. Allowing for the new

geometry , but with the same approximations as before, we find,

2 g CR(EY + 8
F;.—:?ﬁ’ﬂ)\;}cl_ (I = Cos © cos;é (1-161)
(5 [wse + Ey[cosP)

With the appropriate conditions for weakly absorbing solutions,

(&/asei'g /Cosﬁ)CL«f’ we again obtain the result (I-I57).
At the other extreme,(g)\ Cos© + Q)\'/Cos ?S)C,L})i, we find;

@ ’Yb\gk L / —+ _E_:b’_) (1-162)

Cos 8 Cos ¢

Thus at high optical densities the output observed
becomes concentration independent, all the incident light is
absorbed by the solution and a constant proportion re-emitted.
The analogy with the straight through high optical density result
can be clearly seen by using, © =0° , and, 95 =180° , then the

-£.,Cc L.

e X term in equation (I-I60) represents the additional
attenuation of the fluorescence, due to passage through the bulk
of the solution. The expressions (I-I54), (I-I59), and (I-I6I)
have been evaluated with typical parameter values and are
shown in fig. 14

All of these equations describe the movement of the
fluorescing volume from the whole solution to the front face,

nearest the illuminating source. This transition between

"homogenious'" and "localized fluorescence'" is governed by the
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FPluorescence Attenuation: The fluorescent intensity of a I. cm.

cube observed from various directions as a function of
concentration, C . F=front viewing, equation(I-I6I), S=side
viewing, equation(I-I54), B=back viewing, equation(I-I59).

For the set of curves I, the parameters used were,é?x=7500,5g =300
whilst for curves 2,(§A=IOOOO, Ex =20000. Curve % was obtained
using the same extinction parameters as for 2,except a .Icm. sample
thickness was used, the overall volume however was still Iml. .

This illustrates the value of front viewing of thin samples.
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optical density terms, with l>€ACL >1 s the transition
occumng at E;CL_Q:( . At low optical density the solution

absorbs only weakly , and hence each incremental volume

fluoresces equally , being subjected to an incident intensity

which is virtually independent of position (x,y,z). Thus in this
situation the output fluorescence intensity is the same in all
dir’ections , and proportional to [_} ’ E& y “flx and concentration
as expected.rAt high optical densities however, light is strongly
absorbed on entering the solution, and the fluorescence becomes
essentially localized at the illuminated face.

Although we have considered the effects of reabsorption,
by assigning a value 3 >( to the extinction coefficient for
the fluorescent light , we have not considered any re-emission
as a result of this absorption.This is reasonable for low
optical densities, or if‘Tlxis small ,and in fig. I5 we see
that experiment and the model proposed do agree quite well.

Also it will be noticed we have only considered one-species
solutions, in mixtures fluorescence may be reabsorbed by

several different +types of molecule, and hence the fluorescence
of additional species is observed, although it was anticipated
only from that which absorbed the excitating light dirpectly
411 these considerations bring us to the problem of

secondary fluorescence.
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Fig. I5.
30
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l _ | ) f I
—-6’ . -5‘ -4' "30
- Log( C )

‘Test of‘the'theoretical fluorescence intensity function, FSD"

Experimental points are shown as circles, whilst the solid
line represents the fitted function F

The points were obtained for Trypaflav1n solutlons, v1ewed

from the side using a Farrand Spectrofluorimeter.
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(b)Becondary Fluorescence.

This is usually considered in qualitative terms only,(65),
and is only observable indirpectly, such as in the apparent
increase in lifetimes of fluorescing species as measured using
a phase-fluorimeter ,{(13), or in polarization investigations,(64).
The measured intensity of fluorescence is the sum of all orders

of fluorescence,

o0
F = E F(c) (I-163)
T “
N=|
WhGIG;FﬁQ:) = primary fluorescence contribution,EE(): secondary
contribution, arising from the reabsorption of Fi , and

E;Q:) = tertiary component., as a result of reabsorption of fi; ,
and SO ON.ssesns

The form of F?s) has been dealt with already, and the model
we shall use here to approximate F;Ql) is just a simple extension
of that used for fffc) .We consider the reabsorption of primary
fluorescence emitted from an incremental volume dxcj d%u d\%g
at (1’“, j(- ,2(') by another wvolume daﬁl- d:}jdsat (7{/, fjJ" Z'J’) ’
followed by its subsequent re-emission as secondary fluorescence.
As in the discussion of primary fluorescence , the coordinates
used have their origin at one corner of the cubic sample,
with the exciting light incident parallel to the =x-axis. The
fluorescence of the ( -th incremental volume, emitted in all

directions , and distributed throughout the entire fluorescence
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spectrum is given by equation (I-I52). The proportion of this
primary fluorescence in the wave band d A  incident on the

\}. -th cell , at a distance 7\€/' ig given by,

AT -Ligen e T e XA Vaxm

L
dx; d.yé d2, /l{."ﬂ' F,;' _(1-164)
AJ is the area of the J ~th element in the dirrection ‘J ,
and jfLX) the intensity distribution. From the derivative of the
above equation with respect to r;j y» and ignoring the contribution

from the purely geometric term arising from the solid angle, we

find the intensity absorbed by the \) ~-th element as,

—_ T -£.Cx,; - t -
dI/:‘ _L)\ EAEX’C 7?)\6 N 3 EXCI‘“LJ”-
J

A SO0 AN dirg dx dy dwe

LmﬁJ (1-165)
Hence the total intensity absorbed by the b/ ~th element is given
A=
by, d:\:< and the total secondary fluorescence emitted by
A”:o

the incremental volume is,
J - C N . . )
d‘Fz— I SN ﬂ)\ € ,?J ""J Jo:t dji o\%L-.

=
,_

4
‘8” JJ[(X’oD\ v

. (1-166)
Here we have assumed that ’)’L s the quantum efficiency does
A

|

not depend on ;\
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'As the light has still to leave the bulk of solution,we
need a further attenuation factor , and for the case of side

viewing in the fluorescence wave band £S>\ we derive,

AFd = Le,cml A A
Z

4;7Twi;j [ﬁTT'F:>Z

O >:+4A),
—E.'IC.,_" L " — 1 1 s
—--o{r dz dy d%L £y € » ‘J}&)\)d)\ o X c(%j(( NG
k”‘:.o \':":_')\’ _é_}' (1-167)

2

This represents the secondary fluorescence intensity emitted by
incremental volume u} in the t} direction within the
wave band ZX)N o« The expression needs further multiplication
A

by a factor of A/Lf-“ = , where A is the area of the detector,
distant [~  from the solution, but this may all be included
in a machine constant, 3;, later,( see equation (1-156) ).

Now we shall turn our attention to the integral over C*)\

contained in equation (I-I67),

oo

__Ejf/(:l“c‘ " /
/O: Eyvr € " J7C(.>\/O‘>\'

o

First we must consider the absorption and emission bands of the

fluorescing species.
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o
A A neasures the emission/absorption overlap interval,and A>\
the band width of the fluorescence , hence the integral over

#
TX can be split into domains, and using the assumptions;

£,=0 . NtaXx¢ 2} o) :o---£'/\°>?\>)°+/s)}
g, #o - [ XK A<A°+AA}
we retain only one term in ,57 ,
INE VO
e [ ey esery £ o

Nz W

Thus we finally derive,

J = T 1 80X —&y'eyn .
CXFZ-QEXCWQAQ e %AJ .

° N\ L*TTFQ;‘
Y +A

(1-168)
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U I Q "w i
Where, i = -(O‘) (‘3\}\ and we have assumed EA' does

L,.'rr =2
not vary much across the instrument pass band , A>\ « In

addition if we place A d J = G’;\:.‘) dj)d%, the total output

of secondary fluorescence is given by,

PNEH.DY L. |
SL - %4 % ) A Cda ) ’
E_ = ¢ 7f(>\) d N | dx, jld ¢ \d¥ de. d?:J -
[ © 41“"“(.-.
PO e . 5 ‘)
t’\j':).b— 'I\,})‘jJ')%J"o
L CFC' cxé -&J Y.
& & N eH Y, I ¢
Y (1-169)
Now we consider the integration over ) ,involving the term,
PN PN
—~— 6 73
£y € Ny ][ (N7 dX
N'=)e
This integral over the disé:r'ibution function, }C y, is the mean
- ’y C .-t 4
value, é_‘ e E)\ ,—f/ , assuming f";_:/- is approximately

constant. This is reasonable as O <L [ J <L., whilst O\( E)\\é /()H:

and as a further simplification we approximate,

- ""f w C. - -
E"e CF‘J — E)\,,e P ¢

(I-170)

with, E ‘(‘g)\’d% . Thus €>\ assumes the form
A)

of a semi-empirical parameter , only approximated by the actual

mean overlap extinctions. Substituting this into the equation

for F?:Sb ,(1-169), changing coordinates and integrating,

we obtain ,
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EXCL
FoP= 3 g, swncL(““e’ )
Exc

(I—- & N© L)_L_ d%( 2sca© oO
Jc(g 5on © Lor ff 42,8, ~Ecen©)

(1= ?fo( CL[g $im © m7$+2€xr —-E_>\ar58]))
(I-171)
If we write secondary fluorescence as a ratio of primary output,

the expression is simplified , for side viewing to ,
27 T

C—E—Z) ", EA”[ 25 & A8
- /g

> (Ekwecoo;zﬁ 26)\,—6 wse)

. (/ - %rs(——%[e%wgm%_f.zgx— SN CoﬁSj))

(I-172)

This function is shown in fig.I6 , evaluated using typical
parameters.

A similar method may be used to find the ratio, <j:; ) ’
F

for forward viewing , which is found to be ,

(“")F- Pflx EX’ dYSfQM@ A

(g ~&5]mm® C‘”fé+2 EX')

(1= enpl-Stfregpme o +25 1))

(1-173)
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Fig. 16.
i
T ] l T i I
-60 -5- “4. -3. -20 ‘I.

R

‘Secondary Fluorescence: The rafio of secondai‘y to primary '
fluorescence as a function of concentration and sample
thickness. The sanple is observed from the front, and the
various - thicknesses are shown on the curves. The extinction

parameters used were, '5:,_ =7500, ?;'.-;L’ =20000, 87\' =300 .
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At low optical densities, or sample sizes, with,
cbre s(mgcmyé +2E~-—E>{Co‘>9)<<l
Tl A

and the corresponding condition for front viewing,
C_:_i:([&‘.y EXJsmOcnd +2 Ex K|

the results for both directions of observation are analogous,

Fz) (B) yNe Ey (1-174)

———

In the other extreme, with high overlap extinction, EX’>> f)\,

E,, >>E> s and EACL>>1 we find,

(F%_» _(’L;/F)F /B (1-175)

The approx1mated forms of fz. and ff- are progressively
less reliable as they depart from linearity at high optical
densities. These are all rather empirical formulae, employing
many approximations, and the value of ]5;”, the overlap
extinction is hard to evaluate, but as experiments involving
the direct measurement of fE. are impossible we do not need
a highly sophisticated model to interpret the meagre experimental
results agvailable. Secondary fluorescence is often observed by
it's effect on the apparent excitation lives of fluorescing
species in solution, when it is found the lifetimes derived are
functions of concentration and sample geometry.

In order to test the validity of the foregoing theory,

and the expression derived earlier for the life of excitation in
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solution with reabsorption , eguation (1-155) , some experimental
comparisons are now given.

(c)Experimental Test of Model.

(i). Galanin's Results.

Galanin, (I3), using a phase-fluorimeter, was able to
measure directly the dependence of fluorescent lifetinme, ﬁ%”
of fluorescein on the thickness of the sample taken. The exciting
light was of wavelength 436 nvu., and modulated at I.47*1080/s,
with the samples viewed from the same side as the incident
exciting light. The wvalue of 't; , the lifetime at high dilution
was taken as 4.*10-9sec. , the shortest 1life observed. Hence we

find , for equation (I-13%),

v/ /38 + 2R
Y, /35 + 04SSR

F
The val f = =M ined i ~.8
e values o f? ’ ﬁ? = , Were obtained assuming Wzl ,(I7)

asm——

and using E',)\’f =2.*IO4 and E) =7500 to derive F;—/Fl as a
function of sample thickness, we can compare the experimental

and theoretical quantities, see Table 3.

Table 3.

Sample |_Conc,=.0001 gm/ml Cong.=,00% gm/ml
thigggess expt. Q§7%§_theory exntjgykitheorv
0.8 I.38 1.49 I.52 I.58
0.1 I.25 .17 I.48 I.44
0.02 1.0 1.04 1.30 1.29
0.04 I.0 I.00 I.05 I.08
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(ii). Schmillen's Results.

The lifetimes of various organic dyes in solution were
also measured by Schmillen, (39), using a phase-fluorimeter.
Phis time however a lower modulation frequency was used. With

HJTgéKl , we can use the relation (I-Iﬁ}) to obtain,

vy, = AR
S | +R
With the values found from the absorption spectrum of
Trypaflavin for the extinction parameters, 65\ =7500, and
E:)? =3000, withf7z =.37, (I7), we show in Table 4 the
a

corresponding values of ,‘g//’\(s found.

Table 4.
I !/
Log(concn) Q.Jj/'sz expt. & % theory

-5.0 1.02 1.01
4.4 1.05 1.02
-4.0 1.12 I.05
-3.7 1.16 1.09
-3e3 I.25 1.18
-3.0 1.27 1.253

At concentrations greater than A/IO-BM. self-quenching begins,
and the function defining the ratio F%4€ becomes unrealistic,

so this was taken as the upper limit of testing the theory.

For a similar treatment of Fluorescein, using the same parameters

as in the duplication of Galanin's results the comparison
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is shown in Table 5 .

Table 5.

Log{ concn ) T%VQQ expt. q%}%gtheory
-5.0 1.0 I.07
~4.5 .0 I.18
-%.8 .22 I1.38
-3.6 1.3%9 I.42
-3.2 I.55 I.44

(iii). Bailey and Rolleson's Results.

Bailey and Rolleson (43), made another phase-fluorimeter

study, although this time a large 2 cm. sample was used. The

use of such a thick sample was rather unfortunate in view of the
increased possibilities of reabsorption distorting the lifetimes
observed. Fluorescein was studied, so the same parameters as used
before were applied, and also because GJTE.GK | » the simplified
equation could be used. The results obtained are given in Table 6,
above Log( C ) ==3.7 the value of ﬁ? is unity and the theory

breaks down.

Table 6.

Log( concn ) Ti/qﬁ expt %ghgtheory
~-5.8 T.02 » I.02
-5.1 I.02 1.11
~-5.0 I.11 I.12
-4, 1 1.40 1.39
-4.0 1.47 T.41
=37 .55 .44
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(iv ). Conclusions.

The first comment that seems valid is to wonder at the
quite reasonable degree of accuracy in the theoretical

predictions considering all the uncertainties involued. The

situation is helped by the fact that all the experimental results
‘

lie in the range where,ji is between I.0 and I.6 , but even so

T.
the fit is quite satisfaé%ory considering the rather lengthly
theoretical digressions and approximations involved in the
calculation of the ratio F%/%T and in the application of the
time-dependent theory. In any case the results do illustrate
the need for understanding the large effects reabsorption can
have on the measured lives of species in reabsorbing media.

Now we can appreciate the reasons for the often wide
discrepancies in the values of ‘E; ascribed by different
workers to the same compound. The case of anthracene is
particularly bad , with a large choice of "accurate" ”C}
possible , all varing with the subdivision of the solid sample.
Clearly care is needed in reaching conclusions based on lifetimes
in bulk media.

Pinally we must recognize the many assumptions in our
theory, the neglect of competing effects such as resonance
transfer , self-quenching, all effecting secondary fluorescence.
Also the approximation of the modulation of the exciting light
by a sine wéve may not be very good, it might perhaps be better

represented as a chopped bean.
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(d)The Trivial Effect.

From our treatment of secondary fluorescence we are now
in a position to estimate the magnitude of the radiative transfer
of energy between a system of sensitizers and acceptors, known
as the "trivial effect" . In studies of resonance transfer it ig
important to exclude the radiative process as a competing
mechanism of energy transfer. Thus we must compare the magnitude
of this reaésorption process with the efficiency of radiationless
energy transfer, written as the ratio CQIA;)A » &lven by
equation (1-97). This ratio tells us the fraction of quanta
absorbed by the sensitizers which are passed onto the acceptors,
to reappear as acceptor fluorescence. The transfer of these quanta
by the trivial effect would cccur through sensitizer emission
followed by the reabsorption and re-emission of quanta by the
acceptors. Resonance transfer however occurs via the coupling of
the sensitizer and accéptor dipoles as we have seen, and no
emission and reabsorption processes are involved.

Until now we have regarded the acceptors and sensitizers
as different species, this need not be the case, they could well
be different molecules of the same type. This is the situation
we shall consider, so as not to complicate matters further by
having to extend the seconcary fluorescence theory to cater for
two species in solution. Such an extension is simple y but results

in more complex expressions.
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The trivial quantum efficiency can be defined as ,

(71\> ( Quanta reabsorbed by solution ) CPRA
rto.T— (Quanta absorbed from exciting intensity) Ggf‘
(I-176)

For the upper term we shall only consider a single reabsorption
of radiation; that is the absorption which leads to secondary
fluorescence. Higher order cascade effects are neglected. The
lower term , representing the quanta absorbed from the incident
exciting beam may be easily derived using Beer's Law ,( see
equation (1-I52)). Considering the usual sample cube , of side

- , and with coordinate origin at one of the corners, we find,

—_ ﬁgxcL. 2
@p = L. (l - ) — (I-177)

where :I:o y the intensity incident in the x—dir{ection is in
units of quanta/sec/area. We have assumed the incident exciting
light is monochromatic. The calculation of the primary fluorescence
intensity absorbed by the bulk of the solution can be handled

in an analogous manner to that used for secondary fluorescence,

and we find,

R + .2 7 -£AC,L..
= " | — & -
Qea = Loty & < L._vb\( )
t.":)\C

.

27T i | )
- A 2 s © A0 ) - é‘%(éxsa\gcosy(u@]
(&5 ccord+2 Ex)

[&]

(1-178)
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Hence we have ,

_ Qen  _ £y
(1), = 0 = ch’l,\

—cb gsu\ecos
f}¢ swede 0”3*

C@&&neoﬁ¢+zgk)

(1-179)

Where Ef;p ig the semi-empirical mean overlap extinction
previously discussed, equation (I-I70) . In fig. I7 the results
of evaluating equation (1-179) with the appropriate parameters
are compared with experimental measurements of Birks (65) of
the trivial effect in TPB/polystyrene glasses.

At low optical densities,i;, cle«] and Q,\C—l—<<{ ,

(%LD);_: qu E’—;\” L:__E (1-180)

2

This is exactly the same as (f;Y/F;> s, the primary/secondary
fluorescence ratio at low concentrations , equation (I-174) .

The linear dependence of the trivial effect on these parameters

?S+€l€i)

is as might have been antécipated. Now we can compare the magnitude

of this effect with that of resonance transfer. For the latter
mechanism we have an efficiency at low concentrations given by
equation (I-78),
(ZL =\ C (I-181)
"N’ A o



The
The
for
The

- I21 -

24

Trivial Effect: Comparison of theory and experiment.
experimental results shown are those of Birks,(65), obtained
the trivial effect in TPB/Polystyrene glasses.

solid line was obtained from equation(I-I79) with;

L=1.0, €, =40000, €,/=500, £, =7500, and the quantun
efficiency of polystyrene,ﬁz o~ 16 .

A
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Where C° is the critical conceatration, = 10™h.

Hence as.l_ E;a _,104 s the ratio of the two concentration
proportlonallty constants for the two processes is, [:ZX //71 L“]
and as ?1}._. , we finally conclude that. the trivial effect

A

should only ba about one seventh of the non-radiative effect.

This is only an approximate result, dependent on the individual
parameters ITor any situation, but it serves to give a reasonable
basis for the omission from consideration of the trivial effect -
in typical resonance energy transfer experiments. At concentrations
where("')/no)A is not small the factor YL>\in equation (I-I79)
should be written as (7-—fn/7ugé)7zA , so that as the resonance
transfer efficiency increases, the corresponding trivial efficiency
is reduced. At the other limit, with -E.;,,CL_>>],with high overlap

and extinction, we find,

(ﬁ/qD)T = "

Thus we find the maximum transfer efficiency by the trivial
process is TlA s whilst it is I. by the non-radiative route.

The reduced efficiency of the former is due to the reguirement
of fluorescent light emission by the sensitizer , this reguires
internal conversion within the excited state. In the resonance
coupling required for radiationless transfer the sensitizer does

not have to be in a potential fluorescing state,



- 123 -

(I3)A Practical Investigation.

(a).Construction of Apparatus

An experimental system for the investigation of
fluorescence spectra was built. It consisted essentially of four
basic units , with which the sample under test was positioned,
excited,and its fluorescence detected and displayed.

(i). Exciting System

The sample molecules are excited to a fluorescing state
by the absorption of light quanta from an incident light beamn.
The lamp used was of the Xenon Discharge type ( ABI-Mazda,250Watt. )
operating off the 240 Volts AC mains via an inductive
ballast, see fig.I8 . This Xenon lamp provides a very intense
light source , with a continuous spectrum in the near ultra-violet,
visible , and near infra-red. The powerful emission at the high
frequency limit particularly suits the lamp to the study of
conjugated molecules, which generally absorb in this region.
The AC arc between the tungsten electrodes in the pressurized
Xenon atmosphere is struck initially by the use of the appropriate
AEL lamp starter unit, which generates a potential of 20 Kv.
Due to this very high voltage the lamp has to be well insulated
to prevent "striking" to earth, rather than across the electrodes.
To increase lamp life and improve stability a centrifugal
cooling fan was used to blow a powerful current of air directly

onto the lamp and its mountings. These mountings were
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24CVolts AC

7
||160mfd.

éf ﬁ ? Eé 4 Chokes

bog o2 2

& G (& 2 AEI type MR583

SO O G '

%’ C v ¥

AEI Lamp ! A S

starter unit.

Xenon Discharge Lamp.

The diagram above shows the Xenon Discharge Lamp control

circuit, the lamp being a 250¥att AC type.
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specially designed to hold the lamp without strain by the two
brass caps at it's extremities, and to allow for differential
expansion during the warming and cooling down periods.
Throughout the operation of the lamp, and when it was cooling
down after switching off, the fan was kept in use. The lamp
agsembly is shown in Fig. I9.

The output from the lamp was focused by a quartz
lens I.iﬂ diameter, f=I.5in. ), onto the entrance slit of
a Beckmann GM-II39 Monochromator. From the exit slit of this

instrument a further quartz lens focuses the monochromatic

light onto the sample. This monochromator uses a replica diffraction

grating, with higher order radiation removed by filters

selected automatically as the wavelength scale is

scanned. Both the entrance and exit slits are variable, a 0.95mm

combination gives a half intensity bandwidth ofA:IOnWA. These
slits are co-linear, and hence the instrument operates as a
highly selective filter.

For the production of excitation spectra a Smiths
syncronous motor can be used to drive the monochromator across
its range. This motor did not require a clutch or reverse
gear, as after scanning the whole range, 250 to 7001nr.,
the machine is automatically ready to re-~scan again

commencing at 2501nr..
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Xenon discharge lamp
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(ii). The Sample Holder.

This was a thermostated brass block, with water
circulated through it from a temperature controlled bath by
a Stewart~Turner rotary water pump. This maintains the sampie
at a predetermined temperature throughout an experiment.This
block, adjustable in the vertical plane, pivots about a vertical
axis perpendicular to the exciting beam from the input monochromator.
The holder, shown in Fig. 20, was suitable for ordinary Smm
and IO0mm cells, and also RIIC uV-0I thin layer cells, allowing
both front and back viewing. The most freguently utilized
position was oblique front viewinge.

(iii). The Detection System.

The arrangement of the physical units used for the
observation of the sample fluorescence depended on the chosen
experimental geometry. For straight through viewing the cell
was positioned perpendicular to the exciting beam, and a lens
used at an angle to this beam to focus the fluorescence onto
the output monochromator, see Fig. 2Ia. The choice of angle OC
is such as to gvoid the cone of scattered incident intensity.

For reasons discussed in the section on light attenuation
this experimental geometry is not very favourable , more
useful is front viewing, with obligue illumination and
observation of the cell, as shown in Fig. 2Ib. Again the angles

have to be chosen to avoid the reception of large amounts of
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Fig. 20.
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Fig, 2I(a).
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gscattered light by the detector.

The fluorescent light emitted by the sample in any
particular geometry is focused onto the slit of the output
monochromator, another Beckmann Grating Monochromator, GM-1I39.
As with the input instrument, this could be driven across
its scale by a syncronous motor, which in conjunction with the
display system enabled fluorescence emission spectra to be run.

Againsf the exit slit of this monochromator was the
detector, a RCA 1IP-28 photomultiplier. This nine-stage
phototube was ‘directly attached to the monochromator, with
its dynode chain resistors housed in a separate container,
connected to the phototube by a multicore cable.

The ripple-free (< .0I% RMS) stabilized DC power-supply
used to provide the phototube potential via the dynode resistor
chain was an AEI type R-II184, with a stabilized range of
300 to IIOQ Volts DC, at 2. Ma. The gquartz glass envelope of
the IP-28 was covered with an electrostatic shield, connected
to the same potential as the photocathode, with a IO Megfi.
resistor to reduce leakage. This "noise" reducing shield had
a window for the light incident from the monochromator onto
the photocathode.

Unfortunately the course scale divisions on the power
supply rendered accurate and reproducable readings of it's

output impossible, so a 50Meg. resistor in series with a
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Pye Scalamp mirror galvanometer was connected across the
anode and the 5-th dynode. The galvanometer reading was then
used as a -direct measure of the DC potential across the
phototube, and could be read to ~ I% accuracy. The curcuit of
the dynode chain and the phototube is shown in Fig.22,.

(iv). Display.

The output from the phototube could be displayed directly
on a RCA Ultra-Sensitive DC Microammeter, MV-84C, connected in
series to the tube output.Alternatively the micro-ammeter can
be used to provide an amplified signal for feeding into a
I0 mV Honeywell-Brown Electronic Chart Recorder,BElectronik 50I5.
Together with this recorder and the motor driving either of
the monochromators, both fluorescence and absorption spectra
could be obtained. The six scales on the microammeter, and the
power supply to the dynode chain, provide easily obtained
varations in sensitivity.

There was a facility for "backing off" the phototube
dark-current from the chart recorder, this is important at
high sensitivities when the dark~-current is quite a large
proportion of the signal. In addition it was found useful,
except for very strong signals, to pléce a damping capacitor
across the phototube output, usually in the range .I to .OﬁpF:
to smooth out random noise.

A simplified block diagram of the whole system is given

in Fig. 23.
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Fig. 22,
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Fig. 23.
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(v)galibration.

The sensitivity of the apparatus was calibrated against
the potential supplied to the phototube by using a fluorescent
sample, excited and observed at fixed wavelengths. This overall
sensitivity independent of wavelength, is shown plotted against
the monitoring galvanometer current, which is directly
proportional to the applied voltage; see Fig. 24.

No attempt was made to calibrate the system for relative‘
gensitivity as a function of wavelength, and thus all spectra
obtained have to be examined bearing this in mind. The phototube
response is a function of the incident wavelength, the IP-28
has a pronounced peak in the ultra-violet. Also the lamp intensity
and monochromator performance are all wavelength dependent.

If however readings are taken at a fixed excitation and
emission combination, comparisons can be made directly, knowing
the overall sensitivity for wvarious phototube potentials.

Finally reproducability; this was good to ~ I% ,except
when the lamp was warming up, or over long time periods, when
the lamp intensity varied with the maing voltage, as the supply
circuit had no constant-voltage mains transformer.

(b)Experimental Investigation of a Transfering System,

Fluorescein/Rhodamine-~B.

To underline the effect of attenuation, which has previously
been investigated at length , and self-quenching, both

dependent on concentration, the fluorescence signal of
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Fluorescein was followed as a function of concentration. As
may be seen in Fig. 25, at low concentrations +the plot is
linear. However at high concentrations as attenuation becomes
important instead of giving a constant signal as all fhe
exciting light is absorbed, as we would expect for front
viewing, the yield decreases under the influence of self
guenching.

Also it was interesting to observe the effect of
self-absorption on the position of the maximum fluorescence
intensity. As may be seen, Fig. 26, this effect is very large
for back viewing with a 5mm cell, although it is diminished
appreciably by the use of a thin layer of material, as shown
by the results for the .Imm layer.

All this helps to experimentally emphasize the problems
which have already been discussed in theoretical terms
concerning the measurement of radiationless transfer in the
presence of appreciable attenuation effects.

The way we may partially circumvent these problems
was first mentioned by F8rster, (18).We must first use only
forward viewing, then the fluorescence of A in the presence
of E - is given by,

A L T, el chl?..
F;' qu A A

G —xpl L[CA(‘EA/MG‘*E»/W-‘@*'Cs(gx/aﬁ@* E>/‘°°¢)D )
cosB(Cyla /cooe +E,\/Co’-ﬁ/253 +C [«sf/mef—e)\ /a,o;é _])

(1-182)
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Then at high optical densities with,
caleffuse + £ e p] +CgLEX[r® + EN /wa;éj > |

we find,
Fﬂ- _'i‘fﬂz)\ €>\ L_
T [5)wo telferp] + e e o]

(1-183)
That is, so long as Cb/kaq is constant, the effect of attenuation

on the fluorescence of f; will be constant, The
validity of this expression clearly depends on the inequality
holding at a given concentration of f’ and B . For solutions
of Rhodamine«B and Fluorescein the condition is obeyed at
concentrations greater than A'IO'4M., and so this enables the
investigation of transfer between the two species in solution

to be carried out in a straight forward manner, ignoring
attenuation effects at these concentrations,

With this assumption results confirm the F¥rster theory
within experimental error, see Fig.27, except that deviations
appear %0 occur at high concentrations. From the results the
value of FYrster's parameter, the critical concentration is
obtained as C© = 2.8%¥I07 M. (See F¥rster's result,

C® =2.3*10"%M. for the system Trypaflavin/Rhodamine-B,(32).)

(c)Some Conclusions.

From this experimental work, and the work of others,

which confirm the already discussed theoretical treatment,
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it seems we must recognize two basic points;

(a). The impossibility of obtaining results of high
accuracy, approaching I.%,due to attenuation effects, lamp
instability and other sources of error. Thus these and similar
experiments seem inappropriate for the investigation of
various theoretical models for the transfer mechanism,.

(v). If, instead of studing the integral properties of
the systems, their time-~dependent behaviour is studied, perhaps
much more could be learnt. It would seem more relevent‘to
investigate the decay of the excitation on  the acceptors
and sensitizers directly, measuring the intensity decay of
systems as a function of time. Hence the transfer mechanism
could be investigated at first-hand , rather than through
insensitive integrels appropriate to steady-state conditioﬁs.
This time-dependent method is however the most difficult
experimentally, requiring quite sophisticated electronic
techniques, but it seems the most likely area for"critical

experiments" at the present time.
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CHAPTER 2.

THE GALCULATION OF WHE PROPERTIES OF | -BLECTRON SYSTEMS.

(I.) Introduction,

At the end of the 19~-th Century the discovery of
the electron by Thomson and the deductions of Rutherford
concerning the nature of the positive nucleous paved the way
for the "classical" guantum mechanics of Max Planck (I900),
and Niels Bohr (19I3). The idea of discrete stationary states
for electrons introduced by Bohr gave non-radigting states
for an electron in a central field, unlike classical mechanics.

Bohr also proposed that the structure of many
electron atomic systems could be represented, to a good
approximation, by regarding each electron as being in a
stationary state in the field of the nucleous and the charge
distributions of all the other electrons.

The use of three quantum numbers (n,l,m) to
describe electronic levels in atoms proved only partially
successful for atoms heavier than Hydrogen. Experimental
results indicated the need for a fourth guantum number, and
this was introduced as spin with the Pauli Exclusion Principle.

A decisive step forward came with the inception
of Wave and Matrix Mechanics by Schr¥dinger and Heisenberg
in I925. Schr¥dinger's mechanics was based on much earlier work

by Hamilton, who established a formal analogy between mechanics



- 143 =~

and optics. The new wave nature ascribed to the electron
confirmed Heisenberg's Uncertainty Principle and De Broglie's
investigations into the wave properties of matter. This
important advance however led to the loss of the simple
classical idea of an electron orbit, electrons lost their
identity as all measurable gquantities had to be symmetric
functions of particle coordinates. This "exchange phenomeéna
is very important in the transition from one electron +to many
electron systems.

The final stage in the basic development of guantum
mechanics was the evolution of Relativistic Quantum Mechanics
by Dirac, who removed discrepances in Schr8dinger's mechanics,
using a four-component wave function and relativistic operators.

(2.) The Schr8dinger Wave Equation.

The general time-dependent form of the Schr8dinger
equation for a one electron system in a conservative field is

given as, (66)’(67)!(7)’
(:7\@ @:_P = H,Y/ (2-1)
ot

The quantum mechanical Hamiltonian, f{ » represents, as in
classical mechanics, the sum of kenetic and potential energy,

except now to form the quantum operator we transform linear

momen tum; Fi;_ _— _z%; S

¢ oXx
Hence we have for the Hamiltonian,



H = Vi —*.ﬁ VvV (2-2)

]

Where; \/(fb the potential energy of the system.

ra
V Dx? a‘jz_ 5’.‘2:1.
The time dependence of the wave function'ﬁp is represented as,
£t
niiuing oo
Yty = Ve e g (2-3)

/y%PO being the wave function of the system at ff =0.

1

the Laplacian Operator,

Hence for a stationary state, with E not dependent on time,

we obtain the time-independent form of the Schrédinger eguation,

[—-3.%_ VANV =HY = EY G0
2m

Without any further detailed consideration of F4 and.fVJ
some general conclusions can be reached as to the properties
of solutions of the equation above with a given Hamiltonian.

For a solution representing a particular stationary
state, £, ,')g > 0 andﬂ?—\&llczl'converges as T——> ©Q
The set of energy valu?es, {Eiz , the '"eigenvalues'", for which
the equation has solutions, have corresponding "eigenfunctions",
{T¥f}, which are finite and single valued throughout space.
Usually the convention is adopted that \/? 0 as ™~ 02, so
the values of fEi' for stationary states are negative.

It is clear for the form of the Schr¥dinger equation

that if '¥é is a solution, for the system with energy f:;,
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then so is any constant multiple G\IVQ , thus it is
convient to normalize the function, so that¥ J;Vf*wkcyg=l.
c ¢

For two different normalized solutions \PC and q*} it
can be shown that, 5"‘,\{16*% d’f= 89, where chJ is the
Kroenecker Delta .This is expressed by saying 'Y%; and'\ﬁy
are orthogonal and the set of solutions, {q¢é} , is said
to be "orthonormal".

If the state of energy EEL is degenerate, and
can be represented by two eigenfunctions q*t‘ and éZ.’ the
Schr8dinger gquation does not force q%s‘ and’Ytlﬁo be orthogonal.
We could however use any combination, q’\f": | —(-@ ’\‘/C'L y8S a
solution for energy E;L , 80 we just chose two orthogonsal ones
from the infinite set. This imposes no additional restrictions,
and enables us to preserve the orthogonality principle. A
similar proceedure may be followed for roots with higher
degenerac&.

¥Finally we must consider the vectorial
interpretation of the Schr8dinger equation. In the matrix
mechanics of Heisenberg we represent wave functions as vectors,
and operators,( such as the Hamiltonian,) as matrices. This
transformation from the differential form of Schr8dinger's
wave equation is easily followed if we expand our prospective
solution to the wave equation,’ye:, in terms of a complete

* Integration over all electronic coordinates is implied when

. . . * J
no limits appear in an 1ntegral.h%fis the complex conjugate of i
t
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set of orthonormal basis functions, iﬁ¢%} ,

’}D - _5_ C:- - (2-5)
. - C
C . J T
J
Then we have,
- — . C g : (2-6)
HZCQ%‘ ELZ.: “JJd

J J

On multiplying this equation by the complex conjugate of one

of our bas1s set, say 96¥:, and integrating we obtain,

ZCU[JQS*H?é d’gj = & Cdk (27

If we use K= l {j ---- , covering our entire basis set, it

can be seen we obtain a matrix equation of the form,

}%7@5 = &, & (2-8)
Where @:' is a column vector, representing ZZ%ZEJ , with the
coefficients C:%j giving the components of the basis functions
appropriate to eigenvalue S;a . This expansion technique of
solving eigenvalue problems is a special case of a method first
proposed by Ritz,(76).
The matrix equivalent of the Hamiltonian, ék17,
- — » .
has elements, H‘d __fséc H %d@
Such matrix equations may be easily manipulated and solved
using conventional matrix methods. |
Thus we can regard our wave function,/»z:, as a
vector, with components, C.’

J

The action of the Hamiltonian operator matrix representative

» of the orthonormal basis set,{Q{B.
J
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on such a vector, if it is an eigenfunction of the system, isg
to give a parallel veetor, of length Ei; compared to the
original wunit length of the eigenfunction. The normalization

of this eigenfunction . 1is expressed by,

(1= Tty @ ar= Sej ey -t

(2-9)

The orthogonality of the eigenvectors corresponding to different

eigenvalues, Eﬂ: and E:K , can be written in a sinilar manner,

S % o= Z, Sy gt =T cy =

(2-10)
Thus this integral can be considered as the scalar product

of two vectors at right angles to each other. In the more

compact vector notation we summerize these properties as, *
@+@ =S (2-11)
kK —J/ JK

The complex vector space weare considering is refered to as
Hilbert Space, and in this space the eigenvectors of the

wave eguation are all perpendicular, and such that g"'ﬂ @‘_
gives another vector parallel to(z;é y with length representing
the eigenvalue, &, .

In this consideration of the properties of the
Schr¥dinger equation no approximations have been made, this
however is certainly not the case in it's solution for many
electron problems. The question of importance here is what

approximations are valid in a given context.

'*@: is the complexconjugate transpose of column vector @;A(
K
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(3)The Many-Particle Hamiltonian,

For an interacting system of N nuclei, labeled
and j/ , and 7\ electrons ¢ and il,by neglecting spin

terms and only considering two-body potentials, the Hamiltonian

may be written sas, N 2 2 ™M o
H=-{8> v+ = ZVé}
2 J= bqj :ZTHQ (=
2. = n,N
R <y R
—t +Z — ‘je (2-12)
JJ’).J' ;7 LU e “)
Where fvli are the nuclear masses, g the electronic mass,

E%j and € are the nuclear and electronic charges
respectively. The potential terms result from nuclear-nuclear
and electron-electron repulsion, and the electron-nucleous
attraction. With {;l :> 1840, it seems reasonable to assunme

e

that the nuclei are essentially fixed in space, as long as we
are not concerned with vibrational problems. This omission of
the kenetic energy of the nuclei from the Hamiltonian is the
famous Born-Oppenheimer Approximation,(68).

If we assume the separability of the electronic and
vibrational components of our wave function, the Schr8dinger

equation for the electonic wave function, AY%@ , can be written,

(B2 mE Y €y
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The fixed nuclear framework over which the electrons move
enters the Hamiltonian as a parameter. This nuclear

. 2 . .
repulsion term 5%,25 is constant for a fixed nuclear conformation

WA T T F i _
so we may onit it from the electronic energy,(67),

E,=E~-2, ZH ew
JJJ‘,)J r:/:}/

Hence we finally obtain, using units of electronic mass and

charge,
[M_LZV'—.Z% ]+Z > Ed%
L L >
(2-15)
The inner brackets enclose a sum of single electron
< = *
operators, "-é—.. V(: ‘2 , J , describing the motion of
Jd

each electron in the field of the nuclei alone. These are

often refered to as the "core operators", (67),(69),

z
LV B
Q,' J

Hence,

(ZH '*‘Z ’L‘ )’\//6@3%”%@

u U>c
(2-17)

Thus we may represent our many-electron Hamiltonian by two

components, the core-electron and electrone-electron interaction

terms.,
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Several other general properties of the Hamiltonian
are important, first the Hamiltonian is a linear operator as
it contains only derivatives and multipliers.

/_.[("%L -;_’\{//) = /L/'\/é -+ /‘/’%/ (2-18)

Also it is a Hermitian operator ,

(W HYdr= [V VT en

Hence the diagonal elements of the matrix féé=:rﬁzare real,

*x
and also, rﬂﬁ': fﬁé. This compactly expressed in the matrix

notation gives ,ﬁ:ﬂ = H#T':

permutation operator is very important. If we represent the

The invariance of f% under any
interchange of electrons C  and kj by éj , then,
F%f(}f) = FL This equation holds since H is symmetric in
both electron coordinates and momenta, as can be seen from
equation (2-15).

(4)Many-Electron Wave Functions.

For the single electron in the Hydrogen atom we
have only nucleous-electron interactions to consider, however
with any problem involving two or more electrons we have to
consider in addition the electron-electron repulsion terms.

Thus any wave fuhction used to describe a many-particle system
should take these electron correlations into account.

Consider a two electron system, with the coordinates

— —

of electron | denoted by T and electron < by 1;_,(70).
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The total wave functlontﬁpk ‘)1s given by,

(qz__[vf'-t—vjjw/(“% 3)?@—@) =E Y 7

(2-20)
The potential term can be written as,

A 2D = =
D - SO
\/( r rz) = \/’(Ir—f) “‘\/L(ri.) -+ \/IZ( r l)

J (2-21)
the last component, \/VZ y is the relative position contribution.
If we ignore inter-electron interaction and set, \/12~=0, then

-V . =
the force on electron | , a‘~ , is independent of I3 ,

so we can write our separable wave function corresponding to

each electron moving independently as

N S B

The one electron wave functions gs and 9al represent the
{

motions of each individual electron in the potential field,

and the corresponding energies Ez,and tzz_ are the independent
one electron energy levels.

However, when the electrons are allowed to interact

— N

with \/ 2# 0, Fg depends on I, and T, , and the two
electron wave funct;on is no longer separable into one
electron components. Only the two electrons together are in
a stationary state of constant total energy. The individual
electrons can no longer be assigned independently to

particular one electron levels.

This inseparability is basic, even though we may often
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use a product wave function as an approximation for the total
wave function. When using such a product function the motion
of each electron in the field of the nuclei and all the

other electrons is considered to derive the approximate one
electron function. Clearly however,in such a case the energy
associated with this one electron wave function is meaningless
without recognition of the interdependence of the whole set
of electrons.

The product wave function approximation was implied in’
some of Bohr's work,(?I), where electrons were considered to
occupy levels given by quantum numbers, the levels being
singly occupied 1in accordance to Pauli's Exclusion Principle.

We may write such a product function as ,

i’" - é{(;) 9&,5(1) ¢3(3) e e glé_n_@) (2-23)

where, cx;/gjéf--.-‘7T s are the one electron wave function
labels, and ()25~"11 are electron labels, standing for space
and spin cpordinates. The function 35 , dependent on the
coordinates of all electrons, is not implied to be a solution
of the Schr8dinger equation appropriate to the system. It may
however be used as a flexible function which through variations
in the set {séx§ can become a reasonable approximation to the
real solution, ’y/ .

In the function iﬁ_ , the individual orbitals give

R KA
an average charge density for thev/ -th electron , l 75%})' N
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suggesting that each of the functions, {‘¢£<? , should be
determined as a solution to Schr¥dinger's equation for one
electron in the field of the nuclei and all the other electronic
distributions. YThig quickly leads to the idea of " Self-
Congistent Field " orbitals, (72), where a product wave function
is used, and the set{‘%i:} varied to give a function §5 the
closest possible to the correct solution, /yb .

The multiple product approximation does not however
fulfill a very important reguirement for a wave function, it
is not antisymmetric with respect to electron exchange. This
may be illustrated by considering a solution EEQ with
eigenfunction /yg « I the coordinates of electrons C, and _j
are exchanged in'y% y we represent the new function as, f?i /y; ’
where Ph' is the appropriate permutation operator.

J
Hamiltonian of the gystem is unchanged by ‘j f) 7Fr:f{so
if 4%) is a solution to the wave equation, then so is %jr%:’
for any L and .) . As long as f;; is non~degenerate then

P

must be a constant multlple of 3‘1 ) "’Vé = C.-

) Y ,
But since PC P =I., j&" S r‘y/ and CL(} =+1.
For a functlon w1th C = '. s ,0 ’\,1/, s and /50 is termed
a "symmetrical'" wave functlon. Wlth (: ==1., /7 ’VV ’v}

and ﬂ¥é is an "anti-symmetrical' wave functlon.
It is found that the only valid form of wave
functions derived from the Schr8dinger equation are the anti-

symmetric ones. This is the wave mechanical foundation of the
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Pauli Principle for particles of half integer spin.

To conform to this requirement we must represent
our wave function as a series of products giving a final
antisymmetric form. The prescription for this is to represent
our state,one particular electronic configuration, as a
determinent. We use this form as a determinent has the correct
properties. 1t is antisymmetric with respect to electron
exchange, column interchange in the determinent, and becomes
zero if the Pauli Principle is not obeyed, with two identical
columns in the determinent. Hence for our total many electron

—

wave function, SP , We write,

e s o
2" —ﬁl" (75{5(') ¢ﬁ(1) oo 95(3(“) (2-24)

g g

In this function all permutations of electrons are equally
possible, the sign to be taken with each permutation depends

on the parity of the particular permutation,( I1,2,....,Dyeceeyne)s
The normalizing factor ‘YQF;E1 ensures that, U/rgﬁ-éﬁjﬁyfﬁ l,

and assumes the [zéf are individuvually normalized and orthogonal.
Also the determinent is unaltered by writing, ¢?%+A?§< s

so the orthogonality requirement for the set {§qé(] imposes
no additional restrictions upon the determinent. These

representations are often known as Slater Determinents, (74).
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An alternative notation is possible in the
antisymmetrization of many electron wave functions. Instead of
writing the total wave function in determinental form we use
an antisymmetrizing projection operator, (69),(75),

A= L DT P (2-25)
AR
on the wave function. F> is a permutation operator acting on
all electron coordinates, and ;?5 is the parity of the particular
permutation. The result of applying the operator to the wave
function, f%ls §§. , 1s exactly the same as as expanding out the
Slater determinent in the equivalent notation.

We must remember that this concept of electron
exchange only arises as a result of the indistinguishability
of the electrons involwyed in any particular configuration.

The idea of "exchange energy" has no physical meaning, in our
approximations all the energy is essentially coulombic, (73).

Up to now, except in so much as we have adhered to
the generalized Pauli Principle, electron spin has not been
explicitly involyed in our wave functions. All the orbitals
used, (F d} y are spin-orbitals, involving spin as well
as spatial coordinates, gé'zj;é?JjbiDS). The spin coordinate

S » 1s usually taken as the projection of the intrinsic
moment of the electron onto an arbitary Z-axis, i:f& .
Hence we can represent the spin possibilities eithe:Lin a

gingle function, Szé(ij)%JS) s where G =:t“%‘ y O as a pair
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of functions, ?S(Ijv)%) and S#(x;v)i). The '"barred" function
indicating S =-%. |

If we neglect spin-orbit interaction, that is we
ignore any variation of 95(%;39%) under spin effects, then
the spin component of our wave function may be factored out

to give,%(z;y’%)}’(s). Usually we write X(S:Ji) = and)’(S:-.lz):/g,

thus in this approximation an electron ‘) in orbital é

with S =+% is represented as ¢g) G((j). If § =-%2 for the
electron of opposite spin, we have éy) Igy) Kote in this
approximation we assume our two possible spin orbitals are
spatially degenerate, that is we have essentially "paired"

orbitals. These spin functions are normalized and orthogonal,

*
fo((ﬂ o()k(;) d’t" :‘., FQ) F(l) d\C‘ - {

fCX(’) (’) d'/t = O (2_26)

With this notation we may represent a doubly occupied

system of 2 electrons by the determinent,

o g+ 45D

) 7 2-2
or using the nomenclature, é(no(@):;ﬁw, 9&2)/3(2):%(1)1‘5 may be ( 7)

expressed in equivalent form,

5+ e [0 o g Fpo - Fop

. : (2-28)
Further spin properties involved in wave functions will be

explained as they are met in later sections.
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(5) The Variation Principle.

As we have considered some valid approximations
for the wave function of a system of nuclei and electrons,
it is important to introduce the variational theorem, which
allows the optimization of a variable wave function, g? ’
with a given Hamiltonian , f1 « This theorem is of general
importance in. quantum theory, but we shall be specially
concerned with it in the setting up of a series of secular
equations for molecular orbitals. Even time-dependent
perturbation theory can be derived from the principle as a
special case, (70).

If we consider the case of an exact wave function,

A¥/ sy Which describes a stationary state, éf; sy then we have,

HY=EY (2-29)

/
Now we consider the quantity EE s, usually refered to as the

"expectation energy", and defined by,

*
E/'-‘: fE Hgd’t’
[EF & dv

/ ‘
To find how £ depends on § , which is not in general a

(2-30)

solution of the wave equation, variational calculus is used,
and it is found, (70):

(i). If E; is an exact solution to the Hamiltonian,

. - / /
H ., that is § = ’Y/ , then £ is stationary, with AE = O



- 157 -

—_
to first order for any variation, A ¥ . Thus if § is an
4
approximation to the exact solution ”\// , afz(yl, then E is
a better approximation to the exact energy, Eio’ than ég-is
to ’¥’ .
/ /
(ii). If E  is stationary, that is AE=O for

any I_\E y, then this f is a solution, /)b , of the wave equation,

and E/:‘Eo .

It can be shown that for the lowest energy state
attainable by a system, E;/ is an absolute minimum. Hence the
value of EE/ can be used to compare various approximations to
the wave function of the ground state.The "best" wave function
being regarded as the one to give the lowest E;’ and as of
course we do not know the exact solution this is a useful
criterion. The fact that a given wave function is the'best"
to describe the ground state energy does not necessarily
mean it is the best to describe other physical properties of
the system. Other approximations may be much better for other
properties, but as it seems no one criterion can judge the
appropriateness of a given wave function, the energy one appears
the most useful, (77),(78),(79).

It has been shown by Fock, (8I), and also Slater,(82),
that the variational principle applied to many electron wave
functions of product or determinental form leads to effective

eigenvalue equations for the component single electron functions
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of either the product or its antisymmetrized form. Thus the
wave function of equation (2-27), can be reduced to a series

of equations of the type,

Héw =€ P (2-51)

KM
by the use of the variational principle, <§ ’ (§>: O'

"These eigenvalue problems can then be solwed using matrix
mechanics. We expand the function ;éx in terms of a basis
set, {th , and obtain the eigenvectors of this set appropriate

to ¢o¢-~ by solving,

—.{._
e, = C HC, (2-32)

This equation should be compared with equation (2-8).
The analogy between the right hand side of this equation , and
the right of (2-30) is obvious. By solving for Eot)gﬁ“' we
can find the component one electron eigenvectors, G;x 96213'"~’
with which the wave function is constructed. Thus we see the
basic nature of the variational principle, and it's contribution
to self-cousistent field theory which we shall be considering
later.

Results (i) and (ii) of the variational principle

apply to excited states as well as to ground states, except here

!
the stationary lE for the excited state need not be an

absolute minimum. Thus the energy minimum criterion is certainly

no good in evaluating the degree .0of accuracy in an excited
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state wave function. Also it is possible that in searching for
the excited state, the class of function we have chosen to
vary may not contain a combination giving a stationary value
of E/ near the excited state.

(6) The Molecular Orbital Approximation.

Until now we have only been concerned with
generalities concerning molecular systems, now we are going
to consider fhe various methods available for the calculation
of molecular properties in {1 -electron conjugated systems. We
shall use exclusively the molecular orbital,(MO), approach
originated by Mulliken, (80),(83), where the MO is constructed
from a basis set of atomic orbitals centred on the various
atoms in the molecule. This approach is not +the only one
possible, although it is now well established as the most
convenient for molecular studies.

Two possible alternatives are the Valence Bond,(VB),
(84), and Free Blectron,(FE), methods, (85). These fall either
side of the MO model in their degree of electron delocalization.
In VB the electrons are localized in the bonds of the various
canonical structures, while in the FE method the electrons
move entirely freely in a potential groave.

These three methods, different as they seem, can be
shown to be equivalent in many ways. They all emphasize
different aspects of the same problem,Slater has studied the

connection between the VB and MO methods,(86), and the
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MO/FE comparison has also been made. We have only to remember
the transformation properties of orbitals to realize that
under suitable unitary transformations the invarient total
wave functions of molecules can be made up in very different
manners, all of which are in fact equivalent, (88).

The M0 treatment has proved to be the most useful
up to the present time, the electronic spectrum of a molecule
is simply interpreted as transitions between empty and filled
orbitals,and the MO obtained is generally symmetry adapted
to the molecule in question. Also the effect of electron/electron
repulsions is easily introduced, and additionally the problem
of which orbitals are the "best" for a given electronic
configuration can be solved with the use of self-consistent
field theory.

(7) The cﬂij—Separation.

The first additional approximation we have to
make before further investigation is to assume that we need
only consider TV -electrons explicitly. This step is justified
by experimental observation, and to differing degrees by
various theoretical calculatiens.

It has long been realized from experimental work
that the "I[ -electrons in a conjugated molecule are those
which are involved in many physical properties such as, optical
transitions, magnetic properties, and it is these electrons

which give rise to the characteristic "conjugated" properties.
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Thus we may feel we are justified in only considering the
movement of the‘TT -electrons over the core of the C{-electrons
and nuclei.

This formal separation was first proposed by
Hltickel  in I93I, (89), and has been used ever since, with
various degrees of success. BEven so it was sorn realized that
such a separation did not remove the question of the C'— [T
interaction, (90), which may be treated in various rather
empirical ways. Normally the |1 -electrons are considered
explicitly, and the 07 -electrons regarded as effecting the
potential they move in,

Various attempts have been made to treat systems
allowing direct o’—"T] interaction. Altmann ,(9I), treated
KBthylene using a VB method, taking the 0 =11 resonance
effect into account, and concluded that the ‘TT—-approximation
wes not valid. The oY-~"TU interaction was found especially
important for excited states. A contradictory result was found
by Moser,(92), who used an 8-electron MO treatment on
Ethylene, and found (§ -excitations had little effect on the
ground state. A similar treatment of Acetylene by Ross,(93),
agreed with Moser's conclusions. Some levels were found to be
purely771—in nature, and the ones of mixed 0=V character
were at least 22.6ev. above the ground state. The situation
became worse as RC_c increased, but it was found as long as

Rc-c {; 1.5 K., the effect of O electrons on the [! -levels
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was unimportant. Finally evidence in favour of the separation
was given by Parks and Parr,(94), who studied Formaldehyde as

a 6-electron problem, and adjusted the U and O functions

to each other until self-consistency was reached. Their
conclusion was that a fixed O~ -contribution leads only to
small errors in energy, but is not always good in .determining
wave functions.

The exact nature of the separation theorem is best
understood by considering the ¢/ + [ problem, and then
simplifying +to just the treatment of [[ -electrons, (95).

The essential idea behind the'Tj--approximation in a many

electron problem is that some electrons can be treated separately
from the rest. We shal% represent the O”-core as ’yg,(t)1y~¢-~710a
and the |1 -shell as lyﬂ_(ﬂd-{-b“-jﬂgrf@, where both of these

many electron wave functions are antisymmetrized. Then the

total wave function for the system of (¢ and |l -~electrons

is approximated by the antisymmetrized product of 3ﬁ; and iygr,
V- hVe e

Where éiTris an appropriate antisymmetrizer, accounting for
OY—"TT exchange. Here we have represented our two groups

of electrons by two many electron functions, and it has been
shown in such systems that the inter-group correlation is much

less important than the intra-group correlation, (96).
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Our total wave function can be written in determinental form,

O I e AL

t

—— . ‘ ‘l
iZ? = ‘ ! cﬁ;ﬂ__%__pd+g'%£44) .

pa——— aro———

(?1el'¥(bﬁ)! : | ! 2
‘ﬂ;;ﬂ@) - f - ET‘_(AG,M@

7, (2-35)
Hence satisfies the Pauli Principle, and Cﬂ“jT-exchange

o

has been taken into account. These terms, ensuring the
antisymmetry of the two group wave functions, are in the upper
right hand side and the lower left of the determinent.If the
factorization into two groups of electrons is valid then it is
very important to know whether we may apply the Variational
Principle fo one of the groups individually . Justification

of the application of the theorem to “TT -electrons using

a —rrﬂ-eleotron operator has been given by Lykos and Parr,(97).

We can write the total Hamiltonian for the molecule

R (—57 -7, &= +Z~)
o e J,><
Sf:n’ﬂ_ Ne+r kel
+Z Z /e + Z (+V; +Z Zoct) 1/,1)3
c=t J=ng+| Cemgtl Fx( gt

. 2~
The central term is the G -core electron/ T -electron ( 35)

interaction term, the other bracketed quantities are the

kenetic energy, electron/ core and electron/electron terms
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for the o’ and '7Tf-e1ectron groups alone. Thus the total

energy of the system can be represented as ,

The cross-term,[E;ﬁT, can be removed into an effective

‘l -Hamiltonian,

/ .
with, P ,
£ ;f%n Hr Y 4 (2-36)

f+—n- is an operator depending on the coordinates of the

—

& and TV -electrons, while t?

depends directly only on

0}
the O‘/ -cc»o:c'din?\lisz_'e‘sr.ﬂ-rr ﬂGJ+ATr
H ™o { HU) ol Z } (2-39)
>L.

C= Ny |
— sz .
() 2 o0 T ( (2-40)
and we have ignored nuclear/nuclear terms, X and F? being

nuclear indices;
Howe = Z Z %“2(3 (2-41)

=4 B,>x T?xf&
(;T L;) is an operator accounting for the &Z—T\ coupling

between the -th TIU -electron in MO ] C o and the M o

electrons their orbitals, {cj{?;



(2-42)

The first term is the coulomb expression, and the second the
exchange, (see later). Thus it is possible to define an energy
operator fﬁTT for the Il -electrons alone, so that it's
expectation value over an antisymmetrized product wave function
for the I -~electrons alone includes the O~TT coulomb and
exchange interactions.

Such a method was used by Parks and Parr ,(94),
in varying the O and Tl groups in turn to achieve a consistent
result, but as Stewart has shown, (98), the "best" wave
function can only be obtained by varying the total energy
5;7— y, not Jjust E;,or é;;; .

A different approach to the ¢TI problem was
followed by Coulson, (99), who calculated the electron density
in Benzene 0.35 K. above the molecular plane. This was a
direct test of Hlickel's argu[ment that the (O -electronms
and TT— -electrons have little overlap, due to the IV -nodes
being at the nuclegus. From the separately computed results for
the &7 and TU densities, it was found the largest overlap,
as expected, was over the carbon atoms, where the & and U
densities were about equal. Thus there appeared considerable

G&*—TT overlap, and thus the separation hypothesis becomes
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rather doubtful .

However in the final analysis, quite good results
can be obtained using the o’—1T factorizability, and it seems
until the procefdure is positively invalidated , this approach
will continue to be used.

(8) The Hartree-Foek Equations.

Now we shall follow the development of the perfectly
general Hartree-Fock scheme for a closed-shell state through
various stages of its specialization for calculating‘TT:molecular
orbitals using the semi-empirical Pople-Pariser-Parr method.

By a closed-shell state it dis meant all electrons are spin
paired, the orbitals occuming in spatially degenerate pairs.
As a consequence the molecule is in a singlet state, with<sg=0.

The total wave function of the molecular state, /¥; ,

is assumed to be a normalized Slater determinent, with doubly

B ¢ @) $(z) ¢<3) —-~~y{(ln-')%(2 )]
% J 2“‘ I — (2-43)

The set of 2*\ occupied orbitals, [é)¢{ is

occupied orbltals,

constructed from a complete set of Y\ space orbitals, {%ﬁ ;

The differing spin functions are just indicated by a "bar",

?6,(1) = ¢!Q) 0((!) a—,—z}) = ¢IO) ﬁ(/)

The set is mutually orthogonal and normalized,

sz{(}) % (y A% = SLJ (545)
SELES =<E| > <<y =0 @®

(2-44)
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The use of these ¥\ spin-paired orbitals ensures that the
final total wave function is a pure spin state, that is an
cigenfunction of both §_ and 52

The expectation energy of our system with Hamiltonian,

f{ y can be written,

—— 3 - . n
F = 1 \ QSO)(]SQZJ .. 3& (2) t H ‘C}S,(‘) 94'(7.) %\Q )}..
o (2.)! T .

— (2-47)
¥rom the Variational Principle, the best set,{?é)?%}, for
approximating the closed-shell state will be that which gives
no first order change in total energy, é:o’ when the orbitals,{?ﬁ)yi}

_ ¢)
are subjected to a small variation whilst still preserving
their orthogonality.

From equation (2-47), and taking the Hamiltonian

in its core plus electrons form as in equation (2-I7), we find,*

g '?-?EZ) 5—5;(23‘3(3 Hfa)/qﬁl(f) ?T'(;-)"‘SZE,—(Zn»
+(¢ Q) glé(_z) .- C# (Zn)/ Z —;/94(;)%22) --..gjnzzh)>

o > (2-48)
and, ZZEC +Z‘Z(ZjLJ KEJ))
2-49

with, EC 9( (’) # # (I)> (2-50)

*Using the convenient modified Dirac notation, and remembering
that the wave functions are s+till determinents.Integration

is dmplied.
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Thus these E;g are the mono-electronic energies in the field

of the nuclei j the ij and K(:/ are Coulomb and Exchange

integrals respectively,

L AT, d,
Hqﬁg,m pot @ f pe>

(2-51)

Kg = (;S(D gﬁ(n L 53(2);5(2%\”6 4%,

(2 52)

It will be seen use has been made of the space function
equivalence of each electron pair in an orbital to reduce

the sums limits to " instead of AN . This result for the

total energy, tf s given in equation (2—49) y 1s quite easy

o]

to find using special methods developed for determinent
algebra , (100),(70),(I01).
The first order variation in an orbital, ?6-,

can be written, (67),

¢ —> ¢ —\—Z JI< SZQK (2-53)

For q& and sﬁ- to be orthonormal to the first order we find,*
C

¢ = - Cey (2-54)
This holds for [\< ('JJ é"ﬂ ; that is only for occupied orbitals.

In the expansion (2-55), K ranges over the complete s2t, not

just I{Kgn,and now the set includesj¢ -~-—-¢z. For a
K+ N
complete set M- 00 pay occur, (66 },(I03).

* The wave functions are assumed real from here onwards.

L= @k (2-55)
goEe e
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Now we investigate the effect of a first order
variation in the occupied orbitals on the total energy,
examining the change in each term in the total energy expression
in turn. We retain only first order terms in all series, then,

C.
£7 > £ +2KZ;;¢C e T (@)

C
EiK = fﬁ () Hw <#KQ) e A (2-57)

where,

K # ¢ # (2-58)
K> K 2% €Y 422'5,€9
G > Ky + Sk L+ 27, e + -
) ) C e € (oosey
with;
§§¢ ) (,) _L ¢(z)¢(a)d’if df
(2-60)

Hence for a first order variation 1n orbitals the energy becomes,

E E+i 2 it ZZ [Z (2§ ;- 5,)

iJK¢{
+Z Je (28" ~J )]
S £1< i
E + b 2, CLK[&K*Z[Z J-;'-§,<j~>]
¢, K#F( -

where (Q:C{j.\ ,are the 1ndlces of occupied orbitals, (2'61)

A4
| <SKEN ythis index covers the entire basis set.
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Thus appling the Variation Principle and requiring the first

order change in energy to be Zero we find,

N y
Zm x| €5k —rZ( §i-5o)[ =0 o=

In thls double sum occur terms of the type,
o . c \ ;f(__. CJ~ i] .
Cck {:éz ck T ;%;;,(52 fi\k) fi’ﬁij >
c,-\e“. ‘( £ Kj] )
T KLIEK(. +ZJ-‘ Z JJ g‘:-j ) T

which, since C‘:K: -Ck(: for [\<K) C \<TT , from the orthonormality
requirements (2-54), and from the definitions of the

functions, (2-60), we can see,

hor TSR §0) - £k + DS S5

Thus all these terms give no contrlbutlon to the sums in (2-63)
equation (2-62).
Hence for self- consistency in our orbitals we require,
- L-‘
20 27 il +Z(2 § -840 =0 @
k\
(_‘.:I Kz=n+1i =/ JJ J

so, as in general we cannot expect C —-0 for {<L<Y|and.n+l <K N

then we must assume,
£¢ -;-Z 2€<f_¢e9)-0 (2-65)
(2S5~ 5.

This expression may be rewritten in terms of some special

.

operators, JJ' and KJ. , and we have,so long as /g £J< N
and N+ KK N, |
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- Z
fnsz[ HE+ 2.(25 -5} 9, s
The Coulomb and Exchange operators are defined by,

L 55‘:(2) = fgé () ¢ () L qfi.(w ér, (2-67)

0@ @ = %‘(u gé.cz.) -+ Fd¥ s

Now we can derive the effective Hamiltonian for
< Y -
use in SCF treatments by applying the operator, H' +Z(ZJJ' "’S‘},
J
to an orbital ¢ . The result can be expressed in terms of

the complete set, [ Z N
(H +Z(2J ’kj)]gé zg ek ?’5,< (2-69)

Multiplying each side by %’(

f@r[HC‘* i_j (27,45 Sb/(' d¥ = €k @)
u=1

Thus , in conjunction with equation (2-66) we find, ECK: o,

and integrating,

forn+! KX Mand / <c &M . Hence our expansion over a
conplete set, 5%9{ —-—SZ(Z reduces just to that involving
the occupied orbitals, [?g Sz{ , and ,

[+ (Z T -] % = ZELK K<

J= (2-71)
This is often written,

~
F ?50‘ =2, &k Vék (2-72)
K =i
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Where | is the Hartree-Fock Hamiltonian, - = Hx 2(233' J) .
The set of coefficients, [EZK?’ can be shown to be

a matrix of Lagrangian Multipliers by using a more rigourous

approach to the Hariree-Fock Hamiltonian where variational

calculus results in the introduction of these multipliers,(I03).

These coefficients serve t0 ensure the orthogonality of the

orbitals, {~q%;} s despite first order variationms.

Clearly it Wouid be very advantagous to have a diagonal matrix,

so that we would have a set of effective eigenvalue problems

for the self-consistent orbitals, {¢z s
C

Fféé = & gZS (2-73)

C
This is possible, for the basis set used, ;%} , can be
/-
transformed into another set, [ qg‘} s, using any suitable

unitary transform, for example,

¢ = %:‘ Uj: P (2-74)

Or for the whole set, using matrix notation;

@/ = @ U (2-75)

Both the total many electron wave function, equation (2-43),
and the Hartree-Fock operator are invarient with this change
in basis set, [§53 , to, é;é{g .With appropriate choice of the
transformation, M y, the off-diagonal elements in @ vanish
and the effective Hamiltonian, F: y&1lves a simple eigenvalue
problem, equation (2-73), which ensures the self-consistent

orbitals form an orthogonal set.
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The invariance of ~ the Fock operator and the total wave
function can be seen by considering the effect of the unitary
/ -
transform, { _g to g’ J{, onh these quantities.
<

In the operator the core term %* is uneffected
by choice of basis set, the inter-electron term,ZZ}GZZY‘— k“)
is also independent. This may be shown by expandlng‘ZEfJ' , now
expressed in terms of the new basis, é}é.f y in terms of the

original set,{ ], then,

7 - 2o o

_Z ¢())<Z§(')‘L a7,

K
But since ZMJK JL’E/I L(] J’; a‘nd using the property of (2-76)

unitary transforms, that L&+WJ Lij we find,

ZTMJ f?f(/é(//,Ld’t’ ZJZ¢f (2-77)
Slmllar argufments apply to QZ: K 2{78;

The total antlsymmetrlzed wave function, /V% y mmay
also be shown to be unchanged in the transformation using

another property of unitary matrices,

%iﬁzﬁffﬁ ‘51/(’152,%2) ?é;) :ﬁ/—? (‘*/‘/éé(:)“ﬁé?"))

—

(2-78)

Now as (Ul = lj—i ' then,?f?%ﬁfﬂr)f{%j and our total wave

function is unaltered.



- I74 -

Thus heving shown neither the F: operator or the
total state function,’y% , to be changed by the transformation,
{%] to 17/7, then we just have to chose M so as to
diagonalize the matrix , that 1is ,

Mfg A = @’ (2-79)
/

where gz: is the new diagonalized matrix of Lagrangian
Multipliers.

This choice of orbitals which diagonalize the
Lagrangian matrix is clearly just a matter of mathematical
convenience, to give an eigenvalue problem easily solved using
convential methods. The idea of a "molecular orbital" is thus
not invarient and such orbitals can be subjected to any suitable
unitary transformations. Delocalized MO's can be transformed
so as to produce the loges of localized bonds, (73), thus we are
able to understand the esgsential similarity of the VB and MO
approach,

One fundamental property of the molecular orbitals
of any molecule is that they should automatically reflect the
symmetry of the molecule under consideration,(75).

The Hartree-~Fock functions obtained by solving (2-72) have

been shown to be symmetry adapted to their nuclear framework.

Thus the SCF MO's form abasis for the irreducible representations
of the molecule, and do correspond to a specific total energy
minimum,(154). This energy may not however be the absolute

minimum, a lower energy may be obtained from a wave function
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which is not necessarily symmeiry adapted. This question of the
overall symmetry of the total wave function of a molecule

will be met again in discussions on the application of
Spin-Polarized SCF to calculate ground state properties.In these
cases lower energy ground state wave functions are obtained than
for the corresponding spin-paired wave functions by the removal
of the symmetry restriction of electron pairing. This problem

is however fesolved by the use of a spin projection operator,
which in effect re-introduces spin-paired orbitals.

(9)The Roothaan Equations.

In the development of the Hartree-Fock equations we

considered a complete basis set of orbitahs,gﬁé-" ¢;-'Sé;},

If only a limited number of basis functions are used, Z}i "-<$ },
1 M
which are themselves constructed from a restricted set,ij(j ’
then the Roothaan equations result,(I03).
With T doubly occupied orbitals, and a basis
set of YN components, M :;71 s the first order variation of

an orbital now becomes,

Q(C —> %‘ -+ f\ Cck ¢K (2-80)
K ¥

and the self-consistent conditions become,
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The molecular orbitals, 9%( and 915 , and ?{j , are

expanded by the Ritz technique,(76), using a basis set, {ik:} ,

of M components,
m

¢1< ZEZ{CK q/f’ % Z::
A

93 chv?’ Z s

In the well known LCAO-MO method, the set{3%22 consists of

(2-82)

atomic orbitals localized at the various atomic centres of the
molecule. The '7”r—-electron approximation limits the set
further, it only contains the 2pz orbitals of the constituent
atoms. Substituting egquations (2-82) into our Hartree-Fock

operator , for the matrix element, F:—. y, we obtain,

<¢,<IF1¢C->=§C,<P h {<7¢ [H XD
2. 25, JS[ 2pg s> =l

J=l rs (2-83)
Thus we have for the element 6;i'of our Hartree-Fock matrix

using a limited basis set,

<’7(,O/HC *ZZ JrS { 29 /s>

J= :—(f "/SZ>} (2-84)

The core integrals, </XP 2’ > , are often written as ,

r)
with the diagonal element dF:<7PIH I')(f’>' i
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To solve this self-consistent problem we have to
diagonalize [F? , which is constructed using some initial

7
guess at the eigenvectors, G::- ’

J
/ .
E,::(@J) .C; = & < (2-85)
Then we use the resulting eigenvectors G;;C‘to repeat the
process, and this is carried through until the required degree
of consistency is achéﬁved. This may be illustrated in a

diagrammatic form;

Start.

N

Initial
guess at
<’

A 4

Construct

/
Put Egaf(; ) 5\\\>L\\\\ Diagonalize

C =& giVe[f:@ and ¢

s C- €’

N/
YES

|Self-Consistent Field

This all assumes we can construct the [53 matrix, but this

unfortunately is difficult to do exactly and approximations
C/

are often used in the evaluation of(ﬁ]}/f* /7nb> and integrals

such as <:r7j1 / r!i) . We shall now discuss these approximations.



- 178 -

(IO) The Goeppert-Mayer and Sklar Core Potential.

This approximation to the core Hamiltonian, f{c',
was first used in a famous paper treating Benzene,(I04).

The potential was originally introduced for use in the treatment
of Hydrocarbons, but we shall consider it's generalized
extension into hetero-atomic ~Tr’-systems. To find the potential
we require the following,

(i). Hydrogen nuclei and surrounding electrons
are regarded as giving no potential contribution to the core.
These nuclei are regarded as completely sereened by the
electronic distributions.

(ii). The potential contribution from an individual
nuc;eus and surrounding electrons is approximated as the
potéatial due to the atom in its valence state, leés the charge
distribution of Zk TT-electrons delocalized in the MO.

i§/< is the effective nuclear charge when the 2pZ electrons
contributing to a MO are removed.

(iii). Exchange termé are neglected.

This potential has the form,
= 2 -+
) =-%‘7u>1-§;<1K0> (2-86)

the summation of K extends over all the atomic cores,
_ +
with (/(‘K(’) the potential of the K -th ionized core.
Writing le, for the potential due to a neutral valence state
atom, + 2
{ =
RENTING wu+afm@¢m%
e
(2-87)
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Hence,
< - - Kkl -+
Hw = -'% V- + Z‘ ( U 2K< ! iz (2-88)

ko
The diagonal term, 0(; = <?\H?J)“3>, becomes,

o«‘; =<¢f, |- g%')nu;(uéw - % |k <>) l ‘75f>

and, with rearrangement,

e = <H| L0+ Uupl g +;<JZ¢;>(FMQIF> (2-50)

From the definition of ([K ywe would expect the approximate

(2-89)

L . w
ionization energy, jI:L , of the valence state 'Tj_lelectron

to be given by,

.
4V rafoydo < Tido
2-91

Hence for the core term we find,

o == T7 + 7 (<plaIpy = ZsKeipe)
K, +P (2-92)

The first terms in the sum over ﬁ( are usually termed the

penetration integrals,

pluofp> = [[ Us® L b B05 4G Y,
' (2-95)

giving the mutual potential energy between a neutral atom in
its valence state, and the charge distribution represented by<f{f>

A full discussion of the values to use for the

ionization potential, the Coulomb and penetration integrals will

C C |
be given later. Also it will be noted fg =<?KP“*(X‘>has not
f1 1
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heen discussed, this is because it will he used as a semi-
empirical parameter.

(II) The Pople-Pariser-Parr Approximation to [Ej

This semi-empirical form of SCF theory was developed
by Pople,(I05), from the Roothaan equations, using assumptions
similar to Pariser and Parr,(I06), in their treatment of
Ethylene and Benzene. . It was introduced after the results obtained
by non-empirical solution of the SCF equations proved rather
disappointing.

The Goeppert-Mayer and Sklar Potential is

substituted into the diagonal element of the Hartree-Fock

matrix, EEJ
Fop = —-"""+Z {ql ol pp -2 <f<mf>}
7 hdi
N JZ' ; Gr<is(2<pplrsy =g risp>) (2-94)
If we neglect differential overlap everywhere,
Ao X=X XTSg (2-95)

we obtain,

Foo = —T5 + 722 2 <eplrd {2 jr g =2

J LFFP

+Z jpejp<eplepr + Z((’ dic|py (5%

The aldgonal element is,

Foq = f%“?l <ip<ig <37 P>

(2-97)
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The neglect of overlap will be fully discussed in the next
section.

The difficulty of evaluating (P [Uy [P , the
penetration terms, is avoided by neglecting them completely.
This is Jjustified by the fact that they are generally small,
or probably since the term is constant,can be added to the
effective value of the ionization energy used. Some numerical
examples of penetration integrals taken from Ohno,(69), are

given in table 7.

Table 7.
Molecule p |k Eﬁ%g;ﬁgféorh <PV1K\P>
Ethylene I 2 -0.989 ev.
CemD
I 2
Benzene I 2 -0.856 ev.
I
/\2 1| 3| -0.01I3 ev.
tl\;75 I 4 -0.003 ev.
4

If we use the substitution for the two centre Coulomb

integrals,
(it /JJ > = XLJ (2-98)
and define a charge and bond-order matrix,

F('J = 1 Z; CK; C"Kj (2-99)
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Then, neglecting penetration integrals, we obtain the matrix

elements,

E ——I + 2 (ﬁ*“zr}Xf’“ +’L Xﬂo
PP EEP
(2-100)
Fry = fre — % (2 Bpy
In matrix notation this can be written as ,

F:ﬁ]#‘Z@T’—-K (2-102)

with the matrix elements given by , (I07),

’“*Ff> = ;ﬁi} Z~ Ef
o K#P
P = F F‘L
Ty = Sy 12 P Wi
Keg = =% Fpq dpg (2105,

(I2) The Zero Differential Overlap Approximation.

(2-101)

The Pariser and Parr approximation of assuming
zero differential overlap, eqﬁation (2-95), is of primary
importance in reducing the difficulties in the evaluation
of the lﬁ? matrix elements. In this approximation all four
centre two electron integrals,<(f>iL /I‘.S:) y 50 long as

P:#. 2 F# ¢, and thus only the relatively simple two centre
Coulomb integrals are left.

The fact that such a sweeping approximation does not

jeopardize the success of the Pople-Pariser-Parr method in

molecular predictions indicates this neglection of overlap has
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a real physical basis. This may be shown by expanding our
molecular orbitals in a basis of L8wdin orthogonalized atomic
orbitals,(I08). Each L8wdin orbital is a linear combination of
atomic 11 -orbitals containing one main term from the atom
in‘question, and a small amount from the others to ensure

orthogonality.

To find these L8wdin orbitals we must reconsider
our expansién of solutions of the wave equation in terms of
an orthogonal set, as used in equation (2—8).If instead we use
a more general non-orthogonal set, such as could be constructed
from the atomic orbitals in any molecule, then from the M
components of +this basis set, {5{5}), we can build a non-

diagonal overlap matrix, g? , with elements,

— * ‘
gij = f/)(,(lJ 7/- {d) d"(i‘ (2-104)

Now to obtain a diagonal overlap matrix we require a 14"

component set,thiz, such that,

f W ;0 dy = 94 (2-105)

If we construct this orthogonal set from our non-orthogonal

n

= E (/LK[,;EK (2-106)
K=1

then the orthogonality condition, equation (2-105), gives,

Zum L‘ X 0 X0 dx

= Zu uLJ Sk SU

(2-107)

one,
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In the equivalent matrix notation this becomes,

M+§ u — [j_] (2-108)
where (1] is the unit matrix, Li]z_) :SU .
Hence we can construct our orthogonalized atomic orbital set
using any suitable transformation matrix Qﬁﬁ in equation(2-108).

To simplify matters it is reasonable to chose Q:D such that
Q:ﬂ1:= G:ﬂ , and hence we find,
-1
u — §° zZ (2-109)

90 we can represent our transform from the basis,i%[}, to, {’7?,
L

RE @ - % SHZL-— (2-110)

where 7772 and :25> are row matrices, corresponding to the
the respective orbital sets f%?}} and {i*k} .

The wave equation stated in matrix form for the
evaluation of eigenvectors, (C: y in terms of a non-orthogonal

basis set is,

Z}i’]@ = S@ g (2-III)

Where [F{] is the matrix representative of the Hamiltonian,
and iz; a2 diagonal matrix of eigenvalues. The corresponding

molecular orbitals are given by,

¢ ey X@ (2-112)

Now on the transformation to the new basis ;%?c;?,we find,

@ = 27 g.—é@ (2-113)



- I85 -
- —1

Z
On replacing (Z; in equation (2-III) by ég? (Z; we obtain
the simple eigenvalue equation, (compare with equation (2-8) ),
/
e =c& (z-158)
/
where Z}{] is the new mairix representative of the Hamiltonian,
s —.L -1
/F = Sz H &z (2-115)
This new form of Z}{] must be remembered in the calculation of
C
resonance integrals, FgP?b , for the Hlckel and BSCF schemes.
The wave functions in the matrix element are not pure atomic
orbitals, but their orthogonalized derivatives.
_41- *
The evaluation of ég?‘z can be achegeved by a matrix
-1
expansion technique, (I08), or alternatively by subjecting g;‘ Z
to a diagonalizing unitary transform, finding the inverse
root of the transform, and then reverting to the original basis.

1f we use the former method, and neglect terms higher than

first order in the overlap matrix, then,

§7~[11-28 e

7 m K- Sy

JaFL
These orthogonalized atomic orbitals contain in general a

and hence,

negative "cusp" on each neighbouring nuclelus. The cusps
however occupy only a small volume of space, and the overall
effect of the transformation to LBwdin orbitals from atomic
orbitals, apart from the orthogonalization, is to compress each

atomic orbital more tightly about its nuclegus.
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Thus there is no implied restriction in expanding
the molecular orbitals as linear combinations of
orthogonal functions instead of real atomic orbitals, as they
form equivalent sets. However , we must always transform [%{]
into the new basis. Using these L#wdin orbitals Peradejordi,(I09),
has compared the results of evaluating the many centre integrals
for the normal 2p, <a,b 1 c,d> and Lgﬁwdin orbitals, <§._,_}_J_ I _g_,_q_>

for trans-Butadiene. The comparison is shown in Table 8.

Table 8.

L8wdin Orbitals ev., Atomic Orbitals ev.,

(ara | 8,8> 17.28 La,a|a,a 16.92
{bsb | b,b> I7.57 {b,b [ b,b> 16.92
dasa | b,by 9.01 {a,a |b,b) 9.23
{bsb g2y 8.63 {b,b |c,cd> 8.69
(&2 \g,2> -.06 {a,a | a,b) 3,60
{2sb | a;b> -.08 {b,b|a,b) 3.60
{&:2 b2) .01 | <a,b | b, .63
<{a,btc,4) -.01 La,b |c,dd .46

It is seen that while the two centre integrals
change little, the three and four centre integrals are
markedly effected. A similar comparison has been made between
the two orbital sets for Benzene by McWeeny,(IIO).
Leroy,(III), has shown that the usual Pariser~-Parr treatment
and that using L8wdin orthogonalized atomic orbitals give similar
results for Alternant Hydrocarbons. However it was found less
satisfactory with hetero-atomic systems such as Pyridine and

Pyrrole. These orbitals have also been used by McWeeny in
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non-empirical c¢alculations on conjugated systems, (II0).
Finally, if it is accepted we are not using

Yordinary'" atomic orbitals in the SCF treatment it must

always be remembered that this is so when any attempt is made

in interpreting Dbasis coefficients. Strictly a new change in

basis functions by an appropriate transform is necessary before

any conclusions based on the normal atomic orbital basis set

are made. In:the semi-empirical SCF +treatment we do not need

to specify the exact form of our basis set. However in non-

empirical calculations where the zero differential overlap

approximation is not valid,(II9), we must make a choice of basis.

Slater atomic orbitals are often used, but atomic Hartree~Fock

SCF orbitals have been used also, (II2). Attempts have

been made in the non-empirical treatment +to determine the best

distorted atomic orbitals using simple model systems,(II3),(II4).

However all these problems are circumvented, if not forgotten,

in the relatively simple semi-empirical method.

(I3) The Parameters. (a) Introduction.

In the semi-empirical Pople-Pariser-Parr approximation
it will be seen,on neglection of differential overlap, there
are three parameters needed to construct the LES matrix.
They are the valence stae ionization energy, jr.} s introduced
by the use of the Goeppert-Mayer and Sklar potential, the core

-
resonance integrals, fg Pq/, and the two electron integrals

over our basis get, .

1
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The introduction of these parameters as semi-empirical guantities
usually enables us to obtain wave functions giving reasonable
agreement with experimental observations. The use of the

three parameters as semi-empirical rather than calculated

ones is necessitated by the poor agreement obtained between
experimental values of the integrals,<79f’lf'6>, estimated
spectroscopically » and their theoretical values found

using Slater atomic orbitals. The methods used to obtain

values for these parameters are now discussed briefly, for

a more rigorous treatment see references (I20) and (I25).

(b) The Valence State Ionization Energy, -]:;> .
T
This was introduced as a result of the method used
<
to obtain the core potential, f% (1) . If we take Carbon

T
as an example, ]:, represents the energy difference between

L +
the two valence states C (\45) and C:(\4+> , (69),
o -+
I = E[cwy] - ELcevy] (e
The value of j[};r can be estimated if the ionization potential,

.

A1 c of the Carbon atom in its ground state is known,
I = E ):C"_@—P):( — E[ <3P (2-119)

together with the valence state promotion energies, \V ,

vIct] =E[c ] - E[<CR|
viel =Elc(vw] - E[CCP]

(2-120)
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This can be shown diagrammatically,

" 7 C(V3)
VIC(:P) ™
A ] =
T=11-26 <)
- ¢ VI (3p)]
AP
C - - = - =

The experimental value :[c =1I.26 ev. for the ionization
of gaseous Carbon is given.

The valence state energy E[V3] and E[\/I’J can be
expressed in terms of observed spectroscopic values, and as

Moffitt showed, (II5), using experimental results,(II6),

VIctvdl = &4 VvV c(vy)] = 826
Hence, I;_n——"- I& + \/[C((./B)]’\/@(\/Lf)] =11.42 ev.

This result is just for Carbon, but using data tabulated by
Pritchard and Skinner,(II7), or Hinze and Jaffe,(II8), other

values for heterc-atoms can be found.

<
(c)The Core Resonance Integrals, F?;4 .
[ LS

These integrals, f%;L=-<3lel1<! j{zf> , are treated

in the Pople-Pariser-Parr method as empirical parameters,

and varied to give the best possible"fit" for a given set of
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IT; and <H7{OL‘Z> additional parameters. For two non-

bonding atoms P , Z , we require, ﬁ;?’:’- o. .
C

The best set of values of to fit an

P4

experimental property is, of course, dependent on the methods
T
used to evaluate IP and (ff \CLCL> so quite a range of
;g;ﬁL is tu be expected. For Benzene Pople and Pariser, (I06)
found the optimum value was -2.39 ev. , and it is to be

anticipated that most treatments using the Pople-Pariser-Parr
<

. <
method will use wvalues of fg near this. The variation of /g
c-c Pg.

with interatomic distance for a given atomic pair is often

given as ,

ﬁ;;iﬁ—ﬂ)- E;fmZ<T;)

e (2-121)
B (RO >py ()

This equation however re-introduces the problem of the basis

set, the gquestion is, do we calculate the overlap Sawbtming
C

Fee

Slater atomic orbitals or SCF atomic orbitals. Hence the
have still to be fixed empirically .

The ﬁ;ﬂ, mentioned have only been considered
as being between two Carbon atoms, for hetero-atomic links
other suitable values have to be arrived at,(166),(I67).
These are often quotedimunits of /%i'C. , and usually these
core integrals have a rather insecure theoretical basis, and
are best regarded as empirical parameters to be fitted to
experiment. In the section on results we shall see how the values

-
of fall in a relatively small range, and that SCF calculations

Pl
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are not very sensitive to their reasonable variation. Hilckel
wave functions are more sensitive, (I20).

(d)The Two Centre Coulomb Integrals;<?f’!r'€> .

First we consider the special case of these, <ff l F?,
which are only one centre forms.
These were obtained semi-empirically by Pariser and
Parr, (106), who considered the reaction, involving two Carbon
radical atoﬁs,
cC+cCc > cT+cCT
If the cores are assumed unchanged in the reaction the energy
change should be((’flee> for the 2pz atomic orbitals. Thus,
<pplpp> = I;'—-‘" Ep (2-122)
where t['F’ is the valence state ionization energy and Eﬂ; the
electron affinity of the valence state of atom fb .
This method applies for atoms other than Carbon, but it is
very interesting +to compare the value obtained forﬁﬁoffp> in
the case of Carbon with the theoretical value, obtained using
Slater atomic orbitals. It is found that (fflf[—’> empirical
= 10.84ev., whilst the theoretical value = I6.93ev.,(122).
This discrepancy between theory and spectroscopic values
suggests either the Slater orbitals used are inaccurate, or,
more likely, that the electron correlation possible in the

ion results in much reduced electron repulsions.
If we accept an empirical value for <Ff’\f‘>>’ it

is necessary also to chose an apprepriate method to obtabQ< \ ‘»
eelY7-
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These two centre integrals have a classical analogue, the
repulsioﬁ between two charge distributions appropriate to

the 2p T — orbitals. This simplified model is often used
in their approximation. In Ethylene Pariser and Parr used a
theoretical value of(F’Oli1> =9.25ev., and this is regarded
as much too high.

Various approximations are possible'for<:rfl1;i>,(69),
and it has been found that usually calculations are relatively
insensitive to which ever method is used. In the calculations
presented later the Mataga and Nishimoto approximation was used,

(124);

lg, 4> = (4~ O (2-123)
PRI = ke

With g in & units, and

[ kO - (2-124)
1 {(Tp-Epd +(Ty-E2))
All the semi-empirical methods, except the simple "/(Ef?_3
approximation go smoothly into the value of(Ff:]f)F> at P%O. .

The need for these semi-empirical inter-electronic
integrals arises chiefly from the inadeguacy of atomic orbitals
available. As only such inaccurate wave functions are readily
accessible for individual atoms, the use of such functions
in molecules nust lead to inevitably less accurate results,(I23).

Now we have all the necessary prescriptions for

the generation of the [E? matrix, and can solve the self-

consistent problem. Thus we must consider further the nature
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and application of the self-consistent model in the deduction
of molecular properties.

(1I4)Closed Shell  SCF Molecular Properties.

(a)Ground State Properties.

With the use of the Pople-Pariser-Parr method to
solve the Roothaan equations the BSCF antisymmetrized total
wave function of the closed shell ground state, 4%@ , 1is
found. The form of 36 is given in equation (2-43).

Hence the ground state energy of the Tr-electrons may be
obtained, Eo = <’\%{H(,\\bo> y using the usual expression
for our Hamiltonian as shown in equation (2-49). This latter

expression can be written in matrix form as,

E = .2'_.77-{ [@[ [H] —f—EE‘]} (2-125)

[;D is the charge and bond-order matrix,( see equation(2-99) ),

[IE = 2 @+@ (2-126)
[F  is the Hartree-Fock matrix, equation (2-I00) and (2-I0T),
the elements of the core integral matrix,[}{] , are given in
equations (2-103).
It is interesting to compare the total energy
expression, lz; y to that of the individual Hartree-Fock
orbital energy parameters, E:k + If we return to the effective

eigenvalue equation for orbital 95K , equation (2-7I),

CHC +£‘(23—6—K65) ¢k = EK ?SK (2-127)
€=,
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:T;L and k:e_are the Coulomb and Exchange operators which

have been previously defined. Then we find,

f(#k C H ; [Zje’ KQ]) ?SK AT = E¢ (2-128)

R .
and, E o = E; —+ ;(2 jk{" Kie) (2-129)

ha)
£, = Z (EE ""’8/<> (2-130)

K=t
This shows clearly the interdependence of all the electrons

Hence;

in the system. Only the total energy of the system as
represented by the many electron antisymmetrized wave function
has meaning . "The nearest it is possible to get to an
individual electron energy is the set of parameters,i&k},
representing the energy of the various electrons in the

field of the core and the other electrons. To obtain the

total energy we sum over all Efk and add éa? to allow for
the '"other" electron in each orbital, in this way no
interactions are counted twice. This is the reason for refering
to Morbitals" rather than to '"levels" in many electron
systems treated using SCF methods.

It is also valid here to comment on the nature of

the "Virtual Orbitals" , that is those orbitals , ¢%_, where

K>7M . The meaning of these virtual orbitals can be
understood by considering equation (2-129), with K> N, then

the sum over ‘e includes no terms of the type,(Zj;“:" KKL)'
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Hence, the function, Fa:, corresponds to an electron moving
in the field of the core and :211 other electrons, but not
itself contributing to the potential field. Thus the virtual
orbitals are not self-consistent in that they minimise
electron repulsions, as they are not included in the Hartree-
Fock effective Hamiltonian.

1t should be noted in the’Tr;approximation EEO
represents fhe total energy of the system of ;211 T-electrons
moving in the field of the core of (7 -electrons and nuclei.
The energy clearly does not represent the total electronic
energy of the molecule, and is indirectly sensitive to the

o’ -core density via the IT—0” coupling term, G:oJ s

see
equation (2-39).

Having obtained a self-consistent ground state it
is of wvalue to know the way in which the electrons are
distributed over the molecule, and how strong the ~TT -bonds
are between bonded atoms. This information is contained in
the charge and bond-order matrix, , equation (2-126) and

(2-99). The diagonal elements of ﬁ;) ,
A

fr; =2 KZ Cki Cxi = Y (2-131)

give the charges, jﬂ- y localized on the centre, L s 48 seems
conceptually reasonable. Also we note, - [P} 22"\'-2‘?/-.
oy . . a— {' “
Similarly the [l -electron bond-order resulting from electron

delocalization between bonded centres L and h] is given by,

Per =2 -, - (2-132)
R
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This concept of charges and bond-orders stems largely from
the Hilckel theory, and has been extensively discussed elsewhere,
(126),(127),(110),(128).

A simple consideration of a two centre orbital
in the MO approximation can be used as an illustration of these
quantities; with an orbital, é = C‘rf“' '{_C'Z’Xz. y then,

(¢, 1> = Cl + Ch 4 2o, e X 1Y (e-133)
The values of ZC—?{‘ and 2(?’-’1 for the doubly occupied
orbital give the charge densities at centres [ and Z .

The cross—termzzcy‘c,z gives the magnitude of the overlap,
<?]L7/:Y2f7 , and hence is a measure of the bond-order. For a
pure double bond, such as in Ethylense, T?é~ =1. .

In Pople-Pariser-Parr SCF theory the various
glements of the [;> matrix are open to the same interpretation
as the Hlickel counterpart, however we must consider how much the
basis orbitals used are like any simple undistorted atomic
orbital. This problem was discussed in the section on the
neglection of differential overlap, and must inevitably raise
questions as to the unambiguity of such simple explainations
as used in the Hlckel approximation. For this reason often the
expression " density matrix" is perhaps to be prefered to

charge and bond-order matrix. The density matrix* 129 is

given by, 'D =P, that is,

n.

Z A P— - 2-1

ng =2, Tk Sk (2-134)
. K=/

* See (I28),(129),(66); many different expressiona are termed

“"density matrices".
y
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If however we gssume in the transformation from our non-
overlapping sget to the real set of atomic orbitals the
charges and bond-orders differ 1ittle, then the HUckel concept
of them can be carried over into the SCF treatment.
As it is now possible to represent the ground state
'TT_ -electron charge distribution we can caleculate the
“Tr -contribution to the perménent dipole-moment of any
molecule treated.ihe expectation value of the dipole-moment of

a delocalized wave function of [l -electrons can be written as,

py = - I%*ZE‘ V.o dY  (e-159)
{

Since /yz is determinental in form , we use the rules of
determinent algebra, (100),(70),(I0I), to find,

1\1 * —_—
Me = -2 e..-Z. f‘ﬁ(’) Lo é'wdt (2-136)

=y
Where pYé represents the total antisymmetrized ground state
———
wave function, equation(2-43), and T is the radius vector
of the ( ~-th electron. f?é‘}-are the SCF molecular orbitals.
c

If the molecular orbitals are expanded in terms of a I -component

orthogonal atomic set 5i¥<z then we find,
N

/Me = —ZEZZC ** I (2-137)

Here we have assumed J/;( 0} f'(U 7{k(” f'éhk justification
of this has been given by Daudel,(67). Recalling our definition

of atomic charge 7/ , and thel; matrix, equation (2-131), we

have, /F‘ci - —e <Zf; X (2-138)
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The total TV -dipole moment. is thus given by,

Fe = ei‘(zj "'%‘) _fj (2-159)
J=1 .

with :E

U} representing the virtual charge of the J -th atom,
with its [l -bonding electrons removed, and i&ﬂ the effective
J

[T -density on the\j.-th atom.

-
Clearly /.AQ is invarient of the choice of origin

—_—
of the vectors . , so long as the system is electronically

uncharged, for if we erte, [;‘%>[—‘+#5r' , then,

He = eZ(z 7)f'+em‘2(7’f %)

(2 140)
But asZ( 7
J

\/) =0 for a neutral system, the dlpole-moment

is unchanged. 1t should be noted such a treatment only calculates
the ’TT‘ -contribution to the total moment of the molecule,

and the dipoles represented by hetero-atomic 7 —bonding

are omitted.

It is also possible to calculatemany other properties
from ground state wave functions, such as magnetic properties,
bond-polarizabilities,(I30),(I3I), and the reactivity of the
various atomic centres to chemical reagents,(132),(133).

Here , however, our main interest is in the extensively

observed and recorded optical properties of conjugated molecules,
so these ground state characteristics will not be further
discussed and we shall turn to the excited states of our

molecular systems.
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(b) Excited States.

(i) Introduction.

In this section we shall consider the approximation

of non ground-state wave functions using virtual orbitals
obtained in the ground-state 8SCF procedure .The use of these
antisymmetrized ground-state orbitals for excited states can
be expected to generally give a poorer approximation to the total
wave function than that obtained originally for the closed shell
ground-state. We cannot expect a state constructed by re-allocating
the occupation numbers of SCF orbitals to be still "self-consistent!
Within the closed-shell of spin-paired electrons repulsions will
be partially minimised, but as soon as we depart from our
closed-shell state using the ground-state occupied and virtual
orbitals, our new state will certainly not be '"self-consistent".

Methods for dealing with excited states iﬁ a self-
consistent manner, which depend on the complete or partial
removal of the spin-pairing constraint, will be discussed later.
In this section on excited states both electron affinities and

ionization potentials will be considered.

(ii) Ionization Potential and Electron Affinity.

The ionized state of a molecule, which previously
had 271 bound electrons, and now has 2n-1 to consider, may be
written as a single determinental wave function where we assume
electron pairing in all un-ionized orbitals, then with the loss
of an electron from orb1ta1 2 , with [ £ 6‘171 , We have;

g r.-—ﬂz;::“)\ \95(4)55(2) ¢€

(2-141)
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I4
Here the orbitals, f&éjz s are taken as the new orbitals
appropriate to the new molecular state.

The requirement of spin pairing for the doubly
occupied orbitals does impose additional restriction on the
problem, and is the same approximation as used by Roothaan in
obtaining SCF wave functions for certain excited states,(I34).
With the use of the less restrictive spin-polarized method,
given later, this requirement can be removed, and the spin
correlation accounted for. This apparent restriction of electron
pairing must however be gualified by observing that,as it will
also be seen later, spin-polarized orbitals can be transformed
into a set of substantially doubly occupied orbitals,
plus the unpaired orbitals. So , once again as in the neglect
of differential overlap, our apparently gross assumption can
be well justified with the use of more complex theory.

Ef , as a further simplification, it is proposed that
the set,f&éﬁ » are unchanged from the closed shell ground state
set, {FS] yto a first approximation, then we have, assuming

the electron 6 with spin IQ is removed, a total state function,

57 - (40 g 4%

The removal of an & -spin electron would be equally valid.

(2-142)

Thus we assume the removal of one electronfrom the molecule

does not markedly change the field experienced by those remaining.
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The energy of the ionized state is thus given by,

_ " C n 7"
ET = 2,280+ 77 ) (2T —Fyj)

CFEC 5 LFe e
+ E5 + 2 (2T ~ Keo). (2-1422)

L€ +
With this ionic state energy, EE , and the ground state
energy, t:o , equation (2-49), we can find the ionization

potential of the particular electron,fz s

I, = FE,=-| £2+§(z UZJ—/QJ.)] (2-143)

and hence, :[.‘Z = - Ee (2-144)
where 5?6: is the Hartree-Fock "orbital energy" , given in
equation (2-—127). Ag for an occupied level Ee <O s then I‘@
is always positive.

Thus the diagonal elements of the Hartree-Fock
energy matrix, {E; , can be associated with the energy required
to remove an electron from the appropriate orbital, assuming
such a removal leaves the rest of the‘er-l electrons in
unaltered orbitals.

With €= M , we obtain the first ionization
potential, the energy required to remove an electron from the
highest occupied level. This is a special form of Koopmans
Theoren, (135), and the agreement between the highest occupied
orbital energy and ionization potential was observed in early
applications of the SCF method, (I36). For a more rigourous

discussion of ionization potential than the precegding,see (I37).
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Later the validity of this theorem is tested, and further
discussed, using SCF wave functions applicable directly to
the ionized state, that is we avoid placing EEhQ& -E; .

Finally we must observe that the often poor agreement
bvetween highest occupied orbital energies and ionization energies
may be appreciably worsemned , by v Iev. , with the consideration
of penetration integrals, which are introduced with the use of
the Goeppert-llayer and Sklar core potential,(I39). These integrals
are completely ignored in conventional Pople-Pariser-Parr methods,
This neglect helps Koopmans Theorem, but it may not be very
valid in the case of complete electron removal.

The electron affinity of a molecule may be determined
by adding an additional electron to the system of .271 electrons
already present. The electron is placed in a virtual orbital, K,
Witl’}‘(l-}-l\( KL™M , where M is the limited basis set, equal to
the number of 2pZ atomic orbitals in Roothaan's method for

TT -electrons. These virtual orbitals are obtained using the
relations (2-I27) and (2-I29), withn+/{ K{m . as, /€€ <n
while n+{ { K{(mw in these expressions , the sunm over €
contains no equal Coulomb and Exchange integrals , thus for
our electron in the virtual level we have.zﬂw repulsions
whilst the doubly occupied orbital electrons have onlyfzn’l ,(IBB).
Using the determinent § to represent the system of 2r\+l
electrons, made up of ground state orbitals plus one virtual

orbital of spin X , we find;
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, Sé. %? - ¢% 9&; ¢%r/

(2-145)

_ l
£ = (G
ZQ€ 1 Z(Z\)'-J'_KLJB (2-146)
+ €% +Z(2 - Kjk)

Thus the electron affinity can be found, using the ground

Then,

state energy given in equation (2-49),

£ = ET-E° = S+ LT i) =5
J (2-147)

So the electron affinity of the molecule corresponding to the
placing of an electron in the K -th virtual orbital may
be identified with the Hartree-Fock energy, E;K' .

It must be remembered that all the qualifications
we used in obtaining the ionization potential also apply to
the deduction of electron affinity. The addition of an electron
is regarded as leaving unchanged the distribution of the rest,
and here, as in the case of the consideration of the ionization
potentials, we have omitted from our theory the O -core.
This core may be quite distorted after the removal or
addition of a || -electron, (I39).

It is interesting also to see the analogy between
the identification of these same properties with the energy
levels in the Hlckel approximation. In this treatment, whiéh

ignores any explicit consideration of electron/electron terms,
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these electronic properties can be directly obtained from the
magnitude of the energy of the level in question. As is
obvious however, the analogy is only formal, and as is to be
expected the self-constant field procegddure is more revealing
in its interpretation of the factors involved.

(iii)Optical Excited States.

Here: we are going to consider '"optically excited”
states, this does not imply all the transitions possible for
the electrons may actually be observed. Many optical . states
may be forbidden on grounds of symmetry or multiplicity.

In the closed shell SCF approximation the virtual
orbitals obtained from the [Eg matrix are used to construct
excited states ; It is hoped that configurations built from
these orbitals represent reasonable approximations to the
real functions of the excited states, in the absence of a

SCF treatment for these states. We shall see how
we may improve our excited state built up from ground state
orbitals in the next section.

Considering the excitation of an electron from
molecular orbital K to 4 , with |<K&N ana n+1< € <m

this situation can be described by either,

FTTLF )({5'(;3; (é<¢n%ﬂ g@l cesese (i)
ﬁ‘é%‘ﬁiﬁn%ﬁ ¢el ceeeeen(ii)
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Examination of (i) and (ii) shows that they are degenerate,
and by combining them two. antisymmetrie wave-functions for

the total state of the molecule can be written,(67),

w VL g 44 b Rl 14444

(2-148)

R AR (e L T )

a1, K>< (2-149)
The first of these, }D , represents a singlet state,

the second a triplet, o;gk’ y both of these states have
zero spin projection on the z-axis; that is <S%=0. The last
state, (B), is degenerate with (iii) and (iv) of our original
set, but the latter have spin projection,(szél . Hence we can

take either (iii) or (iv) to represent another triplet state,

¢ =
(c) /%Ke = j—i—(/:\—rl iQS‘ ¢/ S{%“Sée} (2-150)

This state is given by a single determinent as shown above,
and hence the energy corresponding to the function is easly

found;
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£ 3 281+ 2, (27 - Ky)
L kK ,J)#l(

+ €+ 2, (27~ Jk)+€€+Z (2T -Kje)
J K o
+‘ Jxe —Mkre  (e-151)
- re the -electron
The last two terms, JI;Q KKQ’ a K /
,I -electron interaction contributions.
For the states with zero spin projection, the
energy calculation is not so straight forward, as there are
two component determinental wave functions to consider,
and we have off diagonal terms in the Hamiltonian. The singlet

k> €
state represented by (A) has energy, Z;- , given by,

aE’H@:(_Q_._n_)!{(/éé ZH+er . ¢)

(J>¢.

—<14 4 - ;zf #hIZH L ,..~t¢¢~~¢k¢e >

(2-152)

The first term 1n\ E; ’ w1th the same wave functlon each
side of the Hamiltonian, is just what we would expect to obtain,
had a single determinent representation of the singlet state
been used. The second term is off diagonal in the sense that
one wave function represents a permutation of the spin

coordinates of K and fi . We find, using determinent

algebra,

| <f‘75,‘z;*"?§k’¢ Z” +7, n ‘5[‘ AN

A}>°
= - Kke (2-153)
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Thus the energy of singlet state (A) is given by,

CER 23 €5+ T (2T - Ky
! ¢ EK L) EK
+ ES +§(z_1,< ~Ki)) + €5 +Z(ZJ e; ~Ke))+Jxe e
J,FK

_— (2-154)
Of the last two terms, ‘Jf(Q. arises out of the Coulomb

repulsion, and the Exchange integral ffk:e-is the off diagonal
non-classical contribution.
Similarly for the triplet, (B), the total energy is

to be represented as ,

£ < Igdde S L TS +2 | #6-4 >
+{1d 4B, | 2R +Z-‘-—I<:5q$ e Bl

L >C &/
“ (2-155)
So for the triplet with(?%:O the diagonal term has to be added,

and hence we obtain,

kK=2€ or-k>€ -
oEX" = E'v —2 Kke (2-156)

This energy,oEkée, is found to be identical with that of the
triplet state, ‘E:-),ethe latter having(§)-I in units of R .
S0 in our approximation neglecting spin interactions these
states are degenerate, even if they are represented by different
antisymmetrized wave functions constructed from the same
orbitals. With the ground state energy given in equation (2-49),
the excitation energies of the singlet and triplet states may

be written;
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K>¢€ K>€
AE,a‘""oE, >~ € -&c+2Kee —Jpe

, . ° e (2-157)

K> o —K? _ ! = _ T

nkE s Eg — Eo = E3 - =8 —€k "'JKQ,
(2-158)

Where Eh* and E;Klare the SCF orbital energies. It will be
noticed that in this properly antisymmnetrized treatment,
the triplet state is lower in energy than the singlet for any
given transition. This agrees with Hund's rule concerning
spinepairing.

The evaluation of the transition energies requires
the calculation of the integrals ka and TK( to take acoount
of the difference in Exchange and Coulomb forces in the
transition to the excited state . This situation is not so
simple as in the Hlckel approximation where it is only
necessary to take the energy difference between the two one
electron levels to find the energy required. The fact that the
orbitals in the SCPF model are one electron does not mean
they take no notice of the other electrons, this is the
complicating factor.

The use of the virtual orbitals is a poor approximation
and this may be improved by a proceg¢dure known as Configuration
Interaction.

(iv) Configuration Interaction.

As has been stated, using the virtual orbitals
obtained from the closed-shell ground state SCF we can only

hope to derive very approximate wave functions for the excited
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states of the system. Some account must be taken of the fact
that the . alteration of the occupied electron
orbital population does change the potential field the electrons
move in .

Any solution for the excited states méy be improved
by what is termed "Configuration Interaction", (66),(14I),(142),
(14%),(I44). In this method the electronic excited state of
g many particle system, 1‘2 s, 1s expressed in a linear
combination of approximate states,{}?}?, representing various
excited states of the system. The component states, the
"configurations" , are all expressed in full antisymmetric
Slater determinent form, and sometimes even the ground state
is also included. L8wdin has showed, (66), how any many electron
wave function can be expressed as a sum of Slater determinents,
built up from a complete basis set of one electron functions.
Thus we have a reasonable basis for the proceddure of configuration
interaction.

The method corresponds to a re-use of the Variation
Principle to optimize +the stationary excited states of the
system. Thus our total wave function for excited state d

can be written as ,

N

Y. = 2. Y fj (2-159)

J
The set of states, {é{] , comprising all the N configurations
J

considered are orthogonal, and hence we have Z/!Q‘J‘?‘:“ , and also

as the ﬂé‘are generally approximate, we would not expect

J
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any 0~;j~=l for ‘S:J i; h/, unless a state was unable to mix
with others on grounds of symmetry or multiplicity. If it does
happen however, the state is invarient under this procegdure.
The set of improved states, {H%%}, can be obtained by solving

the eigenvalue problem;

Eﬁ’] @ = Eg @ (2-160)

The matrix of eigenvectors, @ék s gives the weights, {?léjz ’
of the various basis configurations, a;' , in the new state
of energy EL o

Hence we need to know how to evaluate the matrix
elements,<$‘IH! §\> , Where §-~ and § represent

C J C Jd

different excited states. Here we shall confine ourselves to
considering singly excited states, singlets and triplets,
which will be treated in two separate configuration interactions
as they do not interact,because of differing multiplicity.
The ground state is not involved in the interaction,as all
matrix elements between this state and singly excited states
are zero in the 3CF approximation. This is Brillouin's theorem,
(I45). It will be noted here we are considering exclusively
configurations built from ground state SCF ocrbitals. The
interacting configurations could in fact be wave functions
obtained in the Hlckel approximation, although here we would
have to include the ground state in the interaction matrix, (106).
Doubly excited states and muliplicities other than I or 3 will

be neglected.
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It may be anticipated that some fc and fj will
not mix on grounds of symmetry, but here we consider the
general interaction between the singlet transition K=? éz
and L.%ﬁj s the respective excited states denoted by
and %5 J. Any latent symmetry in the two states is 1gnored
We have for the singlet configuration functions,

I P L S AR LR Y]

| \Z" 'K (2-161)
o L {t¢l¢’--¢,..¢J\{,[¢’ ¢/-.C,<L.--q{j;]

{ WA XEZA!, t

These may be compared with equation (2-148). (2-162)

Hence we obtain,

@ijm 10§,K%Q> — <;¢i%..<é--5¥;[H|¢‘;S:_. qJK., ;&;>
— bbb BB - G b

The element of the triplet matrix is likewise given by,

(P ) °§K*€>= Q8% 4 -FIHih e T
| b 111G B 1D

In these equations f1 is the Hamiltonian defined in

(2-163)

(2-164)

equation (2-17). These matrix elements may be evaluated by

standard methods,(100),(101),(70) , and it is found,

<($‘¢f"¢i"¢ [, ¢$Q> {1y (LK \ &) )
(bbb FInIE - Fo by = ~Crlexy T

(2-166)
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Thus the singlet and triplet matrix elements are given

by, (I24),
<o§‘iéj_lH{ oik'—» e>
o (> o ¢
SRR T AT
we deflne<‘>?/lrs> as ,
{pylrsy Hsﬁ 0 o) 1 4@ 4> am,ar,

(2- 169)

RGOS —LLx(€))

(2-167)

— (K l £J > (2-168)

il

i

where the orbltals,ifgi{?, are the SCF molecular orbital set.

i
These are the off diagonal terms, the diagonal elements are
obtained as indicated in the previous section, equations (2-I57)

—

and (2-I58), and the ground state energy [, is taken as the

o

energy zero. Then our general configuration interaction
matrix elements become;

(i).singlet.
(R BOE = 2¢j 06y ~LKI4))
!

+(€¢—&k)c LK'SJQ (2170

(ii). Triplet.
<f®J/H/ i‘.;k)) ~(eK| >+Cg€ Ek\gckge (2-171)

The Hartree-Fock parameters, 8/( and Ee y are readily available
after diagonalizing the Fock matrix ZE? » but the integrals,

<‘:J.l QK> and <(:KI'QJ> are not. They can however easily be

obtained in the zero differential cverlap approximation .
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First the SCF molecular orbitals are expanded in terms of the
basis functions,{ﬁ*zz, the SCF procefdure having determined

the optimum expansion coefficients,

QSL.:ZF:C(;/,Q’F 95 ZJi 9
Zr Co /Xr- ¢K —;? CKS (XS (2-172)

<LJ !'QK> Z LF JCI/ Qr KS<’XF?($"XF’XS> (2-173)
OAVE

’

18 = Ceptiy Certes (R 1%
P9, NS (2-174)

Since with zero differential overlap,

<7(F T A XD ={pplrr> SPZ drs  (2-175)

and with the notation,<“>‘r1>=b/{3r,we obtain,

<LJ}Q{<> Z Pt/l" e - Ck,,XF,_ | (2-176)

(ik | £/> Z be’ \/r Cor C/cp X)or (2-177)
With these express1ons, (2-170),(2-I71),and (2-176),(2-177), we

can set up our configuration interaction matrix, then,before
diagonalization the diagonal elements represent the excitation
energies of the configuration interaction basis, {g?i}».

After diagonalization the eigenvalues are the new excitation

energies, the eigenvectors showing how much of each configuration
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has been included in the state the energy represents.
The effect of configuration interaction in Anthracene 1is
shown diagrammatically in Fig .28 .

Following the whole treatment of the optical state,
we have first used an antisymmetrized molecular orbital,
constructed this orbital to optimum values of the basis set of
atomic orbitals in fhe SCF approximation, and finally used a
configuration procegdure. Clearly one of the most uncertain
steps is the last, the configuration interaction. How many
configurations should %be used, often the state resulting from
a interaction proce¢dure proves to be very slowly cé&ergent as
more states are mixed in,(I46). Also we have only given
here the treatment of single electron excited states, perhaps
higher, especially doubly excited states ought to be
included in the process,(I47).

In general, except for simple molecules, we are
forced to use a "limited configuration interaction" to improve
the wave functions of the optical states. Fortunately the
effect of the interaction depends very much on the proximity
in energy of the two states. States separated by large
differences are little effected, but degenerate states are very
strongly effected, this is known as "first order" configuration
interaction and presents no converg@nce problem,(I48). Thus
the effect is most important in highly symmetrical molecules,

with much degeneracy, less symmetric molecules do not present

such problems.
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Fig. 28.
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Finally it may be noted that configuration
interaction is less important the more accurate the initial
approximation to the state under investigation is. Thus there
is an advantage in using SCF states as starting points rather
than Hllckel approximations, which are expected 10 be quite
poor guesses at the excited state. Hence, with less inter-
state mixing, the results converge much more quickly , and
fewer configurations need be included in the interaction matrix.

(v) Intensities of Electronic Transitions.

After using the SCF wave functions to calculate
the energy of a transition, it is of great interest ,
especially when attempting +to correlate experimental and
theoretical band positions, to calculate the intensity of an
electronic transition. This is very important in MO treatments
as usually many more transitions are predicted within a certain
energy range than are actually experimentally observed , so
the numbef of allowed bands and their intensity becomes vitally
significant.

To find the intensity, which is usually expressed
experimentally in terms of the '"oscillator strength" for
a particular transition, we have to evaluate the transition

moment, given by,(67),

k€ _ (o0 zk3¢ <1 D ° )
1, ~ 2 Z ;»i,ii_" d¥ (z-178)

-

O — KDL ¢

Where 5él represents the excited state, with one electron
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0
in orbital K excited to the orbital € , ,{ is the
ground state wave function. Both of these are to be taken as
the total antisymmeﬁifzed wave functions representing the
particular states. r"é' is the radius vector of the é -th
electron, a112 Y1 "H-electrons being included in the sum.

As the ground state, ég-o, is a singlet, transitions
to other states of higher multiplicity are forbidden, thus all
ground state/ triplet transitions are strictly forbidden without
consideration of vibrational effects. This does not mean
excited triplet/ triplet transitions are forbidden, and these
triplet/triplet spectra are being increasingly studied, both
theoretically and experimentally ,(I49).

o —Kk>¢&
Thus for an excited singlet state, g; s given

!
in equation (2-I48) , the intensity of the transition from the
ground state may be expressed in terms of the transition

dipole, given by;

2% g {|¢,35--—¢k-¢21—fséé‘?---%‘é—%e/]
w46 b ot

(&
The first term in front of ;Zj F~ represents the appropriate

singlet function. With the use of determinent algebra we obtain,
e
‘ZKﬂ) = ¢ () f’(/) <}%(U 0”‘5 (2-180)

The SCF orbitals 95 and QAe are expressed in terms of a

basis set, {7{’}
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¢K h %k Cx,oq/f’ Cﬁé ) ?Z; CQZ 77/ (1)

Thus if we assume the components of the set {%?}~} are
orthogonal, or on the other hand if we neglect all overlap

terms which result from a non-orthogonal set, then,

‘ZK-EQ: X?Z' C"P CQPT\"O . (2-182)
P

<A
where r]o are the position vectors of the atomic centres, {3 ’

and CKP and CQ/; are the eigenvectors of the orbitals K
and f? respectively applicable to the atom f) . It is found
. O k>€
using the triplet function, EE; y equation (2-I49), that zero
moment is obtained, as we would expect from symmetry considerations
forbidding transitions between states of differing multiplicities.
Having calculated +the transition moment and the
electronic energy required for the excitation, it is possible

k>€
to find the experimental parameter, the oscillator strength,‘fr

given by,

KS¢ e 7 K>¢
-g = 0.087516-[1K9 ] . A E\ (2-183)

Thus we are ina position to compare both the energies and the
intensities of transitions obtained from SCF calculations
with experimental values.

The transition moment from the ground state to an
excited singlet represented by a series of Slater determinents,

as obtained in the configuration interaction proceg¢dure,may be
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easily obtained by substituting the linear combination of
K> €

configurations into the expression for ﬁi . The singlet

o -
configuration, 1& can be represented as,

[ H
U N
O - .
°’%; = ] ay £ (2-184)
)
[_ 1 J
J
Where N total configurations are allowed to interact. The
coefficients Cl{j represent the weights of the various
O .
singlet components, i?}d . Thus the strength of our mixed

transition, ( , is given by,

S J
RL = ZQU Vi (2-185)
. J
with iLJ representing the ground state to excited singlet
configuration,kj , transition dipole.
It will be noticed that after configuration

interaction our transition may no 1longer be represented as a
single electron excitation from one orbital to another. The
need to express the total wave function of the excited state
as an expansion of Slater determinents unfortunately leads
to the loss of a simple physical interpretation for the

transition. This is an inevitable consequence of attempting

to treat many electron problems accurately .

(I5) Comments on the Pople-Pariser-Parr Method.

Here we shall present some general observations
on the physical implications and limitations of the closed-

shell SCF theory. Many comments will be specific to the
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Pople-Pariser-Parr development, but many more will be
applicable to the overall concept of the Hartree-Fock self-

consistent field approach.

The Elements of the [E? Matrix.

The following represents an attempt to understand
the terms occuming in the Pople-Pariser-Parr formulation of
the Hartree-Fock matrix, [E? , (146).
(i) The Diagonal Elements, {i;fa ; these are given by equation
The terms in the EE? matrix are derived using
a one electron effective Hamiltonian, f+£ y given as,
H(:: '[HCL'-{ 2(235 "Kj)} , in the Fock approximation.
Thus ffd iepresents the motion of a given electron, [ yin
the field of the nuclei and the statistical distributioh of
negative charge of all the other electrons. The ionization term,
';]:P , is the sum of the kenetic and potential energy of an
electron adjacent to nuclegdus fJ due to the attraction
of the nuclegus. The attraction factors,"zzr_XPr, represent
the attractions of all the other nuclei ? whilst the repulsive
terms,?i Firknpr s, 8ive the total repulsions of all the other
electrons in the system. This is apparent when we consider
that an electron in atomic orbital tk’r- would produce a
potential(f){)ll‘l‘> ;b)f)r', since however there are PI‘I‘ electrons
in orbital ?{r , the repulsion is PN‘ XP;-, and - we have to

sum this over all electrons. Also in this closed-shell approximation
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half of the electrons on centre F ,..'.ZPPF, will haveo(-spin
and JiPPF ’ ﬁ -spin, this will give rise to the finsal
repulsion term, _:'2-. PFP Xr‘p
(ii) The _Off-diagonals, EE% _3 In the Pople-Pariser-Parr
approximation these are given by equation (2-I0I).

The first parameter, ﬁ;‘i y 15 usually assigned
a semi-empirical value in this treatment, it may also be fitted
to give the best theoretical/experimental agreement. The
significance of this parameter has been discussed by Ruedenburg,

(ISO), and may be illustrated by considering a simple diatomic

T -system,with doubly occupied molecular orbital, ,Y y Where
/w = C, (X, -+ CZ/X 2 (2'186)
Here ’XI and ’X,Lare atomic orbitals centred on atom I and 2
respectively . Cl and C—;‘_ are expansion coefficients of the
molecular orbital. Then if we assume ’)0 is real,
yA 2 A 2 2
/y/ - Cl :T‘ -+ QC,CZ 7/ 2/1_ +C‘L Xz_ (2-187)

2

The term between the two individual density functions, C,‘LX-
}

and CQ,L’K’LZ y Tepresents additional electron density in the
region where 7(7 and %Z overlap. Hence an electron in /}b
will be more tightly bound than one would expect from %/
and (Xl atomic binding energies. This extra binding appears
in the off-diagonal elements of F as ﬁ;t . The
non-classical exchange term,-:L{) 2f sarises from the

7 P

repulsion between two like spin-electrons centred at F andZ .

The % occurs as in our closed-shell model X and /8



- 222 -

electrons are equivalent, and electron overlap measured by

PP?/ , nNeeds multiplying by this factor to give like spin
repulsion. This term corresponds to a statement of the Pauli
Principle, that two electrons of the same spin cannot
simultaneously occupy the same point in space.

(16) Correlation in the Closed-shell Approximation.

The term " electron correlation " is used to de%?ibe
the : tendency of electrons to avoid each other as a result
of Coulomb interactions and the interactions between electrons
of different spins. This discussion will be essentially
concerned with the effect of correlation in the closed-shell

model, the open-shell proce@dures to be discussed later take

account of correlation much more explicitly, especially spin
effects.

We may define a specific "correlation energy",
(66),(73). This is defined as the difference between the energy
obtained in the Hartree-Fock approximation and the exact
expectation energy obtained from the same specified Hamiltonian.
Thus the definition of'correlation energy is essentially a
non-physical one, experimental comparisons are not involved.
The correlation error is incurred by the neglect of ordinary
Hartree-Fock methods to include the correlation between
electrons with opposite spins. We normally force electrons
of anti-parallel spin into the same space orbital, in

accordance with the semi-classical Pauli Principle, and also
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to ensure a resultant purc spin state using a single
determinent wave function.In general the kenetic energy of
electrons in the Hartree-Fock scheme is too low, electronic
motions are too simple. The effect of including a proper
desé&ption of correlation is easily obtained using the Virial
Theorem,(I5I); the potential energy of the system is lowered
at the expense of the kenetic energy, with an overall energy
reduction.

One of the sgtrongest argufments against ordinary
Hartree-Fock methods is that they do not treat correlation
between particles of different spin types in a proper way,(I52).
In the study of the most probable electronic configurations in
atoms,(73), it has been found electrons of the same spin try
to separate out from each other as much as possible . A wave
function for a system of like particles with 4 integer spin
must be antisymmetric as we have shown. This implies the
probability of finding two electrons with the same spins at the
same point is zero. Hence like spin electrons try to keep as far
apart as possible. The converse is seen to occur for anti-
parallel spin electrons, which may occupy the same area of space
at the same time. This will of course result in high Coulombic
repulsions, but it will not contravene the antisymmetry
requirements. Thus we must consider how much correlation is
accounted for in the Hartree-Fock scheme, and where improvements

are desirable.
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In the original Hartree "independent particle"
model, the approximate product wave function has the form
of eguation (2-2%). The set of orbitals,iﬁ%i} , is determined
mainly by the nuclear framework, but there is the very
important Coulombic potential term, ’/r'ej , between electrons
(: and J . The potential becomes large as ’I‘;»J‘?O , and
keeps the electrons apart, forming a"Coulomb Hole". This
potential is entirely ignored in this approximation, which
includes no Coulomb Hole for either parallel or anti-parallel
8pin electrons, and gives rise to a correlation error.

If a state is approximated by a Slater determinental
antisymmetrized wave function, the situation is much improved.
From considering the properties of the second order density
matrix, L8wdin,(I52), was able to show the probability density
for two particles with the same spin - - at the same place
was zero, at least to second order. Thus using the determinent
wave function a "Fermi Hole" is obtained,antisymmetrization
itself acts as if there were strong repulsion between particles
with the same spin at small separations. This consequence of

the generalized Pauli Principle automatically diminishes
error due to electron correlation,it does not however mean it
is explicitly considered, the degree to which antisymmetrization
"relieves" the correlation is uncertain.
We should not however judge the Hartree-Fock method

too harshly. The correlation energy is a relatively small
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proportion of the total, approximately I% , 50 the overall
success of the SCF method is not really endangered.
Unfortunately however this I% will be of the order of Iev.
per electron pair, and this is not insignificant , small as it
is compared to the total electronic energy of the system.

In some cases, when taking differences in energies
between two states, the correlation energy may be approximately
equal in both cases, and hence apparently good experimental
predictions may be made, even in the presence of large

correlation errors. The fortuitous cancellation is most
likely between two isoelectronic systems with doubly filled
orbitals. With states of differing multiplicities no such
cancellations can occur.

In the semi-empirical method of Pople-Pariser-Parr,
the effects of correlation are masked to a large extent by the
optimization of parameters to obtain the best experimental
fit possible. As mentioned previously the fact that our total
wave function is fully antisymmetrized helps to reduce
correlation errors. Also the semi-empirical nature of the two
centre Coulomb integrals , largely arrived at from experimental
results which include correlation effects of course, is a

further compensating factor.

Dewar ,(I46),(I53), has discussed the effect of two
types of Tl -electron correlation on the elements of the

Hartree-Fock matrix {E? .
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This term describes the tendency of two electrons
of differing spins to separate partially onto opposite
sides of the /7 -nodal plane. This does not effect the total
electronic density, it just gives unequal distributions of

(74 and Fg -spin electrons in the two lobes of a 2pZ

T atomic orbital. In the LEF matrix, the diagonal term,

F—fP s 18 effected by this correlation, which reduces ':IZPPP g{l{),
The repulsion integral, <FF,PP> , 1s reduced by the spin
polarization at centre fD . The effect of correlation on
(f)i:l PP\> was discussed in the section on parameters.
The terms R‘F‘B}’F’ are uneffected, as the total repulsion
of = and f% electrons is being considered between the
atomic orbitals at f) and |~ , (FF ) I‘l‘> .

In the off-diagonal term, ﬁ;?/ may be assumed
practically invarient as it is a one electron integral.
However correlation will tend to increase the exchange term,

_12_— PchXf:ct/ , as the value of(Ff‘ Cp7/> between atomic orbitals
of the same spin will be greater, the orbitals being more
concentrated , and this results in a lowering of the overall

total T[T -energy of the system.

Dewar,(I53), has proposed the use of split 2p,

orbitals to deal with this correlation, v'e and rg gelectrons

are each assigned to the opposite lobes of the 2pZ orbital .
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This concerns the tendency for a1 -system to lower
its energy by alternatiﬁg o and fg spin density along
a Tl -chain. LBwdin,(75), suggested the use of different orbitals
for the electrons of differing spin . These molecular orbitals,
n"plternate molecular orbitals", (AMO's), introduced a spin
separation by artifical means. The best idea, however, seems to
use entirely different orbital sets for the ©( and fg -spin
electrons, and allow both sets to be varied in a SCF procegdure.

The execution and result of such a method is considered later.

(I?)Alternant Hydrocarbons and the HlUckel Approximation.

The reason for discussing the Hlckel approximation
within a section on one particular type of conjugated molecule
will become clear later.

First an "Alternant Hydrocarbon" must be defined.
It is merely a hydrocarbon in which the Carbon atoms can be
divided into two sets, no two atoms of the same set being
directly linked,(I30). If one set is labeled with stars, then
no two starred atoms are to be bonded. Some examples of

alternant hydrocarbons are shown below.

¥ Xx

* S X

Butadiene. Benzyl Radical Naphthalene.

— — — — — e — ——— At mama a— a—
—
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The molecular orbital for an alternant hydrocarbon
with an even number of Carbon atoms assumes a very simple

form. This was first deduced from the Hlckel theory, but later

shown to apply also to the Pople SCF formalism,(I54). The
distinctive properties are set out below.
(i) We find in the charge and bond-order matrix that all Pﬁ,: |,

and all =0 if P and cL belong to the same set, starred

f1

+
or unstarred. Also for each occupied molecular orbital, ?6

there corresponds an empty or virtual orbital, ;én\ , with

?5: = iZ:: Cmi XL + jz_:CmJ‘ X (2-188)
¢,:1 = Zcmi. XZ "‘Zij XJ' (2-189)
© 3 .

where ( and _i refer +to atoms in the different sets.

(ii) Singly excited configurations arising from transitions
between pairs of related orbitals, ;é;F and }5‘- y are unigue,
but remaining transitions appear in degenerate pairs. For
example the transition %-—9 QI—W111 be degenerate with

?54- 75_— y both in the Hlickel and SCF approximations.

(iii) Por an alternant hydrocarbon the mean of the highest filled
and the lowest empty orbital energies is ccnstant. That is the
mean of the ionization potential and electron affinity as
defined by Koopman's Theorem does not depend on the particular
alternant hydrocarbon studied, (I55).

These theoretical deductions explain several properties

of alternant hydrocarbons. For example they are non-polar, whilst
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non-alternants like Azulene, Fulvene, have appreciable dipole
moments. Also it is possible to conclude that substituents
have 1ittle effect on the 1owest'Tr;ﬁ‘rvﬁktransitions,(156),
and that there is no change in charge density on the atoms in
these transitions, unlike in non-alternants.

0f the first four transitions in an alternant
hydrocarbon, from the levels Zat‘, ﬂés_to Fa:’?én-!’ two are
unique, and two degenerate, }74;;-? ‘én-l and 7%:"—) 95': . Analysis by
Clar,(I57), shows a first-order configuration interaction splits
then into two states, transitions to the lower being partially
or completely forbidden, and the transition to the higher levels
being correspondingly intense. These observations may be compared
with the SCF results obtained for Butadiene, Benzene, and
other glternant hydrocarbons.

When applying a SCPF treatment to an alternant
hydrocarbon we can simplify our Hartree-Fock matrix elements,
by using the fact that F}F = | , and find from equations (2-100)

and (2-I0I),

F’o!o = “T{: + & (ff)ff’> (2-190)
Ff"i, = ﬁ;ﬂ — -'2—<\’(’WZ> Pm, (2-191)

Clearly all diagonal elements have the same value, say O¢ ,
ﬁ, = OC, and this ©< can be associated directly with the
Hllckel parameter. In the off diagonals of theiﬁz matrix, the

term i‘i@t Xm/is zero whenever F and z belong to the same
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set, starred or unstarred, as F%CL?C)in this instance.

Hence if we neglect ﬁ:,i( for non-bonded atoms, and neglect

also é-ﬁﬁ-zrfi, for F> and ?/ separated by more than two

bonds, then FP‘L:O if > and § are not directly linked.

In alternant hydrocarbons bond lengths and orders do not

change very much , so we can write a mean value for F?Dij:f%’
T

corresponding to the Hlckel parameter.

Thus we are able to gain some insight into the
reagson for the relative success of the HlUckel method when
applied to alternant hydrocarbons, especially for ground state
properties. It is possible however to see why care must be
taken in considering non-alternants and hetero-atoms in this
approximation.

For strongly alternant bond-orders, of the type that
usually result from a Hlckel-type approximation, a fixed value
of /E? ig not justified. The 7%'63;?(f7, two electron exchange
term introduces a positive feed-back inecreasing strong/weak bond
alternation. Thus the Hlckel method underestimates bond alternation,
allowing too high a degree of electron delobalization,(l46).

The application of the HHckel method to non-alternants, and
hetero-atomic systems is hence a rather uncertain procegdure,

but with much parameter variation reasonable results may be
obtained, (I58),(I59). With its complete disregard of inter-
electronic terms the method gives no singlet/triplet separation,
however well it may be possible to reproduce the singlet spectrum

using appropriate parameters,
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(78) Spin-Polarized Self-Consistent Field Theory.

(a) Introduction and Derivation of SCF Conditions.

Until now we have only considered the closed-shell
self-consistent problem, where all the electrons are spin paired.
This is the "Restricted Hartree-Fock" approximation. We are
going to examine here a method of assigning O and E; -spin
electrons into different orbital sets. This allows us to remove
the spin pairing constraint, and 1s known as an "Unrestricted
Hartree-Fock" method. This treatment igs very important for
obtaining self-consistent excited states, and is especilally
valuable as 1t explicitly considers an increased degree of
electron correlation compared with the restricted approach.

The problems of SCF theory in handling open-shell
systems have long been recognized,(I45). The total energy of
a molecular state cannot be identified with the expectation
value of a single Slater determinent in the case of degenerate
configurations,(I29), for example singlets and triplets with
<$;)=O. Even if we can write the energy in convenient form, any
effective Hamiltonians derived are not unique, and contain
off diagonals. The Hartree-Fock Lagrangian energy matrix cannot
be diagonalized by any simple transform,(I34).Also the
orthogonality condition between excited and ground states
cannot be strictly applied, (I60),except sometimes excited
states are automatically orthogonal to the ground state for reasons

of symmetry,(for example the Benzyl Radical), or multiplicity.
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To build an approximate wave function, §§ ,
depending on the space and spin coordinates of the electrons
involved in an open-shell state, we can use a variational
approach, with the requisite that é? has the correct
symmetry, and that it is an eigenfunction of the total spin

2 . If a single determinent is used to

operators SZ and S
represent EZ s often the spin requirements cannot be fulfilled.
In such cases we chose a single determinent which is a near
eigenvalue of the spin operators, and build a Ygood" wave
function after the variational proceg¢gdure by the application
of a projection operator, to give an eigenfunction of the spin
operators.

In the spin-polarized treatment of half closed-shell
systems, the & and fg -spin electrons are separately
assigned to different sets of molecular orbitals. These orbitals,
constructed from an atomic orbital basis set, are then optimized
using the variational principle,(I52),(I60),(I61),(162),(163).

The state is represented by a single Slater determinent built

from the two orbital sets; F
;é ) 9§<L> gzﬁ (ﬂo() (ﬂd+') %0&*@!
2 - J(nw M | | g

No, and ‘Y\@ are the number of electrons with o and /@

spin , and the indices , ¢ a/ , and, {f,1n, will be used to refer

to X and /g -spin orbitals respectively.
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The total 11 -energy of the system may thus be written;
Mot pgl-d ﬁ(
C
- -+ C - . e )
Z:EL 2 JL\) &
>
e nR d ﬁﬁ

+z Z‘ Le * L-» o +€Z>|ecdém“ Kém)

It will be noticed that the spin of each molecular orbital

(2-193)

is indicated by its subscript, %
%ok N
- f ( {]Si(u qé,(') r—-L ée@ 74 e d'\:) A, (2-194)
12

The important central term in equation (2-193), summed over
o and ’g-spin orbitals, represents the coupling of the
two different orbital sets.It gives the Coulombic repulsion between
the two sets of occupied orbitals. There is no exchange term,
as the two sets are of different spin.
To obtain our self-consistent conditions we shall

proceed in an analogous manner to the derivation followed
for the closed-shell problem. Each set of orbitals will be varied
separately in the field of the core and the other set. We shall
first consider the effect of a first-order variation in the

o -orbitals, in the field of the core and fg-orbitals.
The result may then be generalized to the SCF conditions for
the ﬁ -spin orbitals also.

Varying the -orbltals wve write,

oL

975 — ¢ Z Cik (/£l< (2-199)

K #Fe



_234-

Here S¢% represents a "complete" basis set, % > ©o y
K .

and, |Z£ (:<ﬂo( . As we require our O -orbitals to remain
orthonormal throughout +thig first-order variation we find,

- —— J—— ] 2"I6

with, | £ K& n,»esnd, | £ < T - To find the change in
energy resulting from this first-order variation, we need the
effect of these variations on all the guantities in the total
energy expression involving ©X -orbitals .These are easily
derived by substituting the new perturbed orbitals into our
equations as in the close%;Fhell case. Hence we find;
C o
E'(: —> Ei + Zz ct:K EZK T .- (2-197)
K, Fe
. X e N )
31.. > jff + 4ZCL-,< §j' +ZZ,‘ o %.e’i‘--(z-me)
d cFC N eg T

N .- N, ..
: . e4y Jp .
Kg -7 KL‘J‘FZZ_CLK gKJ.“‘ZZCJe%L.eT {2-199)
f;#EL equ/

— — | K¢
J',Q = JC€+ ZZCCK gee + --- (2-200)

L

Only first-order terms are retained.
Un substitution of these equations into our total
energy expression, equation (2-I93) , and requiring that there

should be no energy change for a first-order variation in orbitals,
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it is found that,

ﬁi_cw £, "‘Z[im"g ]
+Z§ ,f=0 e

o
If we use the orthonormality condition, given in equation(2-196),
we Find that since in general CLK with ﬂN-H $ K é N is not

zero, then,

& LA
{a +2(§u< §kj)+; §ee]:o (2-202)

With, | £ij \< Ny ,end, NHL KL NV
On rewriting the above equation in terms of core and electron/

elect:':n ope:at:‘is, we :(btain; ﬂfg e .
§£(;)[H +Z(j; -'K:} )'\'Z—J_Q }525(,(4) dv = O
: J ¢

Now ,proceeding as in the closed-shell formalism,

«

the result of the above operator in square brackets on . can
<

o¢
be expressed in terms of the whole basis set,{?ﬁ ] . With the

(2-203)

further use of the SCF requiiement, equation (2-202), the set

can be limited to M terms, and we finally derive, in analogy

o
to equations (2-70) and (2-7I);

[H‘w—nza(jf )+Z W"‘Z <P
J (2-204)

The X -set of spin orbitals can now be subjected to a unitary
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transformation, eliminating the off diagonal multipliers in the
Hartree-Fock energy matrix. Thus we obtain an effective
eigenvalue problem, ﬁ o
net e o o /X X
e 3T o+ 5 )= a4 A
J ¢ (2-205)
This transformation of the matrix ?E; to diagonal form was
fully discussed in the section on closed-shell SCF theory.
A similar derivation may be followed for the f? -spin
orbitals, these are varied in the field of the O¢-orbitals and

the core, and we find,

npE net
W (TR kB T P e P pP P
Q ¢ ) J m n 'm m
e J
(2-206)
Thus we have two eigenvalue problems, coupled
together +through the Coulomb terms, which have to be solved to
self-consistency . The iterative nature of the problem arises
as all the Coulomb and exchange operators are functions of the
molecular orbital orbital we are using our SCF proceedure to
obtain.
The general matrix elements of our spin-polarized
effective Hamiltonian may be derived on the supposition of a
limited basis set, the orthogonalized atomic orbitals of the
system. Both the ©¢ and fg -spin orbitals will be constructed
from the same basis. This limited basis corresponds to an

extension of Roothaan's procegdure for closed-shell states.
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Hence, expanding the molecular orbitals in linear combinations

of the atomic orbital basis functions , we have;

P = ZC Xp 55 ZCWX

75.“=ZC°§Z’X‘L ¢ﬁ_zc
éj."(: ICIJ? r géﬁ“ZceV')(v

with, 1\<K)CJJ‘ < Nt ) S{ < ﬁ , and,

) X o
‘DJ s, u,v> | . Thus the element (ﬁ"( F ¢‘ >

is given by,

CEFIE7) = ch,oCcZ [{xp W1 Xy +

2o ng N

(2-207)

B
2 X[ ~ 4]+ 7 Zeeuca ]
dd, LS (2-208)

= <;"/’/H Z>"‘ZZ Va Js[(fZ'”>“(f F1>)
"‘Z Ceu'e (PZ/“V>

(2-209)
If the Pople- Parlse“—Parr approximations are now introduced;

that is we use the Goeppert-Mayer and Sklar core potential

ignore all penetration integrals, and assume zero differential

overlap, then we find,

3
Fep = Z c €F<rf)f'o>
N N
* ZI { CJor(- Cf/f - Z‘Cfr Cer‘——z }(H) H>
cep LU

(2-210)
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ﬁ;‘z TL: JP Ji(ff/?%> (2-211)

Writing , ('OIO/CZZ> =B/F , and with the assumption X

we may simplify these expressions by the use of & and/E -spin

bond-oxrder matrlces,
(2-212)

Z

nﬁ /2 ( )
2-213%
@cj Z:CK( CkJ
These matrices have the properties, P P @ @, and,
T [[P{=noe TS @} 1P -
Hence for equations (2-2I0) and (2-2II) we have;

FT;F :-—-:F +Q”9(I‘:—- )
+Z( ,-‘_"‘Of'l' _Z)XPP‘
5FP

o C
FF?, = /gfi - PF:L Kfi (2—215)
The analogous definitions for the /9—1natrix elements are;

Fip = —Tp + Fp(Te -Ep) V¥
-7~
+ Z (er'f Prr Pr(z-zlé)

P T#P
foo = Prom @y (2-217)
F‘L and F '8 we can express

of these two matrices E—E-":

(2-214)

In terms
the total Tl -energy of the system as,
o= lP{P(F’ + [A) + @({F’ + B{])}

(2-215)
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This should be compared with equation (2-I93). The matrix
elements of D%] are given in equations (2-I03).

As we have now derived the elements of the two
Hartree-Fock matrices, and a matrix expression for the total
energy of the system, it is of interest to investigate the
physical meaning of the energy parameters, izfx and Eg;ﬁ .
If we remove an X -spin electron from occupied orbital o ,

and assume our SCF orbitals are unchanged in this process, then

we can write the total energy of our icnized system. as,

Za +§iﬂiC3— )-4—%1”23\)
‘-#‘0\ LiClJ;*q)(
*Z'fe +ZZ(3'em Ko m) (2-219)
€ m>¢

It will be seen only terns involving & - ¢ and cx: -
interactions are effected in the energy change, the cross term
arises from the altered o< - /@ Coulomb interaction.
Subtracting from this energy the ground state energy, EEW ,
given in equation (2-I93), we obtain the "ionization potential®
of the electron QL
np
< . T
Eo=— €5+ 7 (Taj - KaD+T Tuc]
Jo¥a ¢
(2-220)

—

As, however, \)qq = Koxc\- , we find the right hand side

of the equation above corresponds to the Hartree-Fock coefficient

(4
Eq i
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Eo;:: E +Z(TQ~——~KQJ‘) ZJQQ (2-221)

which can be found from evaluating < ¢ /F / gs >

Thus these coefficients may be identified with
orbital energy as in the closed-shell treatment. They represent
the total energy required to remove the appropriate electron
from the TT -system, with no resultant change in the potential
field. This is an extension of Koopman's theorem into
unrestricted SCF theory. A similar extension is also possible
for electron affinities as represented by the unoccupied
orbitals.

(b) Spin Properties of Unrestricted Wave Functions.

The spin-polarized method for finding molecular
wave functions attempts to improve on conventional Hartree-
Fock treatments, whilst still having the physical advantage of
assigning electrons to orbitals,(164),(I65). The use of
different orbitals for X and )Q ~-5pin electrons allows electron
correlation,( Dewar's horizontal correlation), to be included
to a greater degree than in spin-paired orbitals as used in
closed-shell theory. Unfortunately however, the unrestricted
wave function is generally not an eigenfunction of the spin

operator, 82, with an expectation value of ,

<51> = (nx Y\p) + 2 (ﬂd+Y\§>—~/r‘(P @)
(2-222)
but this can be corrected by the application of spin projection
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techniques, (164),(165).

Before we can consider such proceddures we must

first obtain the eigenvalues of the spin operator, 82, when
it operates on a generalized Slater determinent of spin-orbitals.
The single electron operator can be written in terms of the
projections of the individual electron's spin along the x,y,
and z-axis,(67), . .

$%y = S, + S, + S, (2-223)
For an assembly of N electrons, the total operators are given

by s

“ n 2 _ o 2
S - % .SL(K) Sj _ ; SJ(K)

n
N ] 2
L P =L S0
St S* (k) Sz Sz( ) (2-224)
A = X <
The two possible eigenfunctions o¢(K) and ﬁ(K) of the one
electron operator, SE (k) , correspond to a projection of + ﬁ\

2
for the electron spin of K along the arbitrary sz-axis,

S (0 () = B (k)
Sz (%) /g(/() = -‘éQ/g(.’(’) (2-225)

From the commutation rules for intrinsic spin-momentum we find,

S x@ = B R S0 ()= g%ﬁ B ()

Sk ) B0 - Bo(ry Sy Bl z-iRu(ky (2-226)
2 <
To find the effect of 82 on a determinental wave
function of no( & -spin and ‘n@ ﬁ -spin orbitals, where, ﬂa(>/7)ﬁ,

it is simpler to use the commutation rules further to re-write
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S” as;

T
(5 - ¢S,) (Sx+iS9)+ K2 + S (e

Now we shall evaluate the results of applying these components

of 82 on our determinent of spin-orbitals, given in equation

(2-192).
If we first take Sz y then it has an eigenvalue
given by, AL
(5> = <§/Z Suof £y = 2 < E[ 5] £
Nx+ 06
+ ) < glszck)|§> (2-228)
kK= nx+l

On integration over all space coordinates, and using the rules
for the evaluation of matrix elements of single elecron

operators,(IOO) (101),(67), we find,
AAnE

(S = Z’(o((m [S24)] ) + Z< B)] S Rl

k=
K= g +1 (2-229)
With the earlier expressions for the single electron operators,

(2-225), and since the spin functions are normalized, then,

{S3> = _é_(n,,(- Y\/g) (2-230)

Hence we can write our eigenvalue eguation as
S5z - % = ﬁ(no(-np).?é (2-231)
2
This leads directly to the result for Si y Since we have;
ST F =5(522) = Blnucnp) T (e-232)
z - 2z(°2 e £
Thus we see any single determinent of spin orbitals is forced

to be an eigenfunction of Sz and Si s, 80 long as integral

orbital occupation numbers are used.Finally we note that in
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later work we shall often write the eigenvalue of S as(S )
itself, and use it in units of £ , that is ,{5} ‘(n,{ np)

Now we have to find the effect of (Sxf-cgb)(gi-ic )
on our determinent. If we expand the two operators in terms of

one electron components we find,

($2-<%y) = Z.;‘(g’-(k) ~ < Sy00)

(Sx + ¢Sy) = (S W + (S *x ) (2-233)
and these individual one electron operators are seen to either

annihilate or interchange the spin functions,

(Setrr - ¢ Syk)) (k) = 7?/?(/0 (Sl +Sy(k)) odi) =0

(2-234)
(Sx(kK) =< S4K) ﬁ(k) = O (G j(x))/a(k) (f;gﬁ;)
The effect of(s-_larkg )on __%— is given by,
ne+nf
Sx+iS) Z(smﬂs w) F + Z'(S ®+(S) F
¢ K= N+ (2-236)

As the operator annlhllates X {K) spin functions the first
term gives zero contribution, whilst the /gﬂﬁ)functions in the

second sum are changed 1nto thelr opposite spin counterparts,

(Sx+ Sy) ¢ = =R Z {—é- L > (k)} (2-237)

K= nol+) <
We must now consider the effect of the operator(Sz:-L Y \ on

this result, na+np
(Sx +1 S )(Sz -t %) P = %Z(Sx@) -c¢S (L))Z{_Ef ﬁ(x)—):x(k)]
K= ny4t
1d¢n

+£ﬂiﬂfs W) —iS. (L))Z{ §)~ p &> x(k)]

L= na | K=o+l (2-238)
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The last term just gives gnp§ since (S(L) - L§(L))ann1hllates
'@Q_) , and gives £ F(L) after operating on (L), so only the

term for L.=K remains, giving back the original determinent;
r\e(-)-/\‘g ‘l’\o(-i-v\

Z (g (,_)_ng(,,))z {§ ﬂ(K)—éc((K)}
L=Ag+! no(+ngknd‘+‘ 2
_ }QZZ L pr>» ), o k) > ﬁ(k)}.—ﬂnl&
K= nol+} (2_239)
The flrst term in equation (2 238) is given by,

N+

%Z:[&(L)-tf(l_))z {'g"? F(k)-% X(K))

K=Tg+1 ?_ﬂd+ﬂ{§ ﬁ(x)—)o((K) O((L)?F(L)}

Hence we have, =i+t (2-240)
LK NP
(iS5 w5y T = KDL R B4R wE

where [, | symbolizes the interchange of the spin functions
L. and K

Before we can finally determine <82>we have to

evaluate <_§-/; FLK{-—ZE>’ this is most easily achieved by
K
”

substituting for @ ,using equation (2-192);

« = A
<§—/§ PLKI§> = -I_Z;ﬁému(u éfz)ﬁ(z).E_K{ié_w oc(ué(w/?(z) dT, ,
v, Y o ~
—_ — Z <[§é(') 7£K {1 O(Y,> (2-242)
L, K

This expression, involving the overlap between the & and F-—spin
molecular orbital sets, may be simplified if these original sets,

5 ¢d} and fgﬁlg} y are transformed into "Corresponding Orbitals"
(. £



- 245 -

in the manner of Amos and Hall,(I164),(I65). These new orbitals

are given by, y .Mg

¢o< , n0< a‘;K ;éf:c ?“9 Z L¢(3 (2-243)

As we have seen in the annihilatlon of the off diagonals in

the Hartree-Fock Lagrangilan matrix, such a transform leaves

all physical quantities unaltered. We chose our transformation
such that,

B” —
f¢ <) (1) d’EI = /(. S(TJ (2-244)

so that we obtain for the right of equation (2 242),

(f¢ 3 ¢ ) d'e) 7 T (2-245)
L,K

Hence our final expression for the e-asgse-nvalues of 82 in units
tvpect'ntwh

A
of £ becomes "B

(4 T (A

= _b - n 2-246

(S 4("‘* n@) +“§_‘_<”a<+“ﬁ)—zk,7—/< ( )
These {T/:} are the non-zero eigenvalues of the matrices

L@@P and@P@ . P and @ are charge and bond-

order matrices, defined in equations(2-2I2) and (2-2I3).

The sum, Z‘,T?' , is simply given by /r[[_P@), as ,’1:5[}9@}:
/V{E‘D@‘JJ} {@ P@} . The sum may be physically

interpreted as the number of doubly occupied orbitals.

Thus a single Slater determinent with ‘ﬂo(}nﬁ only represents

a pure spin-state if the number of doubly occupied orbitals
defined by /-—{P@} equals nF .
f o [
FProm diagonalizing P@!ﬁ” and @P@, as well as

obtaining the values of {T;} sy we can find the eigenvectors of
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/ /
o ,
the corresponding orbitals, {?SK} , and, {Séf} , respectively,
with l\<K\<ﬂp . These orbitals may be related to the

"Natural Orbitals" which diagonalize the first-order density

matrix, (164),(165),

7l;< - (gé:l"” ¢K?/> /J—‘T(‘ +T’<y\i
s (g 40 (TR0 T

,‘Ak = Sé:, 5 K = H'”P)"") nel. (2-247)

Their respective occupation numbers are {+ Tk ,| —'17< s and

k—_—_-l)lj----“n[g

unity, with typical T; values in the range 7\<TK\< l. , the
Y)K}- closely resemble a doubly occupied set of orbitals,(I168).

am—

hr % —
Writing, AK=-'z(l - IK) , and with our assumption that |

is nearly unity,,[kkégl , we find,

/
P2 N+ DAY,

<

/
13 — (2-248)
¢%< * tz/( AQSK')/f(
Thus the corresponding orbitals are shown to be symmetrically
split about the natural orbitals, so long as the value of Zl K

is small.

For orbitals obtained using closed~shell SCF methods
we consider our single electron wave functions as being occupied
by two electrons, that is we have,

(., wdv = 8¢ 2-249

[0 ewd, ) (2-249)
where €9£ and Eéi are molecular orbitals. Thus no suitable

transform is needed to ensure orthogonality between the O and
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F? -spin orbitals as before. Hence in ordinary closed-shell
treatments we do in fact obtain directly corresponding orbitals,
and all the {Tk} are unity for the doubly occupied functions.
Similarly our natural orbitals ére also equivalent to the

/2‘

molecular orbltals. Since for these wave functions all IK .

we find, ET' --Y\ =1 {LP@} Thus we have,
(S> (f‘q""“ ) +_L(n —r\F) <Sz>(<sz>+|)

(2-250)
Where<9£>6$i}+1)are just the allowed eigenvalues of S~ .

1

Thus we see both ground states and excited states constructed
from orbitals found in a spin-pairing approximation will
automatically be correct eigenfunctions of 82. This is why
no explicit consideration of spin properties is necessary

for either closed-shell SCF or Roothann's Open~Shell method
to be discussed later.

Self~consistent wave functions obtained with the
spin-polarized scheme generally give states such that'ﬁ-{?@}(hp.
Thus such states are not exact eigenfunctions of 82 and may
be regarded as linear combinations of determinents representing
electronic configurations of various multiplicities. The major
component in this expansion will be that of the state sought,

that is with (S = 5 )( (s }+ I ),hence for the state $ we have,
- c c /Y/ +...-

(2-251)
Where, S= —'é—(ﬂo(-np> y corresponding to <SZ> for the first

Zz 5+

component wave function, with <§;} measured in units of ¥%



- 248 -

The eigenvalue, (82> , of the pure spin state sought, is

given by S(S+!) . The multiplicity of this state is 2F +~1
In the mixture of various multiplicities, §f y

the possible values of (S;) for the individual components

have the 1imits’Lz(ﬂa('mF)>/ <S2>2Ji(1\d—ﬂp). The removal of the

unwanted components from the wave function, with it's

consequent improvement, may be achéeyed by the use of projection

operators as proposed by L#wdin,(I69). The operator,
2
— 2-252
A = ST = s(s+1) (2-252)

acting on a mixture of wave functions will annihilate the
contribution of the state of multiplicity 2s+1 . Repetition
will remove higher energy components, further improving the wave
function. The spin eigenfuncthanS‘kl can be chosen exclusively
from a mixture of different multiplicities by the use of the

projection operator,

(2-253)

1
S— ¢(e+1)
S e #S s(s+1) —€(8+1)
This may be seen by considering the effect of the operator on

the linear combination of various multiplicities represented by
@
. ,
- - 4+1) C
0.8 =JLS-tn_ [c¥ v Y,
TS gl +1) = €(Q41) b ... (2-250)

If the product j!-{S%¥ Q(944)} is applied to a component
@ s
o

different from )g l s for which ,
S +

2
S yzs-t—l = S(s+1) 7;“_\ (2-255)
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there must be a factor of zero. For example,with -€= S+ l ,

R
the term { S — (s +)(s "'L?}’Sb will be zero as,
2

st+3

\S‘L ’\?D25+3 = (s+)(5+2) ’L/jz_s-fg (2-256)
Thus the contribution CO'Y£5+'may be selected from the series,
{2-250).

Amos and Hall,(I64), have shown that high multiplicity
terms are generally small, C°>)C’ ))Cz_w-‘ y and that the
component of next highest multiplicity to that required, that
is (ygs-*z y 1s the most contaminating unwanted wave function.

Thus the use of a single annihilator;

A, = SF = (s+)(s+2) (2-257)

is usually sufficient in place of the full projection, and the

improved wave function is given by,

§/: AS- ? (2-258)

With the application of this single annihilator relatively
simple expressions result for the various properties of the
new wave funection , which is an improved approximation to the
exact eigenfunction of 82. Only in special cases , where
terms of higher multiplicity than 25+3 are not involved
in our state, § sy will a single annihilation ensure an exact

eigenfunction of 82 .

The new expectation value of the total 77'—energy

of the molecule represented by the improved wave function, E§-,

is given by
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e (00 [BDH R D
gé*';@ 4% (A TN (A Z) AT

(2-259)

One characteristic property of projection operators,(I52),

i
is that AS = AS « If in addition we assume HS and 8 commute,
that is we have AS‘B— BP\S"'Q Then we obtain from eguation

(2-259),where the operator (& is the Hamiltonian,

* 4
E; = f§ HA-’ £ dv | (2-260)

{ TFALE dvy

This initial assumption that the annihilator and all operators)é%

it encounters,(including the Hamiltonian), commute,was made by
Amos and Hall,(I64),(I65), and results in relatively simple
equations for various prpperties after the single projection.
The requirement that E; and f\s commute was removed in a
later paper,(I68), but results in much more complex expressions.
First we shall review the various cecquations , obtained on the
assumption that ASB -8 H’S =0,

With the component of next highest multiplicity

removed, the improved value of (sz) is given by,
(sH7= (>~ % (- T{ P Q).
(g~ TS P@)) +2 TH{P@}-2T-{(P@ (P@}}(Z "

e X = (s+)E+2) — (s*> (2-262) -

The new & and F charge and bond-order matrices, y

and Dﬁ: y obtained after a single annihilation are,
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@:v: ,EB__ :)lg ({P@ P._.é: F@*-‘—i@?) (2-263)
K- @-£(@PQ- Q@4 P@)

The total T -energy is given by,

e/ =T-{(T+K) H] +1LT"{5JF}*%7;[K@}(+;5)

E%] is the familar core integral matrix defined in equation
(2-I03) . In the Pople-Pariser-Parr approximation the [Fa

and QE% matrices have the elements,

Fee = L (FaaTQu) ¥y + Ree See

Qu, FE
Fst = "@t Xse (2-266)
Cee = T (Quut Padde + P Yot
Gs,t = ‘J“ G?SC Xst (2-267)

The value of C » Which is usually small,is given by,

C= E—‘—i ZS(P[ P~ @])jé ([ (P- @] @)ts Xt,s (2-268)

With these equations, (2-261) to (2-268), we can evaluate
spin-densities, charges and energy for a_Tr.wave function
subjected to g single annihilation.

These expressions all depend on the idempotent
and commuting character of qu - Ina later paper, however,

Amos and Synder,(168), showed that H’S did not always commute
with an operator, @ , Ase"' SAS#:O , and that HS was
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z
not exactly idempotent, with fk 7& AJ‘ ,(168),(170).
Discarding their previous assumption of an idempotent and
commuting AS s, they were able to obtain new more accurate
expressions for the calculation of the charge and bond-order

matrices after a single annihilation. These ar

ST = [ - 2 ATP@}+ 1 ng-np - wTrﬂP@]
r 375 P @+ 2T PR 2T {PQPQ} P
t(ha-Tr PR+ @ P@

(- LTS PQ)3 +2R) PQP
HPQ+@P) (2T [P~ 1<+t —R)
2(PRPO+QPQP) +4 PP P

(2-269)
The normalization,cfkr s is given by,

(/\/‘-‘- A’—__ ZATF’ZIP@} ""'no(“{i — N'T,-[E@@j
+2Tr[P@] +27 P@)-2T PR

(2-270)

where,

A = ng — 2(<Sz—> -+ ) (2-271)

and N 1is the total number of electrons, Ay + N g -

The analogous expression for theﬁ -spin electron matrix, %
is obtained by interchanging (P(-) @) and (’\a(® "\F) , in
equations (2-269) and (2-270).
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The improved approximation to the eigenvalue of

82 as a result of the single annihilation may be obtained fr??,
2 1
<57> ’/_ (5‘) —2(>+ l)((-&t? +Z)<Sl+) + ((Sar H) (5> +2) is’?
(S% 25> +1)(6e> +2) + (S H) (6 +2)

Where: (2-272)

(s> = 8- 7- 5P @ (2-273)
(S = B+ n mg ""2(#{5‘9@} “7’[5@@1’@@3)
— (28 +N=2)Tr] [P @] (2-274)

(s = B3+ Bnyng +nyng (28 +N =2

— (3B 3B(N-2) +(N-2) T+ nynp +4(n=0(np1)) T’[P@]
+2(38 +3N-10) (TP Q- Tr [POPQ])
— (TP -3T[PQ|T-[PQ PQ|+2T-POPOPQ)
B < np+S(ED Y e

When the annihilator encounters the Hamiltonian it does commute

With,

with it exactly, and the only. error in the energy obtained
using equation (2-269) instead of (2-259) arises from the

fact that AS is not exaétly idempotent. However it has been
shown that the error involved in assuming an idempotent As

is of the order, (ES‘ E:S‘f‘l C;—m. , which is generally quite
small ,Thus the expression for the total energy after a single

annihilation,(2-265) is still reasonably accurate.

The evaluation of equation (2-269) to find the matrices :5
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and ikg after a single annihilation involves much numerical
work, but the improved approximation does give appreciably
different results than those obtained in the simpler approach,
equations (2-263) and (2-264).

Thus we can now calculate spin-projegted results
for the bond-orders, chargé and spin densities, and total I -
energies of open-shell states that can be represented as single
determinents. Th= importance of the spin projection varies
between molecules, as will be seen in the results section.
In few cases can it be said to be inconsequential, Adems,(I7I),
commented +that such projection was especially necessary to
produce meaningful results for spin-related properties.
Also the single annihilation ensures that the final wave function
is a close approximation to an eigenfunction of 52 s, and thus
circumvents a basic objection to the unprojected results for
spin-polarized functions. |

The minimization of the total Ti -energy of a

molecular state using a spin-polarized wave function which

is not an exact eigenfunction of 82

for the state, followed

by spin projection is clearly a compromise. It would be better
to use an exact eigenfunction of Sz, say E% §§ , in minimizing
the total energy with the Hartree-Fock equations. Such methods
"Extended Hartree-Fock" proceddures, give improved wave functions
as we vary only the desired component in reaching a self-

consistent state. In the method we have discussed the energy

is minimized with respect to an impure wave function. As, however,
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the main contribution to the '"mixed" function is always the
one we require, C:°f2><aj;>cé..., the selection of.an eigenfunction
of 82 from the final multiplet is not a bad approximation.
Finally we note the importance of accurate spin-
projection using a single annihilator. The simpler +treatment
assuming an idempotent and commuting annihilator gives
unsatisfactory results in many cases as we shall see in some
results found by both methods. The inadequacy of the simpler
method is especially apparent when applied to SCF ground
states. The accurate proceddure markedly changes spin densities,
reprééented by %jfa and Lkz y» however the total bond-order
matrix,(éj}lf [kg) s is practically invarient between the
two levels of approximation.

(c)Some Comments on the Spin-Polarized Method.

It seems pertinent to include a few general
observations on the spin-polarized method here.

An important point to note is it's advantage over
bofh the closed-shell, and Roothaan's open-shell methods in
relaxing the electron spin-pairing constraint.In the treatment
of radicals the method seems especially superior,(I72), a high
degree of electron correlation is taken explicitly into account.
Experimental results often indicate negative spin-densities,
that is apparent contributions of spin-density by closed-shell
electrons, and the spin-polarized method is the only treatment

to predict these simply ,(I72),(I73),(I74).
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These spin-densities are directly obtained from the

diagonal elements of the o and fg electron bond-order

matrices, E‘E and @ s and after projection,@? ’ K ;
/ _ . !
OJt: = (P(:L Q ce ) _2<52> (2-277)

fi = (Ji: - Kio) 5:%5;5 (2-278)

crt , represent the unprojected results, :f; the projected
ones.<S;> ig the total z-axis spin projection of the state,
for example, a radical,<sg=% , whilst for a gquartet, (SA=3/2 .
Other methods have been used to calculate spin-
densities. The Valence Bond treatment can be used to give quite
good results,(I73), and the Hlckel approximation has been
frequently applied,(I76),(I77). Roothaan's open-shell method
gives reasonable results,although this method like the more
primitive Hlckel approach , does not take spin-correlation
directly into account and can only give positive spin-densities,
as all closed-shell electrons are fully paired.
A point not yet considered is the effect of a lone
Tt -electron on the O -core. 1t would be reasonablevto assume
a degree of induced polarization in the (¢~ -core due to the
“IT -electron. Attempts have been made to include this
polarization,(I78),(I79), but it is a rather uncertain effect.
Although we have been considering the spin-polarized

method as applied to none closed-shell states, YWqéPV\F , the
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method could equally well be used on a closed-shell ground
state. Here we would expect some O and fg -spin separation,
as this would lead to a lower ground state energy. This spin-
polarized state however does not have the full molecular
symmetry, and we find after the use of an accurate annihilation,
that the final pure spin state has no variations in spin-
density. In fact the orbitals are exactly those we would have
obtained from the spin-paired closed-shell SCF proceddure.
Hence the spin-polarized ground states obtained by Dewar,(53),
must be viewed with this in mind, as the appropriate wave
functions are not eigenfunctions of SZ. If these functions
were improved by a projection operator in the manner previously
discussed, we would anticipate no resultant spin-densities or
energy reductions. This will be illustrated by results in a
later section.

Finally we must always remember the single
annihilator technique used is only valid so long as, zf} ’
equation (2-247), is small. With A 2?-;3 the proceddure
gives inconsistent results, and the annihilation fails to

produce a close approximation to an eigenfunction of 82 .

As we shall see when discussing the results obtained for
various molecules , Z\ is usually small, only becoming large
for ground state systems, which as we have just commented, need

not be treated in this spin-polarized manner.
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(19) The Open-3hell Self-Consistent Theory of Roothaan.

(a) The SCF _ FEquations.

This open-shell proce#dure represents another method
of obtaining self-consistent wavefunctions for excited states,
and may be used successfully on more molecular states than the
previously discussed spin-polarized treatment. Roothaan considered
the closed-shell and open-shell orbitals as forming two sets,
with the closed-shell orbitals each containing two electrons.
This spin-pairing is an added restriction on our wave function
similar to that imposed in the Hartree-Fock treatment of fully
closed-shell gstates. Normally the problem of the Lagrangian
cross~-multipliers between the two sets of open and closed-shell
orbitals cannot be easily solved. Roothaan, however, showed how
this difficulty could be circumvented for molecular states
whose energy could be written in a certain general form. Here
we shall follow a derivation of the Roothaan method very similar
to that used in the evaluation of both the closed-shell and
spin-polarized SCF Hamiltonians.

The total wave function for the system is represented
as a general sum of antisymmetrized products, each containing a
doubly occupied closed-ghell core,{qi} , and g partially occupied
open~shell chosen from the set, qﬁ . The final wave function
may be written as a combined set of orbitals, Zif-‘— E(é’) sbog .
The set £N§;} is assumed orthogonal , thus the sub-sets,

{?é} and ;}ﬁgz are normalized, and mutually orthogonal.

The basis of +the derivation is writing the total
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expectation energy of the state as,

E= zZe +Z](23“ L= K
+ﬂzZ‘£ +)(Z(2<~ a= EKon +22(2‘3‘;m-:<km)]

(2-279)
Where a ﬂ-, jf , are specific constants depending on the

state under consideration. In this expression, and throughout
the following theoretical development K and L. refer to
doubly occupied orbitals in the closed-shell; ™Y and ™
refer to single electron open-shell orbitals; L and ‘j
refer to any orbitals. The number jT represents the fractional
occupation of the open-shell, the number of available open-shell
orbitals divided into those actually occupied. Only those states
whose energy can be expressed as shown in equation (2-279) may
be treated with this self-consistent proceddure. Thus excited
singlets and triplets with <SZ> =0 , are not included in the
theory.

For all our use +=-5, a=[. , e—‘2~; we have half
closed open-shells, with all the unpaired electrons having
parallel spins. This covers all excited triplets,( With <S;= I),

and a doublet state with a single open-shell electron. Thus the

total energy becomes;

= 27 € + 72 (2 Tk~ Kke)
K Kﬂ-
+Z€ +Z( - %mn) + Z‘(zj‘,’m— Kiem )
' k)m

n)ﬂ>rn
(2-280)
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The last term gives the open-shell/closed-shell interactions.

Now to obtain our SCPF equations we shall vary first the closed-

shell orbitals in the field of the open-shell and the core,

then turn to the open-shell, and examine it's stability to a

slight variation in the field of the core and the closed-shell.
The only two energy terms changed in equation (2-279)

by a first order variation in the closed-shell orbital set,?&ﬁi},
N <.

- + 7 C.b. (2-281)
JsFK
ar’eYl;e MNe ’ 7le, Do
< T N -
ZZEK + Z(ZJKL_- KK,_)-*‘ZfZ(zJKm me)
K £ L K,m
The first order variation in an occupied closed-shell orbhital

/
is expanded in terms of a complete set, including the {eg and
{(}S} sets. Hence to maintain orthonomality we require,
[o]
- = —=C; 2-282
C k] JK (2-282)
with, ’\<J & N+ Neg , and, | & K < MNe .

Applying this first order variation to the energy terms given;

Ec > €% +ZZC/<¢ 5f<a+ -----

L + K
T, T+ zzc g’ 4 1ZCE/ + _—
EJ:rK JrEL

Ke, = K +QZ/«§ +ZZC % +

C#?K



N Kj'
C R
J; = Jkm +1§K K §mm+

¥K
J- (2-28%)
Thus for a zero first order change in energy we requlre,

ZL"Z Ce; Exi -\—Z{ [2ZCKLS +22 ‘:)g J

C, #K K itk

27 e5,, ""ZZCLJ S }

L FK

+2fZ[4ZC5,§ 27 c¥ L] =0

);EK J:FK (2 284)

and hence,

ZZCKt[Q £+Z‘[Z§ —%tt.
LFK K i
+f T2 5o~ 01} =0 e

However with the requlrement expressed in equation (2-282),

in general,

K(_ +ZE2 il_t._- gLL]
F§TL2E5 €0 o o

with, 140 +1 L CEN (¢ KL< N jand, [ & m €Ny,
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Re -~writing this equation we have;

(A1 DT80 +f D@ k)] dv =o

(2-287)

The result of the above operator,

‘H’C"r Z (Z 3—-L_"' KLB +g Z (Z jm- K"\B (2-288)
L. m

on one of the closed-shell set can be expanded in terms of the

complete set; N
I (2T - K+ 2. (23 KM)] P :Z £ K ?QJ
- " - (2-289)
Hence;
<P W+ D EIK)HEZ (2T k) [Py = T
m (2-290)

But from our SCF conditions we have £ = O for, | <k N,

no+nc+l £¢ &NV, thus we finally obtain;

Nt Ny
[H+ T (2T-k) + §2. (250 Km) ) géK: 7ex d
-
(2-291)

To derive the self-consistent equations for the
open-shell orbitals in the field of the core and the closed-
shell electrons, we need to consider the effect of a first
order variation in the orbitals on the terms in the total energy

expression,

(TE T £ 2 T €6
0 + Z’Z (237«“ - Kkm)]
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Writing our first order varlatlon as

¢ > ?S +Z Cmi Sﬁi (2-292)

L,Em
{. } are members of the complete set, and from the

orthogonality requirements we find,

Cnme = — C‘L'm (2-293)
for, ¢ L 4m Ny and, | & ™M LN, . The effect of this first

order variation in the energy terms is;

< < :
€. >E L+ 27 Cui €Lt oo

f..:#‘m
M mn
Cmi 2/,¢
Jon? %+7—§m SR EPRITRANES
Kon> K_+2)°c mfmn +ch M+---
C,#m Jo#n
2 . KK
j;m~>JT<M+ LZ;“CMLgmL_*—-”
o (K
Keen => Kiem + 2 Z < i 5 K o (2-294)
Requiring there be no enegég#ZZange for this :variation we
have, .
c C ‘ _+2ff [j ‘ n\L +
ka[;ém me g:: LEm nn
m
ey S| - E{men 8+ 205 & 73
JFN LFm
KK ,_,<
+Z' [ZZCMLg . Z Cm =
LEm | LEm km

(2-295)
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Thus we find finally;

{20 cnife Cma*‘fZ(Q‘* ‘K%Ln)

L#m

+Z\(2 imé ““i({;i)} = O (2-296)

From the orthonormality conditions applying to the

coefficients given in equation (2—295), we have in general,

f{gmé—i—fZ(Za ,_@% )
T ;Q i‘ﬂi B ;I:h)}:(?-zw)

with, Ne+Nc+l L CE N5 | < mn & ngy sand, | €K LN,

Proceeding analogously to the closed-shell development,

equations (2-289) to (2-29I) , we find;

[H +Z:(2d ~/<,<) {Z(qu' @K)j?_{
‘—‘-QZ| m € ?Se ""ZEV\M¢ (2-298)

where the effective Hamiltonian is,
[H°+ Z(z T Ki) + gz:(zc\mfém]

(2-299)

As we have seen in the derivation of the self-consistent
equations for both the closed and open-shell orbitals we have

the problem of the Lagrangian multipliers,§£N‘e}and2}fn\n% .

Here we have multipliers involving both open and closed-shells,
and as the two sets of orbitals can only be transformed within

themselves,
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p-pu  g-Pu

we cannot diagonalize the Lagrangian matrix completely using

(2-300)

such a single unitary transform ac we did for the closed-shell
and spin-polarized methods. We can only diagonalize the open
or closed-shell coefficients separately , no general transform
is available to totally diagonalize our {E; matrix.

Hence Roothaan devised a method to solve this problem,
and to obtain a pséudo-eigenvalue equation for both the open
and closed-shell cases. This is now given, but first we must

define some new operators, Coulomb and exchange terms;

L =70 3% =52 7.
K "
?KK k°:§§l<m

T =T+ . K+ = Ko + K¢ (2-301)

and coupling operators, between the closed and open-shells;

L; ¢ =(BAT B> F + <¢lé>To $
Mi ¢ = {Gilkel ¢> b + Bl B> Ko gy
Le =2 Lk Lo=%0, La
mc:ka moffZW\m

LT—: L'C+LO MT: mc+mc.

ke

(2-302)
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Hence we can now write our closed and open-shell equations as,

[HC“‘Z S K+ 2 3:”(0] g,i = % EKI_QQ_, +?Efm 557\

c T K (2-303)
f[H +_23;—K¢+2°\ o~ OJSén: ZEML?SL-%-ZEMY)(}S
n
If we multiply equation (2-303) by 55:% ; and (2-304) by 55*(2 o4

we obtain, on integration,

<¢mlHC_’_2J /< +23' Ko{ ¢> Ekm (2-305)

(B W 2T K 42T - CK | BN =€ (2506)

The Lagrangian matrix @ is Hermitian however, so & £ ,
“‘f: Kﬁ\ mK
hence from multiplying (2-305) by and (2-306)
) ] —
by I_’_ :)C , on adding we find, f

= ——f<¢ 2<><J;- BK D> (2-307)

where, & = | | —o yand, ﬁ“ = . For the closed-shell equation

We can express the Lagranglans of the open-shell as,

;s,msé, fZ:¢<¢/2oJ BB

(2-308)

and using the coupling operators defined earlier we find,

Z‘EM gﬂn = — (2« L, — ,@mo) §é/< (2-309)

Similarly we can show,

Z i ?g,_ = ~§(20< L. — fsz) ¢m (2-310)

L
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Thus for our open and closed-shell equations,(2-304) and (2-303),
we can now write, after the addition of (2-3I0)and (2-309),

respectively ;

[H4 2 3, - Kc +2T,— Koy +2 Lo-.ﬁmozqﬁk
= FC;éK — ? E i 561_ (2-311)
and,

§[HC+—2\T¢-— Ko +2a 35— &Ko +2a L, ~/gmcj¢m
=4 F°¢m = 2. Swn 525n (2-312)

F'C' and F’o are the new clo;Ld and open shell effective
Hamiltonians, defined in these eguations , and do not exactly
correspond to the original operators,(2-288) and (2-299).

Now we can use the available unitary transforms,
given in equation (2—500),to diagonalize the open and closed-

shell EE: matrices, and obtain our eigenvalue problems;

F_Cqék = 5/(—-92(& (2-313)

7/
o
[ ¢ = &m. (76 = Em Qém (2-314)
m F /I m ,
There is 1little analogy between EK and Eﬁﬂ and the closed-
shell ©SCF orbital energies. When we find the eigenvalues of
< o <
the F  ana f: operators, the first N. of ~ refer to
o
occupied closed-shell orbitals. For - , the wvalid eigenvalues
are those belonging to the roots beginning Ac‘*l through
to N,+N¢ , the orbitals lower than Yk;+ l might be expected
<. (o]
to resemble the closed -shell ones as F? and F: are gquite

similar.
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There would be an obvious advantage in reducing
< O

the solution of the system F and FT to a single eigenvalue

problem. This is indeed possible if we add to the closed-shell

equation,
[2 (b - J;) —B(M. - k)1 ¢A’ = ZL; C{SL %KL(2—315)
where we derive ‘%: u51ng the operators previously defined;

Z <¢ | R To— A |¢K> (2-316)

Hence we find,

[FC+ 2o¢(be=3.) —f(M .~ k°)] Sle< = ? EKLSIS:_ +§ i:ffsl—
and , (2-317)

F¢ (Ek'— - %KL) (# (2-318)

where;

F= H 2T, - Ko +2x(L_-3,) - B(M+ - Ko)
(2-319)

Thus an eigenvalue is finally obtained,

F¢’K = Ek ¢K (2-320)

where ?Z' represents a column matrix, as we have diagonalized
{Ez?-+ %gif with an appropriate transform.
Similarly ,if we add to the open-~shell Hamiltonian

o
= , defined in equation (2-312), the equation,

[.20(@ ~§q3 ~Blmo-§ K] 4, =2 ¢ Som
with, (2 521)

f<¢m! 2o¢ Jg — /31(0 ¢n>

(2-322)
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we obtain the same form for our total Hamiltonian as in the

closed-shell case,
F= F*+ 20<(LD—-—§3—03—)8(MD~3C/<0) (2-323)

and if we diagonalize the open-shell matrix, @-F %, we

obtain the same eigenvalue problem as before,

= Cﬁm = &, qﬁm (2-324)

Thus to find all our orbitals we need to solve;

Ex @ = (€ @ (2-325)

€§; is a diagonal matrix of eigenvalues. The set, Z s
satisfying this equatlon is equivalent to {éﬁ } and iﬁqﬁ }
satisfying F: and F: s the two sets being related by a
unitary transform. Also the eigenvalues fg_ will in general
be different from §£:>and EE;Cﬂ These values of {E;zcannot
be identified in any way with orbital energy in the Koopman

approximation. The total energy for the system is given by,

E=7(Het &) + Z(Hmi—Ew\)
‘f Z;(ZWJ;MQFKK") - gi;fz"(:):nn— ﬂkrvm)

(2-326)
As we have now formulated the open-shell S8CF procegdure, we '

must consider what basis functions and approximations we are

going to use to obtain F: in tractable form.
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(b) DOpen-Shell SCF Matrix FElements.

In the Roothaan approximation used here we expand

the basis functions,{?ﬁ} , which are the molecular orbitals
A

of the system, in terms of an orthogonalized atomic orbitsl
set;
— . = @% (2-327
gé° - ZZ:? CTLfD )k,o ¢ )
(-
g
We assume orthogonality,hence;
—+- S
: L = 9y (2-328)
T C; =95
For convenience we normalize the vector Gz,é to half the
number of electrons contained in the orbital C it represents,
+ S +
= = O
+ S
<, C n= ‘E MmN (2-329)

Roothaan derived the expression for the open-shell

Hartree-Fock Hamiltonian as, (I34),

F:E’:ﬁ-—i—&@——@—%@ (2-330)

with the corresponding eigenvalue problem;

Fc; = & & (2-351)
The component matrices of ng , equation (2-330), are defined

as follows;

Dzﬂ is the core integral term, and in the Goeppert-Mayer and

Sklar approximation may be obtained from equations (2-I03).

E:> is given by, -
P = (2‘@-}:“ K) @ (2-332)
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T’
where @ refers to the total density matrix,

@T= @C +/D° (2-333)

with;

DiJ -';ZK: Che CkJ (2-334)
- Z Comi Cmj (2-335)

We note also that,
DD=O
gi?’ and [2?7 are supermatrices, with elements defined by;

F‘i o —:_(Pz [Fs> (2-336)
k‘o«yr I*S = ([)5‘ r“f/> (2-337)

Hence the elements of UJ are given by,

_ ’Z; (2 ({Jﬂﬁ) ~—<Ps{r‘7,>>b:f (2-338)

With the Pople-Pariser-Parr approximation we neglect differential

overlap, and obtain;

Co=272. 7-(f’f""">> +<{:’{"P(’>b;{> (2-339)
PP - rFpP

()P‘L = —<Lppl 7,°L> jD P (2-340)
Qé? is closely analogous to 5§>
@ szj ﬂk) D (2-241)

and with neglect of differential overlap we find;

QF? =2 épqpxr > D 4 (20D b‘;rqf\ff}
(2-342)

‘Qm = = /3 < Pf \ 9 %> bopq( (2-343)
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@ . In the zero overlap approximation we have,
T T
=B @ + @ D (2-344)

and hence;

T T
2 = 2 . D + ) (2-345)
Rey ™ 2o Dor Qg 22 Qprdrg
' T
=2 2.D _
R pp ;—; o Qr—p (2-346)
Thus we have all the matrix elements necessary to
evaluate Ef: . After obtaining the required degree of self-

consistency in the iterative process , we can find the total

E=T-((H+F) D~ @B+ B)]

(c) Comments on Roothaan's Open-Shell Method.

The open-shell procefdure of Roothaan is simpler
in execution than the spin-polarized method. We do not have
to iterate +two coupled Hamiltonians to self-consistency as
in the latter . The use of spin-pairing in the closed-shell
orbitals facilitates this, in the spin-polarized method all the
spin-orbitals have different spatial dependence, as well as
opposite spin functions.

The restriction of spin-pairing does, however,
result in the introduction of a correlation error. This spin
correlation is relieved to a certain extent by using an

antisymmetrized wave function, but it is certainly not explicitly
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accounted for.

Wave functions obtained with Roothaan's procegdure
are automatically eigenfunctions of 82 , and so we do not
need to consider any spin-projection techniques to obtain a
valid state function.

As well as being numerically simpler than the
spin-polarized method, the Roothaan procegdure has the advantage
of converging for states which have un-occupied orbitals at
lower energies ,( these are virtual orbitals),than the highest
unpaired electron. The spin-polarized method could not be
persuaded to converge in such circumstances.

(20)Self-Consistent Wave Functions for Polymeric Systems.

In this discussion of TV -electronic polymer
wave functions , we shall limit ourselves to one-dimensional
chains of conjugated monomers. Such macromolecules are
clearly analogous to one-dimensional crystals, and we use
solid-state theory to calculate the energy levels and wave
functions of the system. We shall only consider the delocalization
of the TV -electrons, the O~ -core of each monomer will not
be explicitly involved , although it may be allowed for by the
use of semi-empirical parameters.

The important simplifying factor in any one-
dimensional linear array of identical molecules is the
translational gsymmetry present invsuch a structure. We shall

deal only with perfectly periodic systems, in which a repeated
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unit cell can be defined. We shall neglect '"end-effects”" ,
assuming our polymer to contain a large number of monomers.
The simple LCAO-MO Crystal Orbital method will be used, and
the Pople-Pariser-Parr approximations introduced to simplify
the final equations. We only take into account '"nearest-
neighbour" interactions between the monomers.

Representing the one electron polymer wave function

as ‘y%,é_, we have an eigenvalue problem of the type,
¥

F—/%P,@ = E@(F) /lexi&' (2-348)

Where F— is some effective Hamiltonian, for either Hlickel
or SCF approximations,{(I66). FD indicates the wave number
of the Bloch orbital, and '@ is the band-index. If N is
the number of unit cells, and "N the number of atoms with
2pZ orbitals per cell, then for these integers we have,

1 < 'D \< N s, and, /\< ef \<ﬂ . This approximation
of the crystal orbitals, 'ﬁ@ , by delocalized Bloch functions
allows complete electron exchange over the whole polymer.

If we expand the orbital q%?i(y in a linear

combination of the atomic orbitals of the whole polymer,(I80),

then,

N n
(}DFG :chﬁé:m»j X‘m (2-349)
/ m J

in this '[T -electron approximation XMJ represents the 2pz

orbital of the ‘j -th atom in the ™M —-th unit cell.From the
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translational symmetry of the one-dimensional chain, with 73.

as the primitive translation vector, we can write;
, 2 -~
X .- = ?(-(r-——mos> (2-350)
mj ") J

where ﬁ] is the distance from the ~j -th atom in the first

unit cell, thus,
.Y .}
— C . . AL _
Fog = Zo 2 Srimj (T e

We now use the Born-Von Karman Boundary Condition,
joining our "infinite" chain at the first and the last

elementary cell. Thus we have a cyclic chain, and;

’%f @(F) = 30'9 V4 C‘,é.+ Na) (2-352)

2

This means our wave function must have the same value after
N translations. Using this we derive the Bloch condition,

(I81);
27T ¢ m

Copemj = xp(IEF) Sperj o

As PV’ is very large , we can introduce a continuous variable,

K , such that,
K = EéQII.fD
N
with, O <K $ 2T . Hence we find;

(2-354)

C f,@ : MJ s -@)(f)( (: Km) < F,EJ’:J. (2-355)

Altering our notation, as f> is a function of K s We can write,

fjé:m,j = e”‘f)((:KM) C@JJ-<K> | (2-356)
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and our polymer wave function is represented as ,

IACE chg (K 2xp (EKm) Aon i
2-351

If we consider the derivation of a general matrix
element obtained from an effective Hamiltonian F: , we

multiply the equation;

F‘Z ¢ ; (KD e;x,o(cKm)XmJ (K)Z (K)e_ )(

" ! ckn? (2-356)
by say QC Iy e on both sides, and integrate;

‘ 'J LK{M m
Z_ Cp.(K) € "{X ,,}F-IXMJ>
k)7, €y (KD e.‘K('" (9( X,

&

= E,

JJ
Assuming an orthogonalized basis of atomic orbitals we flnd, (2 359)
ck(m-m') = E SK)
Z‘C& ) e (XM'J-'/F/?CMJ)— E K<y &7
m.J (2-360)

But the sum,

CK{m-m") “ X ,(K)
;7 <,X F/ MJ> J (2-361)

is independent of Pﬂ y SO Wwe can write, with Ei// representing

the "lattice sum" term,
FL(K) = Epk) Sy (k)
J

So we have reduced our series of f¢><71 gsecular equations to

(2-362)

just the set M s which we can evaluate to find our eigen-

vectors. Clearly in a SCF procefdure, we use these to build
/
a new ‘: matrix, and continue iterations until self-consistency.
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Ladik and co-workers have obtained expressions
for the SCF matrix elements, /3_;/ (KD, using the LCAO-MO
and nearest neighbour approximations, with a limited basis
set of M atomic orbitals as in the Roothaan method,(182).

With the Pople-Pariser-Parr approximation it is found,(183);

F0 =- T, + 4 By (T B

n aa! + _
+z ( PSS "ZS) XL g =+ Z(i)ssai.S)(‘zSLs—'—X‘—g)
S FL
- ¢ K
+(3LLQK+f5 ef'i.!. TY e,—.LPB’ e

L
2 L7l

(2-363)

and the off diagonal elements are,

3 ’K
Flo= B LR Y —LP ¥ e

ts 2 kS £S5 5 'Lg

~iK 'K ~-cK
f’ ¥, . K4 et 4 «
-5 ’g"s /g“s (2-364)

In these expressions;

*
S (2- 366)
Where X (r——j cx) is the atomic orbital centred on the L. -th

atom of the vj ~-th elementary unit cell. These quantities

represent interactions between nearest neighbours, and hence the
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superscript + or - dindicates interaction with a cell on

the r1ght(+), or the unit cell on the left(-). Thus with 6§>-
and z) matrices representing the inter-unit cell interactions,
the intra-unit cell interactions arize as the familiar terms

in the Pople-Pariser-Parr molecular SCF method For our
helical polymers we have, ﬁts ﬁSL’ and XLS SL R

the two matrices giving the resonance binding and Coulomb-
exchange terms between each cell and it's neighbours. In the
Hilckel approximation the FT matrix elements are much simpler ,

(184),(185).

The bond- order matrioes are defined as,

PLJS = C (K) o (K) AK . (2-367)

L
Tr-

1Tr .
= | + thK
PL.,S ST Z Cr't-<l<) Crsk @ (2-366)

o
All the elements of IFD and lﬁb are real,and'whilst the first
is symmetric, PL-S: PSL s we find for the inter-unit cell

interaction matrlces, FZ.S = Fg Lo As we see in the definitions
of P and P we need to know @(K)for any band 6‘ ’
in order to perform the integration over K . Our eigenvalue

problem,
F(, D @@(’“ = %(K) @6 &) (2-369)

must thus either be solved for & (K) with @6 derived as an

¢
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analytic function of K , Or we can solve for various wvalues
of K , and interpolate for results between established points.
This latter is the only possibility considered here, so the
integrals in P and Pi, equations (2-367) and (2-368),
become numerical integrals.

The complex eigenvalue problem can be solved by
partitioning the matrix ng into real and imaginary parts,then;

M(F) *‘j'“o.‘j(Fq) Mg _ & M@

—

Toag(F)  Ral(F) W] % |vp
Where Efﬂ’ Qﬁ& ’ Q&7 , and E:g’are all functions of ﬁf .

QJ&Q(K>ie the real andQ%?(K) the imaginary component of the

(2-370)

complex column vector , (Z%g(ﬁi). The eigenvalue problem

dimensioned 2n*2n is de%?iate, the roots E;(k)arising in pairs,

with respective eigenvectors -f’LM@ yand L(@,{{e-f C Mg) or
( @+L Qﬂ@) .Hence we can express an element of @ (X) as,

gi
3
If we cycle the process, after an initial choice of
+ —
G:D and §§> ; and provide the parameters, Eﬂi ,[Ef ,E%% ’
5t 2 *
(CD ﬁi? , we can thus obtain the energy band

)
structure of a one dimensional polymer. The 725? matrix is easily

K)__Lk@ﬁKB-fb%:UQ the a indicating the matrix element
L L

constructed if we know the geometry of the polymer, but the
e
inter-molecular resonance terms in Lg?'_ must be evaluated

more carefully. We require to know the overlap terms between the
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ZpZ orbitals on the atoms in the different unit cells. This will
be discussed in more detail when the results of some calculations

are presented
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CHAPTER ITI.

Four Semi-empirical SCF Computer Programs.

(I) Introduction.

In this chapter four computer programs are
presented for the solution of [l -electron self-consistent field
problems. These programs represent precise and complete
procedures for solving the many sets of equations and individual
relations encountered in the previous chapter.The language used
to express these algorithms is the electronic computer code,
FORTRAN IV . After the FORTRAN source program has been compiled
into basic machine instructions, all that is required to examine
a particular molecule, or set of molecules, in the programmed
approximation is the appropriate input data. Thus the systematic
study of a whole series of conjugated molecules, or the effect
of parameter variations on a single molecule, may be readily

achieved.

As all the programs are written in the semi-empirical
Pople-Pariser-Parr approximation they are relatively simple,
and require little input data. The main block of data for a
given molecule is common to all the first three programs, the
last program, treating polymers, requires special consideration.
This data block is sandwiched between cards supplying additional
control information concerning the execution of a particular
program.

This common data is first the geometric matrix,R,
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specifying interatomic distances. Then follow the ionization
potential ,AT, electron affinity,E,and virtual charge,Z, for the
constituent atoms. Finally the Hlickel matrix of core integrals,H,
Hpq= <2P{H-IXGL> , i1s required. Typical values of these
parameters were discussed in chapter II , and individual gquantities
may be obtained from chapter IV .

In reading the symmetrical doubly dimensioned matrices,
H and R , only the elements of the upper triangle are required.
Most data is read as one item per card, the use of such an
uneconomic format is to facilitate rapid data preparation and
checking .

The Mataga and Nishimoto approximation has been used
for all Coulomb integrals,(I24), although some programs have
options for multiplying these values by constant coefficients.

The matrix diagonalization and eigenvector routines
were obtained from the IBM-Share Library at Imperial College,
(186),(I87). These routines have been modified to various extents,
and in the case of degenerate roots, the gradients method is
used to give orthogonal vectors,(I88),(I89).

It should be noted that the first three programs are
all dimensioned for molecules of 30 constituent TT -electron
atoms or less.The polymer program only treats polymers composed‘
of monomers with up to 20 atoms per unit cell. The variable
identifiers wused in discussing data input are in general those

used within the programs, although this may not always be the case,
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as frequently overwriting 1is necessary to economize on storage
space.

In the following description of input forms, all matrices
have their size specified in brackets, for example H(N,N), and
Z(N) . Also all formats are indicated for individuel variables,
and variable lists. Input enclosed in slashes, for example,
/H(N,N)/ y Tepresents a whole sequence of data cards, the absence
of slashes implies a single input card.

In the next sections the programs are presented.Ilt is
hoped that they will prove useful +to others who are interested
in conjugated systems. Such users may of course wish to introduce
their own modifications and improvements.

(2) The Closed-Shell SCF Program, with Configuration

Interaction for Excited States .

This program treats closed-shell ground-state conjugated
molecules in the self-consistent spin-paired Pople-Pariser-Parr
approximation , outlined in sections (II) to (I4) of chapter II .
Configuration interaction is used to obtain excited states.

Hiickel orbitals are utilized as the starting point of
the ©SCPF iterations, directed at finding the self-consistent
doubly occupied ground-state orbitals. The orbitals are found
to a degree of consistency determined by the variation in the
elements of the bond-matrix, P , between successive iterations.
The total TT -energy of the system is calculated at each SCF

iteration, indicating the convergence of the state.
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When a self-consistent state has been achieved, or the
program has run out of its specified number of SCF iterations,
the 1T -contribution to the dipole moment of the molecule is
calculated, and the excited singlet and triplet states found.
These single electron excited states are found both with and

without configuration interaction,(see section (I4b) of chapter II).

The degree of interaction invoked is determined by the input
control cards, NU and RL . In addition the intensities of the
electronic transitions are calculated,(see section (I4b) of
chapter II ).

The input data is now specified in the required sequence;
with a description of the various options available.
NI,(I3): This control card is used in subroutine RITE to label
any write statements to be compiled. Usually, however, as shown
in the following program the title is read in execution time as
an item of data.

Program Title,(Free Format): The contents of this card are

printed at the head of the computer printout . This serves to
identify a particular program.

N,(I%): This is the number of TI -donating atoms in the molecule,
with the restriction, N 30 .

NIT,{I3): The maximum number of SCF iterations allowed.

If matrix P has not converged to the required extent after NIT
iterations, the program prints out all results, and then reads

§2,(see later); usually NIT £ I2 .
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NF,(I%): The number of doubly occupied orbitals, half the total
number of electrons.

NU,(I3): Upper limit of virtual orbitals to be included in the
configuration interaction. Orbitals are labelled from the lowest
upwards. We require NUL N, and an additional restriction is

given below.

NL,(I%): Lower 1limit of configuration interaction; with restrictions,

NF >U0L>I , and (NF-NL+I)*(NU-NF) £ 30 .

CONV, (F20.8): Convergence requirement. Program regards a self-
consistent state as being achieved when successive P matrices

do not differ by more than CONV for all corresponding elements,

that is,

n n+1l .
Py Bi tgg CONV 11,3 ¥
A typical value of CONV is 0.00I .

/RN, H) LAT(W),E(N),7(N) ,H{(N,N)/,(F20.8): This is the block data

common to all the first three programs. Only the upper triangles
of the geometric matrix,R , and the Hllckel matrix,H, are read.
Yor example the matrix R 1s presented as; Ryq5 Rl

> ""'RlN H
R

R22 s Roz a0 eennen RQN 3 R33 gy seases R}N s and so on, a total

of N(N+1)/2 cards.

N2,(I3): This is the final card read by the program, after either
stopping because NIT iterations were exceeded, or a SCF state

obtained. 1If N2=1 , the program restarts, reading in another

set of data. When N2#1, computation ends.



$IBFTC DECKl fvascx A ;1_”:;f?f”;fiffK“”?'?’iﬁii’?“ =

sauac= STATcMENT - IFN(S)

'“EEN,'

DIMENSION AI(BO);E(QO),Z(BO),BETA(BO,BO) GAMA(BO,BO)’
1o EN(30),P(30,30)5Q(30430),F(20+20),C(30,2 0),H(:0.:UJ,AA(:G.JO)
o WZ _.,CCORDX(BO):CDDRDY(BO),COURDZ(BO)

- MOLECULE,CLCSED SHELL SCF :

1 READ(5,2) N1 _

giNl LABELS THE TITLE REQUIRED -
CALL RITE(NLY
7 -READ(5,2) N i EL
. N LABELS NUMBER oF ATOMS IN MOLECULE o
-READ{5,2) NIT - .- e
2 FORMAT(I3)
QREAD(,,Z) NF
~ NUMBER OF FILLED LEV’LS
~--READ(5,2) NU
__READ{542) NL” o
.- READ(5y4) CONV
DO 3 I=1,N
DO 3 J=I,N e
_ READ(5,4) C(I,JLZHW, -
C{J,1)=C(I,3) ~
. € IS THE GEOMETRIC MATRIX
© 4 FORMAT(F20.8) = 2

_ READ(5,4) (AIl1),1= 1)) o
T READ(5,4) (E(I1),I=1,N)}
READ(344) (Z(I),1=1,N)
.00 5 I=14N .=
DG 5 J=I,N
-—:z.‘READ(514) H(I, J)
] BETA(I;J)-H(I,J).,“
- BETA(JT)=H(I,3) . .
5 H{J,I)=H(I,d)

DC 6 I=1,N .= S
. ”BETA(I,IJ—O o I .
oo CALL XYZ(C,CDDRDX,CODRDY,CDGRDZ,N) : - o
__WRITE(6,7) U

7 -FORMAT (14H HUCKEL MATRIX://)t;_i
D08 I=LyN

WRITE(639) (H(I:J),J :1,N) -
9 FORMAT(12F8.3) e
_WRITE(6,10) . -2 e ' ’ g S

FORMAT(1H ,///,ZIH IONIZATION PDTENTIAL //)
"HWRITE(6:9) (AI{(1),1I=1,N]) TR A L
__WRITE(6,11) S
- FORMAT(1H ,/I/,18H "ELECTRON AFFINITY /1) s
.. . WRITE(6,9) [E(I),1I= 1,N) L

Ceni o WRITE(6412) : N ' 'f{:afsﬂwxg?%#

12 FORMATILH ,///514H R(I,J) MATRIX.//) L o

- DG 13 I=1,N ClE e el el i e
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=13 WRITE{64,9) (C(I,J),J 1,8)

, WRITE(6,902)

902 FCRMAT(1H »///,9H X CODRDS,//}
WRITE(6:9) (cooaaxtl),r l:N) B

S WRITEL6,903) o R
903 FORMAT(L1H 47//,9H Yy COORDS://)
== WRITE(639) (COORDY(I),I=1,N)

. WRITE(6,900)

2900 FORMAT(1H ,//7/,9H Z 'COORDS, 7/) L
. _HWRITE(6,9) (CDDRDZ(I) 1 =1,N)
S - WRITE(6,14) ST
14 FORMAT{1H ,///,17H RE°0NANCE MATRIX,//)

ﬁL.DU 15 I=1,N . - P e
15 WRITE(6,9) (BETA(I,J).J 1,N) WM,M“,;‘MM“ o
i WRITE(6216) R

_FORMAT(1H 5///423H NUMBER OF PI ELECTRONS;//)
SHRITE(639) (Z{I),I=1,N). -
WCALL COUL{AIZE»CyGAMA,N)

T GAMA(I5J) MATRIX: S
CALL CALBM{HsPsC,ENsN, NF) o
- HUCKEL APPRGX CHARGE AND BOND ORDER .
. "WRITE(64800) N
800 FORMAT(1H ,//7/,21H HUCKEL APPRDXIMATION,//) T
CURITE(6,26) :

CC HRITE(6319) (EN(I)eI=1,N)
: 19 _FOGRMAT(1H ,410F10. 5)
z o WRITE(6,27) .7
DC 801 I=1,N , o
801 WRITE(6:19) (C(I,J)5d=1,N)

.. . WRITE(6,17)

=217 FORMAT(1H 4///529H CHARGE AND BOND ORDER MATRIX,//)
. D0 18 I=14N e
218 WRITE(6,19) (P(I,J),d=1,N) ‘
______WRITE(6,802) - S
802 FORMAT(1H ,///4y15H SCF PROPERTIES://) . -
. . WRITE(6,803) CONV e
=803 FORMAT(1H ,18H CONV REQUIR:MENT yF10.5,7/) -
DO 20 L=1,NIT . e

T CALL FMAT(AIE3P,2ZyGAMA,BETA,N,F)

_ CALCULATES THE F MATRIX _
. CALL RECAL(F;QsNyNF)
~_ __ RECALCULATES P AS Q T e .

L UIF(L.EQWNIT) GO TO 100 = - ... Cliii mir =

fVDO 21 I=14N_

TTLDE 21 J=1,N = T
21 IF(ABS(P(I,J) Q(I,J)) GT.CONV) GO 70 82

o F hRITE(é;Z‘) e e Eo
memm.hww___23 FORMAT(1=H FINAL - P MATRIX://) “W,““WMNm”ww;"wwwm_,”_W;
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DO 24 I=1,N" i ’

4 WRITE(6,19) (Q(I,Jd),J= 1.N)

~:.CALL CEGEN(EN,F, C;N,N) :

. WRITE(6,26)

:26 FORMAT(1H ,///,IZH tIGEMVALUES,//)
L WRITE(6:19) (EN(I),I=14N)_ L
= WRITE(6+27) . : SR LTIl

] FORMAT(1H :///,13H EIGENVECTORS,//)

D0 28 I=1aN o EimiE
8 WRITE(6,19) (C(I,J) J I,N)
 FEN=TOTEN(F,Q) Al BETAs ZsGAMASN) AL

~ WRITE(6,998) FEN
“FORMAT{1H ,///+17H TOTAL PI-ENERGY=,F9.4,//) = &&=

~ CALL SING(C,EN;GAMA,NFyN;NU, NL:CDDRDX.CUDRDY,CUORDZ) o

ZCALL TRIP(CSENsGAMAZNF Ny NU,NL) . ERT

~ CALL UIPOLE(Q,COORDX,COORDY:CDORDZ:N)

760 TO 31 :

DO 32 I=1,N =~

cia DO 32 JElaN L e

CP(Iyd)= Q(I:J) o
CONTINUE :

31 READ(5,2) N2 S
=-N2=1 FOR ANOTHER MOLECULE . .. =
N2 «NE.1 FOR STOP

- IF{N2+.EQ.1) G0 TO. d

N VDIM NSTON H(;O,*O) Pz 0,30) CH(JO:30),EN(40)
CALL DEGE N(Cf\,H,CH,H:I” L eERD T

DO 2 I=1,N
FEp0 2-Jd=1gN ool
TP(I,J) =0.0




_$IBFTC DECK3 T

SUBROUTINE CUUL(Ar,h,R;GAMA i

= ‘DIMENSION, AI(20), E(,o),a(ﬂ0150),GAMAtaogso)ﬁ"f

DO 1 I= 1,NAE1,,T

-$1BFTC DECKS -

4fiéFN';VSOURCE"STATEMENf -

JA(:O,“O),F(ZO,AG)
DU l I=1,N o

CF(I,1)=0.06 .- oo Eoii
D0 2 J= 1,N7 o

IF(ILEQ.d) GO TO 2 ST LR
F(I,d= BhTA(I:J)—O.,*P(I,J)*GAMA(I,J)

SR D) =FlI 104 (PLI,3)-Z0J) ) =GAMA(T 4 J)

2 CONTINUE

"1 FliyI)= F(I.I) AI(I)+0.
RETURN

ié}l?if¥(éi(i3fétifiig;521

’“f;fELEFNT?ZEDURCEﬁSTATEMEﬁT:]i@ilFN(S’]QE;F7”*f

- SUBROUTINE RECAL(F,QsyMNaNF) .. .. ERU S
DIMENSION F{30,20),Q(32 O,BOJ,EN(?G) C(Jo. 0) o
.CALL DEGEM(ENyF,CyN,;NF) - L Ll wmmin T
DD 2 I=1,N

e 2200 2 J=1,NM




$TBFTC SCHFIG ~—~°7 .

=, EFN_..: SOURCE STATEMENT = - IFNI(S) = . .

;SUBROUTINE-SING(CiE,GANA,NF,N,NU;NL,CDORDX,CUDRDY;CDDRDZ);;
DIMENSION C(30,20),E(30)5GAMA(30,30),G(30,30),CC130,30),
1. EC(36),CO0RDX(20),C0DRDY(30),CO0RDZ(3C),QX(30),QY(30),Q2{30
NRITE(é,l) o
1 FORMAT(IH ,///,20H SINGLET EXCITATION PROPERTIES, //,:H;c,gvs;
129H NO CDNFIGURATIDMWINTERACTIOM,//),vamwwﬂm
URITE(6,2) SERT E e
2 FORMAT(1l1lH TRANSI:IDN,EX,?H :NCRGY, Xy18H TRANST ION oz
“-15XyEH ALPHA,EX,5H BETA,6X,13H 0SC STRENGTHs//) - .
NFP1=NF+1

SMI=0 <

NG=(NF=ML+1) = (NU-NF) o
~IF(lG.GT.30) GO 7O 100 ..

DO 3 I—NL’NF :

DO & L= NFPI,NU',J
M=M+]1

I*DELTA(J;L)
IF(I.EQ.K.AND. J.MQ L) G0 TO 50 -
60 TO & - - = iR
50 QX(M)= DIMUM(COOQDX,C,I J,N) _
S QY{M)=DIMOM{COORDYsCyTgdaN) oo
QZ (M)=DIMOM{COORDZ,Cy15JsN) _ B
Q2520 (QY(MI=QXIMI+QY{M) =QY(MI+QZ(M)=QZ(M)) -
W1=QY (M) L S
L W2= chmu_;-—'--f—f’w S rE T

_F=0. 0°7:1»1*Q?*u(ﬂlgy) y

HRITE(6,5) I, J.G(Ml,M),Qz,ALPHA.BETA F

e 5_FORMAT(2H  41251H,,1254X31PE1243,5X,1PE

2102986X,E13.5,/)

4 CONTINUE
“CONTINUE -

. WRITE(6,¢) o -
" FORMAT(1H ,///,31H WITH CDNFIGUPATIDN INTERAC TIOM,//);{-;;;;~L

WRITE(6,2) e

- CALL DEGgN(EC,G,CC,\G,NG)'""*"
i:_Do 7 J=14NG

Ml
et
h)
U!

QZ1=0.0 = e
..DO & 1=1,NG

T QX1=QX14CC(J, 1) =QX(I) .
e QY= QYliQC(J,I)fQY(I),



S - 2971 - .
“8QZ1=QZ1+CC(J, 1I*QZIT) = . 7ol
q2=2. 0*(QX1*QX1+QY1*QY1+QZI*QZI)

F=0. OB?‘lol*QZ*:C(J) e
WRITE(6,9) J,EC(J), QZ:ALPHA,B:TA E
9 FORMAT(4H | 312,6Xs1PE13.5:%Xs IPELZ.5,8X,0PF7.2,2
16XyE13.5,/)
S CONTINUE oo
 WRITE(6,10)
10 FORMAT(1H ,//7/+22H CONFIGURATION VECTORS;/7)
DO 11 I=1,NG

11 WRITE(6512) (CC(I53)5J=14NG)
12_ FOR%AT(IH 312F9.”)
100 _RETURN .

2X,0PFT.2, -

SOURCE STA

REAL_FUNCTIUN ELMEN.(I:J K,L.GAMA,C;N)

= DIMENSION C(20,20)+GAMA(20,30) - S
_ ELMENT=C. 0
D01 JP=1,N
_. B0 1 JR=1,N
1 ELMENT=ELMENT=(C{I,JP)=C{KyJP)I%C(JyJRI®CIL, IR}~
2. O*C(L,JP)*C(K,JP)*C(J,JR)*C(I JR) ) *GAMA( P, J )

| 7 SOURCE STATEMENT _ -7 IFN(sxﬂ,

ﬁEKﬁAFUNCTIONWbIMOH(COUR DsCyrIsK, N)
3’0)

WDU 1 J 1.
'7DIMUM—DIMUM+C(I’J)*C(K,J)*CDDRD(J)

_RETURN

,SIBFTCvDFH”““

REAL FUhCTION b= LTA(i}J)'
_:DCL [} A 1 » u‘ :' - ] =5 e ST 2 T
IF(I.NE.J). DLLTA o )
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“$IBFTC TCHFIG = -

=TCNFIG = -EFN - SOURCE STATEMENT® ;WNIFN(S):;f.r-

?SUBRDUTIVE TRIPLC,EyGAMA, NF 4N, NU,NL) - ' : e L

- DIMENSION C(‘013C)1u(“0) GAMA(RO,JO)gT(30,3O):CT(30,30),tC(éO)

CHRITE(G6,1) = EEman A S

'l FORMAT(1H 1///:?0H TRIPLET EXCITATIDN PRDPERTIES //:”

“-129H NO CONFIGURATION INTERACTION,//) . LR =

MHRITC(6,2)

:Z;FDRMAT(IIH TRANSLTION,5X,7H ENERGY,//)

NFPl1=NF+1

- NG= (NF—NL+1)*(NU NF)
IF(NG GT.JO) GO TD 100

S MY=0 L e e :

DO 2 1I= ML:NF

==.D0 3 J=NFPl,NU __ _
_Ml= M1+1

DO 3 K=MLsNF
DD 3 L=MFP1,NU _

ST(ML,MI=TELMNTUT, 33K, Ly GAMALCo NI+ E(II-E(T) ) *DELTALTK)

,IF(I.hQ Ke AND J EQ L) GO TD &
- 60D YO 3 - e :
& HWRITE (6,5)»I,J,T(h1 M) e
C5-FORMATI(ZH ~,IZ,lH,,IZ:%X}IPEIE;ﬁi/)f ,“jg?*
,3 CDNTINU‘

N:2/77)

CALL DEGZN(EC,TsCTsNGsNG)
. WRITE(6,2)

D07 3=1yNG e
_HRITE(648) JyEC(J). ,
-8 FORMAT(4H 4 12,6Xy1PEL3.5,7)
7_CONTINUE

50 10 TI=1,MG 5
lomeITﬁtégll) (CT(TaJ),J 1 NG)
“11 FORMAT(1H ,12F9.7) -
. 100 RETURN

LUEND.
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EFN . SOURCE _STATEMENT :+t«1FN(S)'“+

DO 1 JP 1 N

iTTELMNT TELMNT

“REAL- FUNCTION PATAN(Y:X)
PATAN= ABS(ATAN(Y/X))

;IF(X GT 0 0. AND.Y LT 0 G) PATAN= u.za:la PATAN ;i:
»RFTURN N

“REAL FUMCTION TOTEN(F,P, AI,BhTA,Z,GAMA,N)
_DIMENSIOM F{(30,20),P(20,30),AI(3C),BETALZ 0,30) zx30)

'1,6AMA(20,30)
“ CALCULATES THE TOTAL EN:R
TOTEN=0.0 _
D01 I=1,N "

X=0.0

iDO 2 J= 1N -
_WIF(I Q J’ G0 TO 2
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[LEFN .. SOURCE STATEMENT - TEN(S)

[

;(SUBROUTI\IE XYZ(h:X Y:Z,m :
_CALCULAT:S“qH" ATDMIC COORDINATES XsYs AND Z,FROM THE'

,WI R(lgf)*R(lgBl
W2=R(2,3)=R(2,3) .
W3=R(1;2)%R{1,2)
2Z(3)=(Wl- H2+N3)/(2-*R(1,2))il‘?7i
Y(3)=SQRT(WI-Z(Z)%Z(3))

Si= P(I;l)*R(Iyl)
== “82=R(I42)#R(1,2) - = —
S3=R(1,3)*R(I,3) = __ _
Z(I)=(Z(2)=Z(2)1451=S2)/(2.22(2)) —
Y{I)-(Y( )RY(3)+(Z(I)- Z("))*(Z(I) Z(
CTZAI)=Z(2))452=S3)/12.8Y{3)) ©
1 X(I) =0
TIXMAX =0 7 iEtET
DO_11 I=44N
“Ha=R(I41) *R(Iy D) =Y (I =Y (1)=Z (1) =Z(1)
:IF(H «LT.0.0) W&=1.0E
X(I)=SQRT(WLY ~ 0. 5
L IFIX(I).0T«XMAX) J=1
C IF(XA1).6T.XMAX) XMAX=XI{T)
11 CONTIMUE:

DO-12 I=4,N =0 =
IF(1.EQ.J) GO T0 1 .
3§H9 P(I,J)*R(I,J) L

fwT we-(xtl) SXUDI (XTI~ ()]
HB=WE— (X (114X ()= {X(1)+X(J))
SWOSWTRWT . me S
—_H10= HB*HS

MMCON*I”Ur L
=RETURN - =i o
TEITTTEESES T T END SR LR STV eTTD MESTSINETETTUUE RO 0 TUN T Tn o e T T



;olnrmsxom P(30,2G) 3 X(20),Y(3 0).2(,0),cz(3o)
DIX-D 0 . .

2pg 1 Is= T, -
ALPHA=Cz\ I)-P(I, I)
DIX=DIX+ALPHA=X(I)
.. DIY=DIY+ALPHA=Y(I)
1: . DIZ=DIZ+ALPHA®#Z(I) =~ “&r.mr=
DIX=DIX*4.8
-DIY=DIY®#c.8
DIZ=DIZ#t.8
D1T= SQR&(DIX*DI¥+DIY*DIY+DIZ*DIZ)
ALPHA=ATAM(DIY/DIZ)#57.2958 o
“BETA= ATA%(DIX/SQPl(DIZ*DIZ+DIY*DIY))*D7 2958 e
_ HRITE(6,:2) o
2. FORMAT(1H_ :///,:3H PI CDNTRIBUTIUN TD DIPGL“ TMOMZ NT://)
JHRITE(6,2) DIX,DIY,DIZ e
“FORMAT({1H ,8H MOMENTSy 3H " X—,F?.- lX,nH Y-,F7.J:%X,3H Z—,F?. {//)
_ WRITE(6:4) DIT,ALPHA,BETA o
4 FORMAT(1H y14H TOTAL VDH:NT—,F7.5110X,7H AL°HA-,F7 Z:IOX TR

TEIBFIC DECK2  DECK - o ol

DECK 2 - EFN  SOURCE STATEMENT - IFN(S) -
: SUBRUUIIN& RITEIN
... . .. DIMENSIJIN CHAR(12) -
ez 0 READUB 1) (CHAR(1),1=1,12)
, 1 FORMAT(12A6) ) e
: WRITE(6y2) (CHAR(I),I 1,12) ' T
. 2 FORMAT(1HL,1H ,leé.///) R
" RETURN . , IR S
tND,rri;_,rT,ﬁ P



: L g Ty -~ 296 - S L Lm T ST e e e
~-EI8FTC DG3 - ... DECK L 9 e e ST R L TR e o

ST e soukce siateenr < IenGs) -

SUBROJTINE DEGLm(tib,r CyNsNE) . .
_DIMENS IUN tIG(jn),r(jo,301.C(ju,301,V(5o),ﬁtjo 30),1X130)
S 1v7-(30) i PR
SLD0 1 I=1,

. IXtI)= ov s
DO 'L J=1.N e el
Gt I’ J) =0 ‘0 T R TTLIITLOET L BTSIIIIT I e emmee emfneniinottim o
AlTI,d)=F{I,d) - . . LeiteL i

CALL HESSEN(A,N) .
- ~ . CALL JREIGLA,N,EI1G) e
ST e NM1=N-1 e -

. ACl, 1)=0.0 . 7 elinino
DO 2 I=1,NHM1.
IPl=1+1 ; S S S
Ir(ABb(tlb(Il—tlb!IPl)).al. .0CL) GU TO 2.
TEU 0 MLy y=ALL 1% T o
e IX{1)=1
PRBERE : IX(IPI)— . - . .. e e
s IF(A(I 1) LT.0.5) GO TO 3 S
LR 00 4 I=1.NF R Lo FELTTTIITE T AT e
N IFOIXUTI).ERLLY GU TO 4 A S
Y=EIG(I) : e e e e
CALL VCTRUFaV,N,Y) e D T

|
~N

-~

DU 5 J=1,4N ] e e
CtI,Jd}=v{Jd) : B :
UNT INUE
WB=F{1,1} S
AFUFIL,1).6T.0. 01) GU TO 15 . ..
DI 16 1= }_,N S S AT

16 FUI, 11=F(1,11+1.0 . .

15 W=F{1ly1}. -~ -« s

SFllsl)=FL1,1)%1. 01
= - WASFl1,1)

DU 6 I=1,N

|
U

DD 6 J=l,N
L6 AlLyJdl=F(1,d) .
-7 CALL HESSEN{A,N)
o - wCALL ARELGUAINSZ) .
S DO 7 1=14NF :
-IF(IX(I).R'Q O) (’U TU» 1
Y=2{§{) i T L
CALL V(,IR(F V N,Yl -

FOL L)=n oo

F{Lly, LY =WA-
- .. D8 9 J=14¢N
" RO 0% O SPRN B REL VAN O I ETeil ERIE S T L s T e
o IXUDY=R e e e TIOt  h Pl b




JFECLy =W o

CUIFIWB.6T.0.01) GO TO 1o
-DO 18 1=2,N

G0 TO 10

Y=ELIGLI) L
" CALL VCTRIEsVyNsY) e IR

CONTINUE.

;.lj:ND om e TETINRTILT mem

- - 297 ..- ' N
CUNTINUE - R

DO 11 1=14NE :’:"f:jf" I T e e

DO 12 J=L,N
CtI,Jd)y=via o e Ll s

RETURN

D0 EIBFTC GV L DECK

o

DO 3 J=1,N o
,A(b,lJ—A(byl)+V(J) A(q.J)

o= EFN  SOURCE STATEMENT ~— IEN(S) -

SUBRDU1INE LUV{I V IX;AvuyF N,NF)

D0 2 K=1,N B e
Al4,Jd}= A(#,Jl+k(J,K)TV(KJ .

Al5,1)=C.0 . - eI LTI A R RIS TR T

DO 4 J=1.N : ‘ B :
VIJ)=v{J)-AlD, J*(A(1+ J} A(b,l)"‘V(JJ)

- PO 7 J=1,4N

IF(ABS{V(J)-AléyJJ) GT.0. ouooos) GO;TQ,Sr_ P

CONT INUE

CALL LY”‘“I,V’L,A,IX,V,N?'J I
GO 109 - R R
A(bv.‘”—[\(§13)*l 0

- IF(ALD,3).6T.4.2) CALL UTH(I VyC AyIXr :Nl')

IFUAUD,3).6T.4.2) AlS,3)=0.0 e

DO 16 J=14N

Al6,d)V=VI)
CONTINUE o 7o
RETURN - ~ »

END

 DIMENS [N V(5C),IX(jO),A(iD,SO),C(BC 50),F(50,3o;
MWA(bydl—O 2 :

:'CALL DTH(I Vy(_,,l\ 1X,N NI—) _-_
. ALS5,3)=0.0 O
DU 5 L=l NITER . il LT s
D0 2 J=1,N :
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TTUEIBFTC 9TC DECK L U oLt e

I 0TC 0 - < EFN TSOURCE STATEMENT -~ 1FN{S) -

“LTTSUBRUUTINE UrH(I,V C A,lx.N NE) B
. DIMENSION V(ﬁG},C(jU,BOI,A(JO,ju),IX(501 L
.2 .DD.1 J=14NF S - S
- LECIXUI) . EQ. L) GO ru 1 e : :
L GAL243)=0.06 0 -
DO 2 K=lyN e
A(2yJ)—A(2yd)+V('< _
o1 CONTINUE o e e -
C D3B3 J=1,NF i sl
con IFLIXCY) o EQL1) GU 10 3
DU & K=1,N D R
VIK)=vIK)-Al Z,J )RCA J,.() e e e
'3 CONT INUE R ; ‘
- AL3,1)=0.0.
CTETDOT S J=1GN S T R
w.,5AA(3,l)—A(5yl)+V(J)«V(J) : e e
- A{3y1)=SQRT{AL3,1}) C e SRS
b0 6 J=1,N . B
V(J)—VIJ)/Alﬁ,H
~. . RETURY .

" PROGRAM TO CALL QR TRAVSFDRMATIDM, "MAXIMUM ITER
‘SUBROUTINE QREIG(A;M,ROOTR) s

SIPRNT=0 .
N =M_
HEO=N.

AIF(IPRNT) eo 81,80~

B I e T 1Zad412 000
.13 - IFLIPRNT) 82,83,82



CWRITE. A£,105)A(1,1) -
ROD!F(I): A1,1)
ROOTI(1) 0.0 e

o

zLoo ees K e—l;M:o
:Kl KJO+1

fRODTR(JﬁO) Xl
CONTINUE
‘;RETURN'TTfiﬁ
_1 JJ-—I ,
}$12 X (A(h 1:N 1) - A(N:N))**Z
S = 4. 0=A(N,N~-1 )*A(N l,m)
TITEP = ITER + 1
L IF(X «EQ. 0.0 .Dl ABS(Q/X)
16-TF(ABS{AIMN=1yN=-1))=ABS(A(MsN))) _
_31‘L A{N-1,N- 1)
Go= A(NSN)Y
MMGD TO 33 .
= AIN-13N-1)"
A(N:N)

1.05-8)-GD T0 15
L22422431 )

”o. |
GO TO 24
X+

u)ﬁu‘u

= - 18,19:19
9 SQ=SQRT(S)

ﬁ~,th_n;”H6010 24

. SQRT(=~ sflz 0 | |
/2. 0- - ’: RS =

xun

m

[mnxn‘n‘

C_.'Tl,

- J) 28 70,70
=70 D = 1.0E-10#(ABS(G) + F) -
mVIF(ABS(A(H—l,N -2)) .GT. D)

_IF(IP?NT), 84,85,864 . =
WRITZ (&,105)E,Fy ITER
‘NRITC'(C 105)G,H =
__ROOTR(N)
T ROOTIIN)

"‘"

GO 70 26

uws
M



ROOTR(N-1) =
OOTI(N-1) =
N=N-2
fIF(JJ) 1:177,177 : i

26 IF(ABS(A(H,N-1)) .GT. 1 Oc-IO*ABS(A(M NI
~IF(IPRNT) 83,87,856 = - B

u N
I o

GD,TDwipﬂ

7LﬁthIlE (u:loﬁ)A(N’h),
= RODOTRN) '
‘RDUTI ( N],

Zu’::RD ' IT:R

IF(ABS(ABS(XNN/A(NaH—I)) -1.0)-1.CE=-¢) - 63963462 =

. IF(ABS(ABS({XN2/A(N=1,N=2))~1. 0)—170»-0) 62

63 VQ=ABS(A( Ny N=1))=ABS{A(N=T,M=-2)) - S
o IF (ITER=15) 53, 1&4 &
2164 ITF(VQ) 165,165,166 = -
165 R = A(N-1,M-2)%%2

20816 = 2405A(N-14N-2) .

...GO_TO 60 o
65 R-= A(NyN-1)w22 =%
SI16 = 2.08A(N,N-1)

IF(VQ) 67,c7 6c ,
IF(IPANT)} 88,83,88
LRITE (6, 107)A(M—l:”
S22 60 TO 84 iz =
6T¢ﬁVIF(IPRNT) 89,87,89 e
89 HRITE (&, lO?)A(un?’-l)
. 60 TO 86 - , - o ; L

-700 IF(ITER .GT. 50) GO TO &3 Lo T e e e T
IF(ITER .GT. 5 ) GO 70 53 o
701 21= . ((E-AAY=22+4(F=B)#=2) /{EXC+F=F)

- 12= ((G-C) =22+ (H- DD)**Z)/(G*G+H*H)

2 CIFLZ1=0.25) . B1,51,32° g
~_IF(Z2-0.25)  53,53,54
TUR=E®G-F&H o

S1G=E+G_

_72) Sl

GO TD 60
IF(22-0.23) 5%
,‘R =G=G

-:S1G=G+G
GO0 . TO 60
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_._..6O TO 12 ~
04 - FDRNﬁT(////ng "9HREAL P RT TeX ILHI AGINAQY PART:-ZSX

WJM 13HTAKEN AS_ZERO éXf&ﬁITER /1)
FDRMAI(1X1EI--8"Y1‘ ;-8{ 42X 1z )

',_vsouacs STATEMENT - IFN(S) - =

SUBROUTINc HESSEN(A, M)
fDIMLNSIDh A(oO 320),B (50) 7>>U:
_DOUBLE PRECISION SUM
CIFM .= 2) 90,30,:2 o
32 DO 40 LC = 3,M

~DIV = ABS(A(N:J))
2 CONTINUZ o
;@IF(DIV) ~1‘5‘013 R
BVIF(NI - Nl) Lay Tt
4 DO E J = 1,N". ji;
DIV = A(JrNI),”

,iA(JzNI) A(JgNl)
5“A(Jle):_ADIV”f»
DD & 3 = 1M -
DIV = A(NI.J)

" "l

SAINI 3) = Atm1‘u)
6 AINLyJ) = DIV :
7;00 26 K- = 1: 4“

26 B{K) = A(N,K)/A(N Nvl)
= -D0 458 = YoM - o=
.. SUM = 0. 0 .
cE IR (- NL). éo,éﬁ ¢3 i
46 TF(BLJ)) 41, éax—l
41 AINsJ) = 0.0

DD %2 K = 1,M) .
ALK ) = ALK Jd) =L A{KgNL)=B(J) - =
42 SUM = suv + ALK J)#B(K) _
7?60 TO'éfL:
_ DO 4¢ K = 1,N1
.4% SUuM = SUM + A(K,J)*B(K)
45 A(N1,J) SUM
40 CONTIAUP
RcTURN
S UEND-




$IBFTC #=QRT

,SUBROUTIM:;QRT(AiN, R,S1G,D)

,iIF(ABS(A(J1+1 3173 10,10,11
| ALII+1, 14108 (A(J1I+1,d141)-SIG)+A(J1+T,J1+2) s A(J1+2,J1t

IF(DEN) &€1,12,61 -
TIF(ABS(ALIL+1,d1)*A{J142; J1F1T % (ABS (ATIL+1, J1+1)4A(IT#2;3142)
1 SIG)+ABS(A(J1+Z,41+2)))/DENI-D) 10 10,12
LIPS, s s L airitis
"DD 14 _

00 100:"f }
?IF(I 1pY " 16,1,,16f:

EA(IP+?,IP) 0 0 .
60 70 19
“6(1)=A(1,1-1)
;GIZ) A(I+1 I- 1)

6(3) 0 0 . e ‘ o
LSIGN{SQRT(G(1)x%2 + G(2)##2 + Gl2)=e2),.
IF(XK) 23124124:
<AL= G(l)/XK+1 o
PSI(I) G(Z)/(G(1)+XK),”

PSI12)6.0 i
IF(I- IQ),,M26,27 26
TTIF(I-IP) DT 29,28,29

AT, I-1)=-A(I,I-1)

6D TO 27 o

_ ALI,I-1)=-XK

D0 30 U JsI N

. IF(I-IA) )1,:1,-2,
C=PSI(2)#AlI+2,J) -
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7?50 T0 3° -
C=0. o
‘AL*(A(I,J)+PSI(1)*A(I+1,J)+C)
,A(I'J) A{I,J)~E
ALT+1,J)=A(I+1,J)-PSI(1}*E
IF(I-IA) 34,34,30
"5 A(I+2,J) AlI+2,9)~ PSI(Z)*E
CONTINUE
zIE(I?IA)i;

35935,26

== § GD T0 37
36 L=N )
37 0.D0 .40 J=IQ,L . 7
”WMIF(I,IA) 38,3 8139 ,

T UC=PSI(2) #A(Jy142) T
G0 70 &1
:CfQ 0] SIS

A(Jyl*l) PSI(l)*E

ik 42342450 - -
A(J,I+2)—H(J1I+2)—PSI(2)*:

SCONTINUE - = i

IF(I-N+2) 43:““1100

E=AL=PSI(2)=A(I+3,1+42)

7A(I+$tl)=”ﬁ e

101

CDNTINUt A
R:TURN L




SIBFTC RWVCTR =

CTR . ....= EFN . "SOURCE STATEMENT - TFN(S)_

“SUBROUTINE VCTR(AX,VsHexXY) -
DIMENSION AX(3 Q,7q1,
= CALPHA=XY - i
_ DO 501 I51=1,N.

<% PO 501 J51=1,N . .
501 ALI315J51)=AX{151,J51)
CA(1,1)=A01,1)=ALPHA - = =
DD 13 1=2,N __
“ALT,1)=AUI,T)-ALPHA -
II=I-1
DO 15 J=1,11 =+ =
IF (A(15J))9,13,9
SIF_(ABS (A(J,J))-ABS (A(I,4)))11,10,10
__R= A(I,J)/A(J,J)

~ R= A(J,J)/A(I.J)
=200 .12 K=1,N _- ..

o A(JgK)—A(l,K)
A(IrK)-—C
2 3Jd=Jd+1 ez
- DD 14 K= JJ N
CACI KI=A(T,K)- R*Q(J K)
15 CONTINUE ]
T==C=A{NsN) -z
_VINY=1. .
D0 29 I=2,N" : N
JJ MN-TI41 o

DO 25 K=IT,N
R=R+A(JJ, K)*V(K) ,
CIF (ABS (A(JJ;JJ))=1.0E~10)27,27528

575 VIJ)=0.
.GD TDO 29 e
S V(I =LC-RY/ALIY, 3J)
CCONTIMUE
EUX50=0.0 7 onF i
.- DO 502 JZ2=1,N o
:02 X50=X30+V{JE 2)*V(J42)
__X51=SQRT(X5C) .
':7_DU 503 J5:=1,N
B . 503 V(JE2)=V(JIE3I/XEL -
G esenia . RETURN : r;fgﬁhanrxfi;ffﬂrw»p’?>»'1
. ~ END S
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(3) The Spin-Polarized SCF Program, with Spin Projection.

This program calculates SCF spin-polarized wave
functions for half closed-shell states of molecules and radicals
as discussed in section (I8) of chapter II . In addition to
the theoretical limitation of the method to states which can
be represented by a single determinent, it is found to be a
non-convergent procedure for occupation numbers involving '"holes"
in the electronic population of the two spin-orbital sets.

These M"holes" are unoccupied virtual orbitals at lower orbital
energies than the highest occupied spin orbital.

From a starting point of the spin-paired SCF closeds -
shell orbitals, the program iterates the two sets of coupled |

S and /? -spin orbitals to a pre-determined degree of consistency.
The total 77 -energy of the molecule is calculated at each
iteration.

The use of a spin projection routine on this SCF state
is controlled by an input data card. The results of these various
approximations are printed out at the conclusion of each step.

Special procedures are included +to help the iterations
converge, one of these is a subroutine VSORT . This routine
sorts the vectors from successive iterations so as to ensure
electrons are always assigned to the intended orbital, even if
in the SCP procedure they may chance to become energetically

unfavourable. The input data is now detailed.
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N33, ICV, ICON,(3I3): These three control integers are all

punched on the same card. N33 controls the use of the spin-
polarizing routine PURV , which is only called if N33=5 .
Subroutine PURV serves to alternate X and -spin density in
the input bond matrices EQOKand ﬁis g and 1is used to obtain
spin-polarized ground-states. For non-ground state use NBB%S .
If ICV=I , the routine VSORT is by-passed, with ICV%I , 1t is
used after every 1teration . ICON controls the spin-projection
routine, with ICON=2 only the simple projection is used,(see
page 248 ) . If ICON=3, both simple and accurate projections
are performed, and the set of ‘'corresponding orbitals" found.
With ICON=I , only the projected results are obtained.

Title Card,(Free Format): This is read as in program (2) .

N,(I3): The number of atoms in the molecule, N £ 30 .
NIT,(I%): Maximum number of SCF iterations, typically NIT {50 .

GN,CONVG,DVC, (3F20.8): GN controls the approximation used for the

Coulomb integrals. These are given the value of GN times the
Mataga and Nishimoto approximation. Normally GN=I . CONVG is the
convergence criterion. For a self-consistent state we require

simultaneously,

l(P;lj) - (P?g‘l)[ < conve
/(ng) - (P?;l)l < conve

Usually we have CONVG=0.00I .
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DVC controls the degree of feed-back for successive bond-matrices
used as input for the SCF iterations. A typical value would be 0.3.

JR(N,N) ,AT(W),B(N),Z(W),71(N,N)/,(F20.8): These are defined in the

previous program.

/ANA(N)/,(F20.8): This matrix specifies the (¢ -orbital

occupation numbers, counting from the lowest occupied upwards.

(%4
Thus ANA(i)=I if fﬁ is occupied , otherwise ANA(i)=0 .
[

/aNB(N)/,(F20.8): The f? -~occupation matrix , assigned as ANA
above.

N5,(I3): If N5=5, the program restarts on a new set of input
data, after concluding the SCF procegdure on tho first set of
molecular data. Otherwise,if N5=I , the program stops.

When N5#2 or 5 , a new set of occupation numbers,ANA and ANB, are

read, and another excited state treated.



‘$IBETC BECKZ’”'DECK"’

~ 'DECK4 - FN ' sau c: STAT 1_;7 | jiIFN(S)i ; “”xF; o

o S DIMWNSIDN AI(30),:(30) 7(30) ANA(BO),ANB(zo),a:TA(30,30),
e 1 GAMA(30,30),ENA(30), PA(30,30),PB(30 30),FA130,30),
T, '2 FB(30,30),QA(30,30),QB(30,30),6(30,30),H(30 30),“‘~ )
o miewie--..3 CH(30,30),CA(30,30),C8(30,30) S
L. L 4_ +X{30,30),CF(30,30) e
J o _MOLECULE OPZN SHELL LCAOLMO.SCFe —
, 208 READ(5,984) M33,ICV,ICON.

... 984 FORMATI(3I3)Y ... . . ol .00
N33 LABZLS TITLE REZQUIRED

e .CALL RITE(N33) . .. &0 E
L 500 READ({551) N N
“Z..C . N GIVES THE MUMBER (OF. ATOMS IN. THE MOLECULE

) 1 FCRMAT(I3) : e

S . READ(5,1INIT . it
T READ(5;900) GN,CONVG,DVC o
% ... 900 FORMAT(3F20.8) . .. . T = 2 =7

NS5=1

..D0.2.1=1,N . . o0 T
D0 2 J=I,N i

_READ(5,3) PA(I1,J)
PALJ, D)=PA(L,)
FORMAT(F2048). .. . _.lo.0
. READ(5;3) (AI(I),I= l,N)_: Y
D READ(593) (E(I), I=1,01) - i v S e i e
. READ(5,3) (2(1),I= 1,%)
i - DD 9 _I=14N .
o . DO 9 J=I,N L
;ggfwrﬁ;_;;;qREAD(5,3) HOT,Jd) o o oii o
_— BETA{I,J)=H(I,J}
Coeeien o e BETA(JI 1)=HUI,J)

L 9 H{J,1)=H{I,J) "
Lol € . READ THE HUCKEL MATRIX & .. ~iinmis
B o RESONANCE INTEGAL MATRIX | D

e DO 10 I=1,N T il
10 BETA(I,1)}=0.0
fﬂﬁxrr,;J,J,wRITC(é 23) N

'23 FORMAT (14H HUCK“L MATDIX //) N
.. DO 24 I=14N . . LT
o » 24 WRITE(6:301) (H(I,d),d=1,N) e
‘ WRITE (6, 51) L
.. 51 FORMAT(LM ,///,21H IONIZATICN POTENTIAL,//)
WRITE(6,301) (AI(I),1= 1,M) U
. WRITE(6,52) _ ' T
52 FORMAT(LH ,///,18H iLZ CTQQN AFFINITY //).:

WRITE(6,301) (:(1),1 148) B y

, WRITE(6,56) L
56 FORMAT(IH ,///¢14H BUI,J) MATRIX,//)




57 WRIT=(6,301) (PA(I:J),J 1 N) :

i e WRITZ(6,58) TR S
. . 58 FORMAT(1H ,///,17H P¢SONANC,“HA|RIX://)
il ... DO 59 I=1,N : : TR ’
' 59 WRITE(6,:301) (BL‘_TA( I)J) J 1 ?4) e e -
il WRITE(6,53) I '
. . 53 FORMAT(IH +///,23H NUMBER OF PI “LcCTRONS://)
el il o WRITE(69301) (Z(I)sI=1,M) . .. -
- CALL COUL{AI,EZ,PA;GAMA,N) . .
© DO 7537 I=1,N . o oolollo T
DO 753 J=1,N . }
GAMA(I'J,—GN*GAMA(IsJ) te L e ounm
"WRITE(6,754) GN B}
CFORMATUIH 3///313H. GAMA FACTOR=1F643,//)
GAMA{I,J) MATRIX ' S .

READ(5,3) (AHA(I);L 1.NY L
L WRITE(6,54) . o s
, 54 FORMAT(1H :///:lTH ALPHA DCVUPATION://) o
o WRITE(64301) (AJA(I),‘_I,N) CE
. . . _MRITE(6,55) . o
‘”;?;J,,,455,.0RMAT(‘H 177/ 16H 8= TA DCCUPATION://)
. _WRITE(6,901) ; AP '
. 901 FORMATI(1H +///431H CLOSED SHELL SCF APPRDXIMATION,//)
i . IF(NS5.NZs1) CALL PUTIN(CH,PA;PB;ANA;ANBsMN)
CIF(NS.NZ.1) 60 TO 581 o
CALL SCFCS(HyRETA,GAMASAT 4E4ZsFA3CACByPA,PEANA;ANB,ENA,N)
 IF(N33.5Q.5) CALL PURV(PA,RBUN).
. DO 902 I=1,4N S
o DO 902 J=1,4N . ‘
cem 22902 CHII,)=CA(T,) LT e T
581 WRITE(6460) R T
.60 FORMATIIH +///710H PA MATRIX,//) = = .
DO 6L I=1aN
Ces 61 WRITE(6,302) (P‘(I,J),J=1}N)"' oo

. 302 FORMAT(1H ,10F10.5) . :,?M.;;T,,mﬂ,_,”m

o WRITE(6,62) E R S
e ... 62 FORMAT(1H 1///,10H PB MATRIX //) e
oo .. DO 63 I=14HK - e T TemaT T LT e e .

63 WRITZ(6,302) (PB(I-J),J 1.N> e
S- . WRITE(6,903) _ S TR I eI
. 903 FORMAT(1H 4///,19H sp:m PGLA&IZ D scr,//) o B
e ... .DC 11 L=1,NIT e S AT
: VC=1.0-DVC*FLOAT(LY - .
CIF(VC.LT.0.0)VC=0.,0 _ - == 70
VCM—‘-loO"VC .




- 310 -

i e . CONV=VCM=CONVG LTRSS e
.o CALL FMAT(AI E,PA,PB, 7, GAMA BETA,N, FA,EQ) . e
..C.... . F MATRICES ALPHA AND. BETA - T P S
. CALL RECAL(FA;QA,ANAyNsCAX,CF, 1cv) o e
X .-, CALL RECAL(FB,QB,ANB,N,CByX,CF,ICV) o
o RECALCULATES P MATRIC”S AS QA AND QB . ... . L oLl
© . .PEN=POLEN(FA,FB, QA1 QB1ATI BETAI 246G GAMA,N) N
.. WRITE(6,757) PEM S
... 757 FORMAT(LH ,///y17H TOTAL PL ENERGY=,F10.43//) EL TR
. IFlL.EQ.NIT) GC TO 81
DO 13 I=1yN T
DC 13 J—L;N _ e
13 IF(ABS(PA(I,J)=QA(I,J)).GT.CONVLOR. -~ =%
1 ABS(PB(1,J)=QB(15J))+GT.CONV) .60 T0, 91 e
i WRITE(6,904) CONV foRe e F L R
904 FORMAT(LH 5//528H ME THOD HAS CONV:RG:Dy CDNV-,F 5./) o
.81 WRITE(6,31) L R
31 FCORMAT(IH ,///,22H NUMB R OF IT RATTOJS-,I3 ///) .
e WRITE(6,16) PR LT e TR
- 16 FORMAT(16H FINAL PA WATRIX //) o
erme wen DO 64 I=1,N T UL LT
. 64 WRITZ(6,302) (QA(IaJ):J 1 N) S DU
e - WRITE(6,1T7) : T I LT T A T
.. 17 FORMAT(1H y/773y16H FIMAL PB MATRIX //) o
i DO 65 I=14N . e I T T
3 © 65 WRITZ(6,302) (Qb(I:J)xJ 1,N) .
el WRITE(64905) . el R TITRTTE T
T 905 FORMATULH 177,294 CHARGr “AND BOID DPD”R MATQIX //)_‘, .
e 22 D0.906 I=1y N el ns e T e it T
N DC 906 J=1,N e e
L L2906 CUIJ)=QALT,0)+QB(T,9) o o
... DO 907 I=1,N e
22907 WRITE(64,302) (ClI,d),d=1,N)_
L. _ WRITZ(6,908) L ..
v 908 FORMAT(LH 3///+5H ATOM,10Xy13H SPIN DENSITY,10X,
115H CHARGE DENSITY./)
B0 909 I=1yN . .. ;—V—ffi’ -
- X(1, 1)—QA(I:I)—QJ(I [
TWRITE(6,755) I, X(l,l) C(I T) 7 T R A e e S T
FORMAT(1H ,13, 14XaFC 5314X, F23.5, /) e mems emne i e mm s
CONTINUE IR R
o ~ CALL DLG‘N(_VA,FA,C My N) e
Cimimiow oo CALL. VSORT(CyCAg X CFRyZNAZNyICVY . . o 27 ol i
o WRITE(6,69) e
cemee 69 FORMAT(IH ,///318H ALPHA ’IGCWVALUVS,//) R R
. _ WRITE(65302) (ENA(L),1I= 1,N)
miez o= - HRITE(6,70) - I
o 70 FORMAT(LH ///3119H ALPHA cxc:wv CTOPS://)
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S .. DBTL I=IN. [ e *
~ 7Y WRITE(6,302) (C(I,J),0=1,4N) ) R

oo .. CALL DEGEM(EMAyFByCyN,N) - .7 77 =i

. CALL VSORT(C,CB, x,CF,ENA,N ICV) B
e e o - WRITE(6,72) PR e A e T
. "72 FORMAT(1H ,///417H BhTA EI1GE NVALU‘S,//) [
. . WRITE(6,302) (EMA(I),I=1,4N) : S Nt
L WRITE(6473)

.. .73 FORMAT(1H ,///,16H BETA EIGENVE CTORJ,//) R
... DO T4 I=14N , e T
Srn .. T4 WRITE(64302) (CUIsd),0=1,%) LT TR P

CALL SPIIJ(QA,QB,PA,PB:FIA: FB)CA,CB:C CF,H,X’BL‘_TA Alr_yz GAMA;
1N, ICON, ANA. ANB) o : BT

60 TO 205 ) R
91 DO 32 I=1,N . ... ..t

DO 32 J=1,N

T T PALI ) =VCEPALL, J)+VCMEQATT ) N
oo 32 PBULIJISVCEPBII,J)#VCM=QS(T,d) . . . .
L 11 CONTINUG ) R s T
| 205 READ(5,1) N5 e
L IF(N5.EQ.5) GO TO 208 0T e e
CIF(NS.EQ.1) 60 TC 751 . oo . o

- WRITE(6,752) LTIl RIS LT I
... . 52 FORMAT(1H ,///, T4H YCITVD SzAT ://)
it - ... G0 70 800 O -
751 STOP
. :"v.—/':. ‘_7:. :‘ - END -

' $IBFTC SPp -"Dsck’° R

SPP. - EFN souacc STAT MENT ,4:71FM(S) -

SUBROUTIM“ SP‘V(QA:QB PH,PB)FA FB CA CB;CvCF H1X18F7A1A17~1Z
1 GAMAyN,ICON,ANA, ANB)

. DIMENSION QA(30,30),QB(30,30),PA(30, 30),PB(30,30),F’(30 3Q),
-1 FB(3G,30),CA(30,30),CB(30,30),C(30,30),CF(30,30),H(30,30)

1 X{30,30),BETA(30, 30),AI(30),:(30)vZ(30)aGAMA(30,30) o
rANA(BO);AHE(BO) : o . cof . W

_ . DC 1 I=1,N e
e e PEPHANACT) T L AT e T e e e
B .1 Q=Q+ANB(I) ' o e e
= ... PPQ=P+Q s s S B RN o O
PMQ=ABS(P- Q)

-




. S$2=PMC#0.5 F N U T S L
o . SM=S5Ix%(SZ+1.0) o T
o L I=IFIX{PMQ)+1 T Ut i OB o e R
. HWRITE(6:2)
72 FORMAT(LH 4///,31He=2%SPIN PROJSCTION ROUTINCa##2,/7)
. WRITE(6,3) I,SZ,SH e _
it o3 FORMAT(23H MULTIPLICITY OF STATE=,12,10X,21H Z-SPIN COMPOMENT
‘ . 1F5.24//125H SPIN OF PURE STAT:,(SZ)—:FS 2 //)‘
e CALL AMAT(QA,QB,FA,H) .
... STORES (PQ) INFA .
Fei 2l T=SECTRIFA,N) TSRS T A Sertiat t R e L i PR R T
~ T=TRACE(PQ) R
<o SM=0,25#PMQ=PMQ+0.5%PPQ-T
. WRITE(634) SM
ool FORMAT(23H UNPROJECTZED. SPIN;(S2)=3F9.64/7) -
, WRITE(6,5)
.5 FORMAT(27H SIMPLIFIZD SPIN PROJECTION,//) "
.. DO 6 I=1,N , R
o DD 6 JELG N S
) 6 X(1,J1=FA(I,J) L
e —eno . CALL AMAT(FAsX,FByN)Y .7 0%
. C STORES(PGPQ) IN FB
e 2 e T2=SECTRIUFB4N) '
o o T2=TRACE(PQPQ) L L
el X(191)=(SZ+41.0)%(SZ+2,0)-SM 7 TS 0T S
SM=SM=((P-T)=#(Q-T)+2.0#(T~ Tz))/xtl,l)

el WRITE(6:T) SM » S =
7 FORMAT(23H AFTER PROJE CTIGN.(S7)—,FQ 6 728 .
. CALL AMAT (FAyQA,CA,t) | o '

o ~ CALL AMAT(QB,FA,CB,N) L
rime o CALL AMATLQB QAL CE M) U T S
3 o . CA={PCP) CB=(QPQ) - CF=(QP).__ _ . .
S iee e ..DO 8 I=1,N . I
.. DO & J=I,N o
. o PA(I,J)= QA(I,J)—(CA(I J1=0. S*(FA(I JIHCF(T, 000 /% (1,1) . 7
U PA(J,1)=PA(I,J)
o PB(1,J)=Q8B(I, J)—(CB(I,J) o 5*(FA(I J)+CF(I,J)))/X(1 1)
. .. .8 PB(J,I)=PB(I,4) ;
, c PA AND PB ARE MEW SPIN PQDJFC D MATPIC S o
i . - WRITE(6:19) e
9 FORMAT(29H SPIN PROJE CT D BOMD MATRIC s,//)
. . WRITE(6:10) e e T
o 10 FORMAT(11H ALPHA SPIW,//) - L
i e - DD 11 I=1,N N
: 11 WRITE(6,12) (PALI, J)yJ l:N) e
S ... -..12 FORMAT(10F10.6) S S
- _ CWRITE(6,13) _ el
7. .13 FORMAT(LH ,///,10H BITA SPIN,//) . o
' DO 14 I=1,N . e
14 NRITE(é,lz) (PB(I,J)yJ=1yN) ~ a
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. DO 15 x-L,. O PR
D0 15 J=1.N o T D TR T e

H{I,J)= PA(I,J)+PB(I:J) Y
HOJa I)=H{T4d) o il i e e .
WRITE(6,16) _ e
FORMAT(1H 5//,18H TOTAL BOND MATRIX,//)
D0 17 I=1,N R B
_WRITE(6, 12) (HUT, ), 3=1,N) ool L
CALL SPWRT(PA,PB,HyXsN)
CALL PROJEMN(BETA,Al;Z,ZsGAMA,QA; QB FALPASPES X H,CyN)
- - IF(ICCNec£Qs2) GO TO 26 e

st WRITE(6,18) o B S T e
. .......18 FORMAT(37 H'****MOR\_ &CCURATE SPI PRGJECT;ON**.**,//) o
e XLy 2)=P : U A S PR
L IF(P.GT.Q) X(1,2)=Q R
Gt U X(142)=X01,2 )+SZ*(SZ+1.0{._1‘iﬁw'ﬂﬁaffng} o

v C CX(1,2)=A J S -
= SX{L1e3)=X(1,2)%X(1 ! 2) DI T :
...... C . X(1y3)=A=A e s .
ot - T3=TRACE(FBy FA,N) L LTI e T

. C T T3=TRACELPQPGPQ) e e
. Lo X1 4)=X(1,2)-T L T s e T e

C X{1y4)=5%S
X{195)=X(1,3)4P2Q+2.0%(TxT~ —T2)=T#(2.0%X(1,2)4PPQ-2.0)

~ c  X(1y5)=5%5%5%§

CX(136)=X(1,3)%X(1,2)4X(1y2)=P2Q4P2Q#(2,0%X(1,2)+PPQ-2.0)
L X(136)=X(136)=T#(3,08X(1,3)43.0%X(1,2)%(PPQ-2.0)+(PPQ-2.0) ¢
S . . . .1  (PPQ=2.0)+PxQ+4.0%(P-1.0)%(Q-1.0)) :
 X(1,6)=X(1,6)42.0%(3.0%X{1,2)+3.,0%PPQ-10. O)*(T*T T2) .
e X(196)=X(156) =6, 0% (TaT#T=3,02T2%T+2.0%T3) =

C X(1,6)=S#Sx5%5%5%S .

L X(1,7)=(SZ+41.0)%(57+2.,0) ST IR R T o RELT
U X198)=X{1 T EX(L T . o
e SMEX(116)=2.0%X(1y7)EX{1,5) 4+X(1,8)%%X(1,4)
- © SM=SM/(X{1;5)=2.0%X(1,7)=X(1,4)+X(1,8))
= - WRITE(6419) SM L
. 19 FORMAT(23H AFTER PROJE CTIUN,(52)=,F9 6,//) .
ST .. CALL AMAT(QB,CAsHyN) N L
‘ . CALL AMAT(FByQA;C:N)
T L CALL AMAT(H,;QB,PB,N) Lo -
€. H={QPGP) C=(PQPQP) PB=QPQPQ) S

X{1,2)=X(1,2)=SZ%(SZ+140)=2.0%(SZ+1.0)
, X(1,3)=X(1,2)=X{1y2) o
.C . NEW A AHD A=A VALUES Do IETET e T e
X(271)=X(173)+P#0Q+T5(3.042,0%T=2. O*X(l,ZI-PPQ) o
C . X{231)=A%A+PQ+TRACE(PQI(3=2TRACE(PQI-2A-M) . o o 7 w="
. X(2,2)=PPO=4.0%T=3,0+240%X(1s2) e
C - X{2,2)=H=-4TRACE(PQ)=-3+24A e
X{243)=2.02T+1.0-X(1,2)
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_.C. . X(243)=2TRACE(PQ}+1-A SR
T X(2,4)=X(1,3)4PxQ+T=(2.0+2.0=T-2. G*Y(I,Z)—PPQ)V_ L
B X 294) = ArA+PQ+TRACE(PQI(242TRACE(PQ)=2A=N)  ~— - 7
. - T3=SECTR{H,N) e
.. C - . T3=TRACE(QPQPQ) .. . o niamde amETTIeE
DC 21 I=1,N , e ;' S,
.. D02 J=I,N .. .- - S
LIy =4 O*C(I,J)+QA(I, )*(X(Z.-)-Q 2. 0eT2)
f i CId)=CULy D H(P-T)=QBlI,J)2CB(T,d) R R
o CtI,Jd)= C(I,J)+K(2,2)*CA(I,J)+(FA(I.J)+CF(I,J))*(X(Z 3)-?) _
e ClIdY=C(Iyd)=20=(FB(I,J)+H(I4I)) r Tz : D
L C(I,J)—C(I,J)/(X(d,4)- O*TL)‘_VHVV;»?_Jh;T e
e ClIId=ClILd) . ST T T e T T
. .. PBli,J)=4.0=PB(I, J)+QB(I J)*(X(Z 1)-P -2. 0*T3) e
S PB(IyJd)=PBILI, J)+(Q~T)*Q\(I,J)+C’(I,J) P T e .
L PB(I ) =PB(I,J)+X(2,2)=CBI(I, J)+(FA(I,J)+CF(I:J))*(X(Z 3)—Q)
il PB(IeJd)=PB(I,Jd)-2 O*(H(I,J)+FB(I:J))’TL EE T
PB(IJ)=PB(I,J)/(X(2,4)-T3%2,0)
CLLTIPBUIT)=PB(L,d) T
21 CONTINUZ

S ¢ . C AND P3 ARI.NEW DENSITY_MATRICES — -~ ~ -

HRI!E(619)

; S WRITZ(6,10) = e
N DO 22 I=1,N = . o
S WRITS(6512) (ClIgd)sd=lyN) oo 0

. WRITE(6413)
S ——— 15 I C I 3 PR L
... 23 WRITE(6,12) (PB(I,;),J=11N)
e . DO 24 1=1,N i
o DO 24 J=I,N
e .- PA(I,43)=CI(I, J)+P%(I J)
o 24 PA(J,1)=PA(I,3) | oo
e s e  WRITE(6,16) ‘ e e T
. Lo DC 25 I=1,N A U
e .25 WRITS(64512) (PA(I9J)sd=1,N) . o oo e
N v CALL SPURT(C,PB;PAsXsN) | e
‘i . CALL PROJAEN(BETA;AI E,Z1GAMA,QA,QByFA,CyPByXyPAHN)
L IF(ICCM.=Qe3) CALL ZQUB(CA,CBsQA;QB,PA,PB,N;sAL) B
.26 RETURN e e e T
"~ END , . U
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""" T s ffffé_r SOURC_ASTATEMENT D= IFNIS) -

. ) VSUBROUTINF SPHRT(PA,PB H,x,u)
o Tli. . DIMENSION PA(30330),PB{30,30),X(30,30),H(30,30)
WRITE(6,1)

-1 FORMAT(LH 4//,5H ATDM,IOX:IBH SPIN DENSITY, 10x 15H CHARGE
1 D NSITY /) LT I T LT .T el TIo L Ile L TUT oo P oA
TG 2 1=14N T I e
. X(1,2)= PA(I:I)—PB(I 1) -
T T UWMRITE(693) IaX(132)5H(ILI)
. 2 CCNTINUZ

-3 FORMAT(LH 3I3;14X3F8.5,14X,F845,7) )
" RETURN - . e .
ol L tN D B -V”f ..‘.».:.:T.. ey t:;;w:v";.:_‘..;—:' . JM.::_'.:; ol = - :_ .':—.-A - ot -
B SIBFTC M f,”f oucx S
AN “Qfgf?;;EFN f SOURCE, STATEMENT
] ",Wimf " 'SUBROUTIME AMAT(A;1B,C,N) -
et . DIMENSION A(30530),5(30,30),C(30,30)
DO 1 I=1,N T
D0 L JELyaN e T
_ TCUI,4120.0 . - )
;" _.'..T:':‘",‘. ,":.‘v_ . -l ,DD 1 K l ’ N - o y ' : T . ':‘ . -
e LCUL D) <CUT, J)+A<1.K)*B(K,J),¢:,f_, R
SUETUTIRETURN . L e T T T
7T¢A,; END .
'$IBFTC TRC _'_DECK_,,l "T R T
TRC . - EFN  SOURCE STHTuM“NT ~7§r£fﬁ}$)¢,{;v
777 TREAL FUNCTION TRACE(A,B,N) _ ..
.. DIMENSION A(20,30),B(30,30) S R
T TRACZ=0.0 i
D0 1 I=1,N i
DO 1 J=1,N
1 TRACE=TRACS+A(I,J)%B(J,1)
RETURN S
. END e e il W I DT



“SugruUTIHE AUEKURYRESC
DIMENS I H(30,30) 4CAL:
CALL DEGEHLENA B, CX

”":Dn 1 1-15 ]

- $IBFTC DECK1 DECK

~ DECKL - EFN | souace STATEMENT - IFN(S) -

. . . SUBROUTINE COUL(AT,EyR, GAMA, )
Seevn. 7. DIMENSION AI(30),E(30),R(30,30),GAMA(30,30)
~ .. € _ . EQUATION 8 ,MONOMER,OPEN SHELL .
St a2 DO 1 I=1,N R
. .DO 1 J=1,N
1 GAMALTJI=1.0/((RUT, )/ 14.41)+(2, 0/TAI(I)=E(I)+AI ()
e 1-E(HN)

. .. RETURN. . T - e
T END ‘ . o

UBRUUTINE PUTIN(CH:PA,PB ANA 'ANB, N)
“TDIMENSION CH(30,30),PA(30, 30),93(90, 0) 3 ANAL30) s ANB(30)
DO 1 I=1,N '
LTDOL Jsl,N T e s s e e
PALI,J)=0.0 | ,

- - PB(I,J)=0.0
DO 1 K=1,N
PA(1,J)=PAL{I,J)+CHI(K, I)*CH(K;J)*ANA(K)
1 PB(I,J)=PBI(I, J)+CH(K )*QH(K:J)*ANB(K)

) L S RETURN e e e
hat ant 2 ENQ'-" N I IR T T T e e LT T TE L rr e mewess wen ST Sitioo e o e R T Sm e Ty e T T T :
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 ;$IBFTC DECKB 4 DECK o

EFN SDURCE STATFMcPT- - IFN(S) ;f'_h; N

SUBROUTINE FMAT(AIsEsPAsPByZsGAMAsBETAN, FAsFB] R
“DIMENSION AI(30),E(30),PA(30,30),PB(20,30),2(30), =~ <.
1. GAMA(30,30),BETA(30,30),FA(50,301,FB(20,20)

- EQUATIONS 3 AND 4 ,OPEN SHELL MOLECULE e
.00 2 I=1,N
FA{I,1)=0.0
LFB{Iy1)=0.0 |
D0 1 J=1,N R
IF(I.EQ.J) GO TO 1

T EALLyJ)=BETALI,J)=PACT,J) #GAMACT,J) o Tl
CFB(I,J)=BETA{IJ)=PB(I,J)%#GAMA(I,J)

T EACTA1)=FALT, 1) +GAMA(T, ) #(PA(JsJ)+PBII,)=Z(d)) o
.. FB{I,I}= FB(I,I)+GAWA(I,J)*(PB(J,J)+PA(J,J) _ZGI)
~1 CONTINUE g Fudes
.~ FALI,1)=FA(I, /1)-AT(1)+PB(I,1)s(AI(1)~ E(1))
22 FBUI,1)=FB(I,1)-AT(1)4PA(I, 1) #(AI(I)=E(I))
_RETURN ..
T END

“f§iBFfbm96L"¥;" ozcx  m"" | B
oL . 'V;;f:;ng _ souace STATEMPNT - IFN(S) _; .m¥;§~
REAL FUNCTION POLEN(FA,FByPA,PBs ALy BETA,Z)GAMASN)

DIMENSION FA(30,30),FB(BO,BO):PA(30130),PB(30 30) AI("‘.O):
) 1(30)18ETA(30130)1GAMA(“01.«0) L e e

D0 2 J=1,N R
©IF(1.EQ.J) 60 TO 2 : - S NN
... POLEN= PDLcN+PA(J,I)*(FA(I,J)+B;TA(I,J))+PB(J,I)*(FB(I J)+
T-1 . BETA(IyJ)) -

L X=X+Z{J)#GAMA(J, 1) o f;__ﬁu-,wvf;m.m,ﬁ
2 CONTINUE EENTOEE e e e
1 POLENSPOLEN+PA(T,1)%(FA(Ls1)~X~ AI(I))+PB(I,I)*(FB(I,I) X-
CLAT(IN) o | L
TPOLEN=Q.S*POLEN -+ oo i s EE T T LT
:vRETURNV




::::::T??ti?iSUBROUTIﬂc?PURV(?S{PBth
DIMENSION PA
EEEEEZE;:;sw:WRITt(égI)" s =
1 FORMAT(IH_,// 26H PA AND PB ANTISYMMETRIZED,/)
E=——-="""D0 2. 1=1,1,2 =
o PA(I:I) PA(IyI
=22:PB(1,1)=PB(I,1)*2.7
DC 3 1=2, N,z
=== ——— -PB{I:1)=p

'$IBFTC DECK6  §é6k“;

- oscxs . ;,¢i %§NJf souac» ST\TVMCJT o _IFNIS) - )

T fSUBROUTINE RITE(N) e

feiiiicien oo DIMENSION CHAR(L2) 0 o 77 i o i ol

: READ(5,1) (CHAR(I),I= 1112) e

‘1 FORMAT(12A6) LT L
_HWRITE(6,2) (CHAP(I):I 1,12) . e
FORMATULIHYL, 1H 412A6,//7/) 0 . ool ... .

_R:TURN
END

T s1efFTC sTrc B e ] |
A .TKSTRC I EeN souac:fSTAr;MrmT - _
IR o CoT : T . )

~ REAL FUNCTICN srCTp(A N) o L , .
~ DIMENSION A(30,30) - d T el L
o SECTR=0.0 o .
emoen . DO I=14N CerERaI DL e T
-1 SECTR=SF CTR+A(1 1) R
U RETURN Lo L LIl LT

. END e e




. SIBFTC PJE  DECK

“mf}""EF& o souacr STATrH:MT _IFW(S)n -“@-f

L “SUBROUTINE PROJEN(BZ TA,AI,_,Z,GAMA,QArQB,FA PA,PB,y X, H,c Ny
ez DIMENSION BETA(30,30),AI(30),5(30),2(30),GAMA(30,30),QA(30,30),
N QB(3O,3O)1FA(3O 30),PA(30,30):PB(30 30),X(30 30),H(30 30),_
someE ‘.::W.,:“';;- 2 0(30130) ':Mn . i B o S LT
7 7 pgl 1=1,N
e o C{IaTY=0.0
.,‘WL . DQ 2 J=1sN - o
S JIF{I.EQed) GO TO .2 L. T
C(IyI) C(I,I)- Z(J)*GQ’WA(I:J)
CC(Iyd)=BETA(LdY
"2 CONTINUE T
b CUIaI)=ClI,I)=AT(I)
X(1,3) =TRACE(H,C,N)
_*:'“.;":-‘ T o DO 3 I-‘ lN I
H(I:I) 0.0 )

SR H~ C(I1,1)=0.0. . ... . _ oo == oo S

DO 4 J=1,N N
TIF(1.5Qed) GO.TO & - 7 T
L C(I,I)=C(1I, I)+(QA(J:J)+QB(J J))*GAHA(I J) o L
EETR C(I:J)=—QB(I,J)*bAHA(I.J) ., LT R L T
... HUIzJ)=-QA(I, JY*GAMA(I14d) e
4 CONTINUZS . T RS el mEE T
A;H(I,I) C(I,I)+QB(I,I)*(AI(I)—E(I))
ST LTSI 1) (I 1) QAT I (AT (I)=C2(1))
e X{133)=X(143)40.5%({TRACE(PA,H,N)+TRACE
it amrm o X (194 ) =040 R N S el ey
.. .. DO.5 I=slyN . _
Cerwin bemme e DOO6 JELleN Ll
. IF(l.£Q.J) GO TO 6__ I
R x(1,4)-v(1,4)+(QA(I,J)-FA(I,J)1*(FA(J,I)—QB(J TI)=GANALI, 3)
) 6 CONTINUZ
e B X(134)=X(124)4(QA(IsT)=EACL T = (FA(T, I)—QB(I:I))*(AI(I)—P(I))
X(1:4)=0. 5*X(1,4)/X(l:1)

o KLt KD o e e

7 FORMAT(IM 4//,1TH CORRECT ION T2 RM-,Flo 6,//) e
R g T 3 e B T B T B T T e
o WRITE(6,8) X(1,3) L
e 8 FORMAT(34H TOTAL ENSRGY WITH SPIN PROJE CTr =y F12.6,//)
 RETURN

ceem o lEND i s TSR
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SIBFTC caao DZCK o

ccea “fﬂfﬁ’éfféé&“' SDURC— STAT:MLNT ””WVIFV(S) o

‘""‘“””*' SUBROUTINE ZQOBICA,CB,QA,QBsPA,PBYN;EIG)
SN DIMENSION CA{30,30),CB(30, 30),QA(30 30),QB(30,30),PA(30,30)
1 PB(30,30),5IG(30) S

.C._ ... CA=(PCP)} _ . .CB=QPQ
e L. DOLIsLN
i e DA 1 J=1,.N L TEeTTEETLT A BE
» N 1 QA(TI,J1=CAlI,d)
e o .. CALL hESShN(“A,d) c DA
ee_...DO 2 1= 1 N Ly 200
_ 2 QA(I, I)—;IG(I) o e
SKENRL L e e e
. QB(1,1)= _ o o
----- -DG 3 I=1, N A S £
. A= K-1 »
G BEIGUI)=QA(d ). e e R Do 2Nl AT
T UIF(EIG(I).GT.1.03-5) QB(l 1)—QB(1‘
2.3 CONTINUZ . . B
T JSIFIX(GB(L, 1)) S - -
Sl CHRITE(6,4) . .. B A SRR ER ‘ ‘
. 4 FORMAT(1H ,///, 34H CDRRFSPONDING ORBITAL COcFFIC ITS,//)
CWRITE(635) e o T o
OH C- 9 CGPFF'IOX,bH LE LTA,/) B

5 FORMAT (8H ORBITAL;IOX:
D0 6 I=1ed RIS LET TSR R
QB(3, I)—_IG(I) '
Grmmeie o n --QB(Lel)=SQRT(ZIG(I)) . . .. 1=
D QB(152)=0.5%({1.0-QB(1,1)) e
Lf;4;#¢:-—- IF{QB(142)elLTa1.05-10). QB(ng)-l O~~1O U
e _QB(152)=SQRT(QB(1y2))
o .= WRITE(6,7) I,QB(1,;1),Q8(1, 2)
_ ,6 CONTIANUZ e e e e e £ 2 = i
LT FORMAT(IH 33X 12, 15X, F6uby 12K F6aa, /). o 770 is
: o  WRITE(6:8}) )
CLAE ;:-,—;L.:.B FORMAT(1H ,///,IOH ALPH‘\ C-05/) _
[ 00 9 I=lsJd .
e L W=QB(3,1) Lo
, T CALL VCTR(CA;EIGyNyW) e
frm. sl - S WRITE(6410) EIG(K) ¢ K=lygN)Y 07 5 s
10 FORMAT(10F10.6) e
v eh = 9 CCNTINUZ o e T o e TR T T
WRITE(6511) e
e 11 FORMATI(IH 4///49H B=TA C D,/) LT T R T e e
D0 12 I=1,J S S
-W=QB(3,1) ' S U
CALL VCTR(CD;CIG N,H)

'?i,;dfi WRITE(6510) (EIGIK),K=1,M) .-~ 0777
12 CONTINUZ ] I - S

;ﬂ:;. R TUR{\ - AT -“»’:‘:»i"w.-.':—f,_: « ]
= ‘:.“1;" LND T . -




SIBFTC SUTVCT DECK .

SUTVCT o ééd:f SOURCE STATPh»NT

B ENA(30),ENAF(30),IM(30)
- ~IF(ICVeEQ.1) GO.TO 13 .. .. . " "o

1

. IF(X(MyJ).LE. X(#;11160 70 2 e
T IXAME L) EXA M ) e e
CIMIM)=Y

S IPl=1+1

: 10
=11

12
-13

7,m1§14,

16
15

-6

1.

18

D0 3 I=l,N. o AT
3

T UIF(IYeEQ.IZ) Gb‘To 15 o
CNMI=N-1 .

'@Mso T0 13 . w.;:;iiéiug

. DO 7 I=1,N S Y T S RSP
CENACT)=ENAFCT) o e T T T e

R

._IFN(S):Jﬂ,

SUBROUTINE. VSORT(C;CH:X:CF;rNA h,ICV):J“ L
DIMENSION C(30,30),CH(30,30),X(30, 30),CF(30,30). '

DC 1 M=1,N

D0 1 I=l,N A el et EA T

X{My1)=0.0 - )

DO 1 J=1,N _ ) -
X({MyI)= X(M,I)+CH(I:J)*C(M:J) o N
DC 2 M=loN. o oo e e Jimies 0D
IM(M)=1 L L
D0 2 J=2,N . ... ~ e DT L

CONTINUE oo i o i o
1Y=0

I1yY= IY+IM(I)
JI1Z=N#(N+1)/2"

DO 10 I= 1,NM17

DO 10 J=IP1,N L
CIF(IMII)LSQaIM()) GO TO 11 .
CONTINUZ

IF(X(I,1).GE.X{J,1)) GO TO.12 .
IM(I)=T1Z-IY+IM(I)

IM(J)—IZ—IY+IM(J) L
I1Y=0 ' il T
DO 14 I= I,N :
Iv=IY+IM(I) . i
IF({IY.EQ.IZ) GO TD 15
HWRITE(6,16) .
FORMAT (13H DOUBLF DcG_N;/)

DO 6 I 2.IN 3 ."."‘T“"':: ST
K=IM(I)
ENAFIK)=ENALL) 0 T s e e e
DO 6 J=1,N O SR
CF{KyJd)=C(I,J) el i emem T

DO 7 J=1,;N O
CUI 3 )=CRIT ) o o0 ioin  nii o e
RETURN o
CEND e e




:  053 :?;;;fﬁ EFN iviﬁﬁﬁééleATtﬁFNT _&jj;;

, " SUBROUTIMZ DZGEN(Z1GsFyCyNyNF)
Coe iz an - DIMENSTON tIG(30),F(30,30) C(30,80),V(30),A(30,30):IX(30)yl(30
... b0 1 I=1,N . , .
- IX(T)=0
D01 J=1,N
= C{I,4)=0.0
1 A(Ied)=F(1] !J)
S CALL HESSZN(ALN)
. CALL QRZ= IG(A»« IG)_‘
NMI=sN-Y o o
- A(141)=0.0
- D0 2 I=1,NM1_ =y T
.. IPI=1+1 e
S{TSIF(ABS('IG(I)-CIG(IPI)) .GT.0.001) GO 710 2 T
- o A(Lal)=A{1,1)+1, 0 U
oIt S S
I IX(IPl)—lV o o N -
2. CONTINUE B : LT T
IF(A(141).LT, 0 5) GO TO~}: e e
DO 4 I=1,NF . : LR edm BRI T
B IF{IX(1).5Q.1) FO TO 4
. Y=EIG(I) . :
. CALL VCiRI(F, Vs NrY) ‘
s 10 I T L N 1
5 C(I,Jd)=v{d)

ez oo & CONTINUE o0 - 2
L MB=F(1,1) o L
wxli- TF(F{191)4GT 0.01) GO TO 15 - ~ = 7
e - ..DO 16 I=14N e -
~5~ ;fi~a16vF(le)—F(I:I)*l 0
15 W=F(1s1) . )
PR R F (1,1)=F(1,1)%1.0F T
T WAsR(L,1) - i
L0 6 I=l,N T TERTT '
T pe 6 =1 L
e, a6 AT d)=FLT ) I = -
ST 7 CALL HESSEN(ASM) f
o aeeee - CALL QRZIGUAPN,ZY 7 0
D0 7 I=1,NF ___

CTFUIX(I).2Q.0) GO TO.7 . 9% Sl o e aen o T e
e P co Y Z ( I ) - e o A e = Y T T TS Tmr T e

... CALL VCTR(F, V,N,Y) ‘ Tl n T ek e Ea e e T
C e e FUle1)=W e e
= e o CALL CDV(I,V,IX,A,C:F NGNF) e e
o ‘ F(ls1)=4A o L e e P L
LTDO 9 J=leN o eooL T
9 CLId)=v(J) e
‘ ,IX(I)=O‘ e




T TUU3coNTINvE. L e AT PR
U F(1,1)=uB i

L IF(WB.GT.0.01) GO} TO 10 . — ~
... . D0 .18 I=2,N o )
: S il18 FUI,1)=F(I,10-1.0 .
... .60 TO 10 . ..
L. ..23.D0 11 I=1aNF L

.. . Y=EIG(I)
e TCALL.VCTRUFsVyNsY)
DO 12 J=14N

: ,‘,‘:.‘,‘;"‘T.Z‘;,‘""‘_'lz B C ( ! b 4 J } =V( J )

11 CONTINUE
—Z- 10 RETURN -
END

__.SIBFTC CV | DECK

:itg:hFN A souacb STATFMrNT - IFN(S}‘IV B

u'} SUBROUTINE CAV(IsVyIXsArCoFsHsNF)
DIMENSION V(30),IX(30),A(30,30),C(30,30)3sF(30,30)
A(5,2)=0.2

CNITER=40 . . 2o i . ES R
] _CALL DTH(I VaCrhs IXsHNF) ] -

DU 5 L= lsNIT R .. ..
D0 2 J=1.N L
A(li J1=0.0 =
D02 K=1,N LT :
2 Al4,0)=A(4, J)+F(J|K)*V(K) , v
e AUS L Y=0.0 . LI T T T
. ....DO 3 J=1,N . .
e 3 A(Srl)—A(5z l)+V(J)*A(4 J) s
.. .DO0_4 J=1sN ’ e P
';'—.-.»"~‘t V(J)—V(J)"A(5y2)*(A(4:J)-A(5 1)*V(J)) R
DG 7 J=1,N .

= L IFUABS(V(J)=A(6,4)).GT.0,000005) GO T0 8 ~. .

; _ . T CONTINUC . et
= SR _CALL OTH(I,ViCyA, T‘(,N,NF) B T
_ : GO 7O 9 . . e
S 8 A(5,3)=A(5, 3)-1-1 0 g
- IF(A(543).GTa4.2) CALL DTH(I VIC A:IX: uNF)
i e L o TFLA(533)eGTe4e2) A(5,3)=0. 0 e
. - .. DC 10 J=1,N L i
siaztom 100 A6 Y=V T e
: ... 5 CONTINUE : )
5 -9 RETURN :
END B




SIBFTC D‘:CKS DEC-K | T “ * :"t';,;f::a‘.:f" .f‘—;‘—‘-;_':f.-v“: | S V

DECKS »4fiés&i’ SOURCE STATEMENT IFN(S) E;;;vf_ifm.f;:,qt,

- " SUBROUTINZ RECAL(F, C:AN,V,CH,X,CF,ICV) o
L DIMENSION F(30,30),G(30530),AN(30),ENA(30),C(30,30),CH{30,30)
1 ,X130,30) CF(30,30) o

© . ..c.. . RECALCULATES P FROM F EIGENVECTORS ™ RETURNS AS @ o
I _ CALL DEGEMN(ENA,FsCsNsN) S
el s .- .CALL VSDR4(C,CH,X,CF,uNA,J}ICV) ST
b0 2 I=1,N e
DO 2 J=L Nl
... QlI4J)=0.0 ~
L. DB 2 KELyN ~ T
e __u_; 2 Q(IaJ)«Q(I,J)+AV(K)*C(K11)*C(K:J)
SRR S o1 a J: TS -3 NP . S O PR S
. DO 3 J=1,N L
L3 CHUT I =CUT, ) LT
0. RETURN , L
S e END S U

HSIBFTC 0TC  DECK |

oote e souscs

S SUBROUTINE OTH(I, V,C,A Ix,*l NF) , o
ST T DT DIMENSION V(30)]C(3O 30)’13(30, 30) ,IX(BO) S ” A
. DO 1 J=1,NF L '
i CIFCIXGI)GEQe1) GO TOL )
_ N . A{2,4)=0.0 e
S et DO 2 K=14N Soas S
2 A(2,J)=A02,J)+V(K)=C(J,K) .
rnzemm-i- - 1 CONT INUE [P s o
< DO 3 J=1,NF e
.__,.IF(IX(J)..“Q 1) GO TO 3 -
- DO 4 K=1,N s -
& N(KI=VIK)I=A(2, ) =Cld, K)ol SEn Tl T T s
... —... 3 CCONTINUE e
ciiemee e - A3 102000 0 L L LTLEE S
DO 5 J=1,N '
D A(3:1)-A(3,1)+V(J)*V(J)
A(3,1)=SQRT(A(3, 1))
D06 d=leN
I VD=V /A1)
L UL RETURN e il
TEND
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- $IBFTC QRCN  DECK

”;xtf EFN B SOURCE STAT:MEMT  7; IFN(S) ew,<ﬂmi;i,;,;h_u

_ PROGRAM TO CALL QR TRANSFORMATION, MAXINUM ITER 1S 50,

" SUBROUTINE QREIG(A,M,RO0TR) : B Y

_DIMENSION A(30,301,RO0TR( 30}, Roorzcaoa

SLTPRNT=Q - v ieiiiowm e

: =M )
N50=N | e

. IFLIPRNT) 80,81,80 o

580 “WRITE (6,104) - s i
81 ZERO = 0.0

. 13;14,12
CIF{IPRNT) 82,83,82 B
. WRITE (6,105)A(1,1) - 020
~ RCOTR({1) = A(1l,1)
L ROGTI(L) = 00 -
.. 1 M50=N50-1
. DO 505 K50=1, M50 .
K1=K50+1 .
C0 305 J50= KI,NDO T E
] .. IF{ROCTR{(K50).LT. RUDTR(J“O)) GD TO 535
504 X1=RCOTR{K50)
- ROOTR(KEZD)= RODTR(J50)
i; ROQTR(J450)=X1 . T
505 CONTINUE
RETURN -
14 JJ=-1 e
200312 X = (A(N=1,N-1) = A(N N))**Z
.S = 4.0%A(N,N=1)%A(N=1,N)
"= ITER = ITER + 1 R U T Te T
U IF(X -EQ. 0.0 «OR. ABS(S/X) -GT. 1.0E-8) GO TO 15
w016 IFLABS{AIN=14N=-1))- ABS(A(N:N))) 32,32431 LR
.31 E A(N-1,N-1) R
o CA(NSN)Y . C T TR R T L e R s L e S T
o GO TO 33
.32 G A(N-1,N-1)
o E = AINSN)
TR 33 F 0. )
‘ H O.
G0 T0O 24

ll i




.15

e 29
... 86

_ .81
~wo o 2. ROOTICN)
7 .. N=N-1 .
L0 60 TO 177
. .- 50

62
. 63

. 88

26

© 164
165

166

64
66

S
IR ¢
L IF(S) 18,19:19 o
CSQESQRTIS) o e et

- 326.-
X +5S.
A(N-1,N-1) + A(NQN)

F=0.0

U H=0.0

IE (X) 21921022 . e
E=(X-5Q1/2.0 e BEIFEReR TN el i T

. 6=(X+5Q) /2.0
- 60 TO 24

G=(X-SQ) /2.0

v E={X+SQ) /2.0
GO T0 24

F = SQRT(-S}/2. 0

. . E=X/2.0
L G=E L —' .';’¥ o i I e s R T
. H==F _ L e e g e e e e e

IF{JJ)- 28,70,70
D = 1.02-10#(ABS(G) + F) o
IF(ABS{A(N-14N=2)) «GT« D) GO TO 26

CIF({IPRNT) 84,85,84

WRITE (&,105)EsFy ITER

"WRITE (6,105)G,H

ROOTR(N) =
RCOTI(N) =
ROOTR(N-1)
ROOTI(N-1)
N=N-2 :
IF(JJ) 1,177,177 , S
IF(ABSUA(NyN=1)) .GT. 1.0E-10#ABS{A(NsN))}) GO TO 50
IF(IPRNT) 856,87:+86 : : ) 5
WRITE (6,105)A(N,N}, ZERO,s ITER

RCATR(N) A(NyN) o
0.0

G B
H

nmm

IF(ABS{ABS{XNN/A(N, h 1) )=1. Ol—l OE 6) 63363,62
IF(ABS(ABS(XN2/A{N=1,N=-2))=1.0)~1.0E=-6) 63,463,700
VG=ABS{A(NyN=1))=ABS{A(N=-1,N=2))

IF (ITER=-15) 53,184,064

IF(VQ) 16541654166

R = A(N=14N=2)=x2

SIG = 2.0#A(N-1, H—Z)

GO TO &0 . T T S ,

R = A(NgyN=1)=#2 . L

SIG = 2.0#A(NsN--1) ' R E IR

GC TO 60 ,

IF(VQ) - 67,67,66

IF{IPRNT) 88,8%5,88

WRITE (6,107)A(N=1,N-2)
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e GO0 TO 84 R
SEREE I - X 4 IF(IPRNT) 89,87,89
.89 WRITE (6,107)A(N,N-1)

... GO TO 86 TP
IF(ITER .GT. 50) GO TO 63 ) [, o
O TF(ITER «GTe 5 ) GO TO 33 o e

1 21= . ((E-AA)=*2+(F- B)**Z)/(E*E+F*F) .
l2= (G- Cl##24+(H-DD)##2)/(GxG+H=H)
ﬂijVJF(21—o 25)  51,51,52 , ,
“iIF(22=-0.25) 53453,54
3, R=E#G-F#H ‘ :

. SIG=E+G

...60 TO 60

T R=FsE R e T L T L ETI IR L T T L T
SIG=E+E e -
= 60°T0 60 - T TEd TRl I
- ~1F(22-0.25) 55,55, 601 o

" R=G=G . v AR FE
.. S1G=G+G
=260 TO 60
- - R = 000

=7 816G = 0.0

. XNN=A(N,;N-1) P

T XN2=A(N=1,N=2) TR D T T
CALL QRT(A, N, 'SIG)D) e

H | ‘V"’V A H A"';V:V T TR L

104 FORMAT(////1X, 9HREAL PART 6X 14HIMAGINARY pART, zex )
1. 13HTAKEN AS. ZERO 6X 4HITER //) o bl
105 . FORMAT(1X,E15.843X,E15.8, 42X I13) T

107 FORMAT(56X E13.8) B




13

SIBFTC *QR | DECK

. *QRT

. N1

= 328 -

- EFN SDURCE STATEMENT - IFN(S) -

s»SUBRDUTINE QRT(A,N Ry SIG,D)

DIMENSIGN A(30, 30):PSI(2) G(3) ' £

Lo =N-1.
T IA=N-=-2
iIP = IA

o IF(N=3) 101,10,60
60
=N -

DO 12 J = 33N

IF(ABSIALII+1,41))=D)  10,10,11

| 11 DEN = A(Jl+15J1+1)#(A(J1+1,01+1)~ SIG)+A(J1+1,J1+2)*A(J1+21
» 1J1+1)+R

81
4-ﬂ’12
10

14

CIF(DEN) 61,12,81 7 T T T e '
IF(ABS(A(J1+1aJ1)*A(Jl+2,J1+1)*(AB$(A(J1+1 J1+1)+A(J1+21

1+2) ‘

1 SIG)+ABS(A(J1+31J1+2)))/DFN)~D) 10:lQa12
IP=J1 | o

D0 14 4= 1,IP

J1=IpP-J+1 T
IF(ABS(A(J1+1,J1))-D) 13,13, 14

1Q=J1 . o ' S
DO 100 I=IP,N1 . o ‘,;».”L

LT U IRUISIP) 1601516
15

G{L)=A{IP,IP)=(A(IP,IP)~ SIG)+A(IP,IP+1)*A(IP+1 IP)+R
G(2)=A(IP+1,IP)=(A{IP,IP)+A(IP+1,IP+1)-SIG) :
G(3)=A(IP+1,IP)«A(IP+2,IP+1)

CUALIP+2,1P)=0.0

. G0 7019
16

G{1)=A(1,1I~1)

L G(2)=A(I+1,1-1)

17

18

19
22

-23

;24

25
26
28

IF(I-TA) 17,17,18 S e S RTINS
G(3)=A(1+2,1- 1) '

GG TO 19

G(3)=0.0

XK = SIGN(SQRT(G(1)##2 + G(2)%22 + G(B)**Z)r G(l))
IF{XK) 23424,23

AL=G{1)}/XK+1.0

PSI(1)=G(2)/(G(1)+XK)

PSI(2)=G(3)/(G{1)+XK)

GC To 2&

AL=2.0 -

PSI(1)=0.0

" PSI{2)=0.0

IF(I-1IQ) 26427426
IF(I-IP) 29,28,29
A(I,I-1)==A(1,1-1)
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Sl L TGO TO 27 .
29 AlI I=-1)==XK
o 2T DO 30 J=1,4N
wmmiee s IF(I=TA) 31431432
ST . C= PSI(Z)*A(I+2:J)
-.. 60 TO 33 L
CC=0.0 LT TEald SE

. E= AL*(A(I,J)+PSI(1)*A(I+11J)+C) R
AT d =AlId)=-E ' T
CACT41,3)=A(I+1,0)-PST(1)=E
O IF(I-TIA) 34434,30 G RN
. AlTI+2,3) A(I+2;J) PSI(Z)*E -

- .CONTINUE T FRELE
. IF(I-TIA) 35,35 36
Lo L=142 - TosiamE
.. 60 70 37 L
k=N T i eans
.. DO 40 J=IQ:L L
- IF(I=-TA) 38,38,39 :

- C= PSI(Z]*A(J:I+2)M1 s
= 60 TQ 41 S
. £=0.0
T E= AL*(A(J:I)+PSI(1]*A(J:I+1)+C)
AU 1) =ALS,T)-E e e e
AN I+ )Y=A(S, 141~ PSI(I)*E
. IF(I-TIA) 42,42,40

AL, I+2) = A(J11+2)-PSI(2)*E
~ CONTINUE e e
LIF(I-N+3) 43,&3,100
E=AL®PSI(2)=A(1+3,1+2)
T ACI43,1)=-E R T
”HA(I+311+1)—-PSI(1)*E _ e L
. A(I+3,1+42)= A(I+311+2) PSI(Z)*E I

_ CONTINUE L

CRETURN i
- :ENDxM B e R
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. $IBFTC HESS DECK o o
‘HESS | 44 EFN  SOURCE STAT»MENT - IFN(S) -

;_%ﬂc_ SUBROUTINE TO PUT MATRIX IN UPPER H:SSENBERG FORMa
=i SUBROUTINE HESSEN(A4M) -

eee oo . DIMENSION A(30,30),8(50)

. .w it DOUBLE PRECISION SUM

- IF (M - 2) 30,30,32

732 D0 40 LC = 3,M
- . --- - N=M«<-LC + 2 e el e e e
AR N -1 : U EL T TR T e
e N2 N -2 . . S
i e M NI = N1 :
et - DIV = ABS(A(N;N-I))
.. D0 2 J=1,N2
»uh;_dIF(ABS(A(N,J))— DIV) 2,2,1
“1°NI = J
DIV = ABS(A(N:J))
CONTINUE
IF(DIV) 3,40,3
IF(NI - N1) 4,5 744
D0 5 3 = 1N
R DIV = A{J,NI)
s g e A(JsNI) A(JyN1)
I AtJeN1) DIV
DO 6 J = 1M
DIV = A(NI,J)
__— A(NIsJ) A(N1,J)
o6 AINY s J) DIV ST L e
.. 7 D0 26 K =1, N1 e
soaim o 26 BOK) = A(NgK)/A(NsN-1) . T
e - DO 45 J = 14M S sam el
s s T SUM = 0.0 o e
. IF (3 = N1) 46343,43
.46 IF(B(J)) 41,43,41
~ - . . 41 A{NyJ} = 0.0 s S o .
CLLUTT DO 42 K = 1,N1 R P
R AlKyd) = A(K,J) = AlK, Nl)*B(J)
St T 42 SUM = SUM + ALK, J)*B(h)
e GO TO 45
R - 43 DO 44 K = 1,N1
‘ 44 SUM = SUM + A(K,J4)=B(K)
45 A(N1,J) = SUM
40 CONTINUE
30 RETURN
END

Wb

N .

SrwloN

LN

Howon




o ¢ o

$IBFTC SV

”f:;f!:EEN , SOURC¢ STATEM:NT - IFN(S), :i;;fww,,u;ﬁ,

DIMENSION AX(=0,30),A(:0,30),V(30)
LVNR=1.0 . .. .
“ALPHA=XY = o
.DO 501 151=1,N
DO 501 J51=1,N o
501 A(I51,J51)=AX{I5 1,J51)
# A(L1g1)=A(1,1)=ALPHA
DO 15 I=2,N I
A(Is1)=A(I,1)=ALPHA
L II=1-1 o
------ .00 15 J=1,I1
CIF (AL15J0))9,15,9
“IF (ABS (A(JsJ))=ABS (A(I,J)))11,10,10
R= ALT,0)/A00,4)
GO 'TO 130 . :
 R=ALJ,J)/A(T,0)
i pO- 12 K=1,N
.. C=A(J,K) o
T AL K =ACI,K)
12 . AlI,K)=C o
130 CJHd=g4l 0 T
13 DO 14 K=JJ,N
14 A(T,K)=A(I,KI=R*A(J4K)
15 _CONTINUE
Senizss C=ALNGND

VIN)=1. L

“p0 29 1=2,N. ’

JJ=N-I+1

AR=Q 0 0 Fl TR

IT=N-1+42

=~-D0 25 K=II,N

R=R+A(JJ,K)#V(K) o

=IF (ABS (A(JJsJdJ))-1., 0E-10)27, 27,28 . R S

V(JJ) 1. L e R

“C=0. R T e e AL A s R i P s

DO 26 J= II,N I L

-V(J)=0. s B N R N L O SR

. ..... 60O TO 29 ' L

-2 28 v{JJ)=(C- R)/A(JJ,JJ)
. 29  CONTINUE

Fo - X50=0.0

... .. DO 502 J52=1,N
‘502 X50=X504V.(J52)%V{J52)
© X51=SCRT{X50/VNR)
.- -DO 503 J53=1,N
503 V(J53)= V{J53)/X51
- RETURN-

~ END




1AHB,F Ay M) -
DIMFﬂbluﬂ 110305303 ,BETA 120,300 ,6aM4130,30) (AT(30],2
9301 ,CB130,30),PA(3

1Ry
FA(I,J)—BETA(!,J)—O.b“ atI,J)»bx1»<1,J;
CFEUTY T SFA ULy I F(PA LS, Y2 1)) %0 «\A(1,1x;;
 CUNTINUE

CFACITTISFATL 1=,

(—UH)-‘—!IH

TCIIF0 5% PA (1, 1) *

G4 TN 7

PA(L,J1=0.0
UB(I,JJ“U Q
OU 3 K= B
S PAL L, J}=°‘t1,J>+pA<K,I;TLa(K,J>rmnr(<)
fs patx,J)Z§6(1,43+L« \ >
r*‘VR&TU”H‘L

S L“ "
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(4) A _Program of Roothaan's Open-Shell Procedure ,

This program obtains self-consigtent wave functions
for half closed-shell states using the technique introduced by
Roothaan. This method which was fully discussed in section (I9)
of Chapter 1I, may be used for a greater variety of excited
molecular states than the spin-polarized method. Empty virtual
orbitals of lower energy than the highest occupied open~shell
orbital usually cause no trouble.

With this proceg¢dure some difficulty may be
experienced in obtaining convergent results for some particular
molecular states. However, with the judicious use of the input
feed-back control, DVC,(see later), convergency may usually be
achieved.

The starting point of the SCF iterations is the
closed~shell 3CF orbital set of the particular molecule,and
gself-consistent regults are assumed to have been reached when
the bond matrix, P , has converged to the required degree.

The total'TT*—energy is calculated at every iteration, and after
obtaining a self-consistent state, or running out of iterations,
the results are printed out.

The form of input to the program is very similar
to the previous program discussed.

NI,(I3): This integer may be used to label various write statements
in the subroutine RITE , but it is frequently redundent, as the

program title is read from the next card .
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Pitle Card,(Free Format): Columns I to 72 of this card are used

to head the print out .

N,(I3): The number of atoms in the molecule; N¢g 30 .
NIT,QIi): Maximum number of SCF iterations, usually NIT 50 .
If NIT iterations are reached before convergence, results are
printed out and N2 read.

A,B,FR,GM, (4FI0.5): The first three of these correspond to

Roothaan's a,b, and £ ,(see page 259 ) . GM specifies the
multiple of the Mataga-Nishimotoc Coulomb integrals to be used.
Wormally GM=I. ; and for all tripiet and doublet states,

A=T, ,B=2. , and FR=0.5 .

/R(W,N) LAT(N),E8(N),z(N),H(N,N)/,(F20.8): This is the usual block

of input data.

/ANC(N)/,LEZO.@)L This matrix provides the closed-shell occupation
numbers, counting from the lowest energy upwards. That is ANC(i)
=L. if ?6; is doubly occupied , otherwise it is zero.

/ANO(N)/,(F20.8): The open-shell occupation numbers. ANO(i)=I.

for all occupied open-shells, otherwise it is zero.

CONV,DVC,(2F20.5): The first variable is the convergence

criterion, normally CONV=0.00I .For convergence we have the

same condition as the closed-shell SCF program,in section (2) .

A typical value of DVC is 0.3, but if difficulty with convergence
is experienced, values as low as 0.05 may be tried.

N2,(I3): This control integer is read at the end of the program.

If N2%2 the program stops , if N2=2 another set of ANC and ANO
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matrices are read in, with a new CONV,DVC card; thus a new

excited state may be treated.



3% ,Lf,ma_”,mwam,w‘.,u,",”wﬁww o

Taozm&msrou A1(30) t(aO), (’0),BFTA{30y30),GAMA(3O 30),hN(=0),

. QD(30v30)1QC(30 30)
X 5 ,__,H("O, ) ,ANG(.&O),ANC(" J)4P(30, 30),Q(30 30) 1F(30,.¢0)
4 4CH(30,30)
=~ RCOTHAANS OPEN SHELL SCF
__READ(E,1) N1 _ o o
“LABELS TITLE REQUIRED . ez
_CALL RITE(NL) e . . .
ESPCFORMAT(IR) oo omimmimeino Pl Dr ol i
. READ(5,1) N
FE===F === =NUMBER QF ATOMS. IN. MOLECULE
___READ(2,1) NIT .
ST MAX. NO.YITERATIONS
VV_Y:READ(D}ZQ) A:B’FR,GM e -
= RCOTHAANS AyBysFy AND THE GANA FACTOR
. 29 FURMAT(4F10-5) P
:,Al (1 0 A)/(l 0 FR)
2B1=(1.0-B)/(1.0-FR) . -
_.RCCTHAANS ALPHA AND B”TA . o L
--DB-2. I=1,N - . - e S S UL S P
DO 2 J=1,N L e e
S READ(S5,3) ClI,Jd) - o s niomama
e 2. CUJ1)=C(14J)
:%ZifiiC»MJ?”GEUMﬁTRIC MATRIX READ AS C.
e AB__EUR’V!AT (F20.3) ; I
e READ(5,3) (AI(I).I lyN)

N __READ(5,3) (E(1)sI=1,N)
= “M’“*fR:AD(§,3) (Z(I)y1I=1,4M) R s e e L
S _JONIZATION POTFNTIAL AFFINITY VLRTUAL CHARG: )

e A S I N Y
—— B0 4 J=1I.N P U PR
= 1““**“4ﬁREAD(),3) H{Tgd) - s nl e e
BETA(LI,J)=H(I,J) . _. B
BETA(JI)=H(T,J) - 7 ooiomais
__ &% H(J,1)=H(I,J) _ R .
== RESONANCE AND HUCKEL MATRICES-1'*iﬁ?gﬁ?éﬁziilﬁhﬁiﬁf&f%ifél
 WRITE(6,30)A,ByFR o
I30_FORMAT(IH 4///7422H ROOTHAAN COE EFFICIENTS, 5X 3H A=4F5.3,
15X,3H B=yF6.3:5X,2H F=yF6.3,//)
== WRITE(646) . .~ T Yem s S
- 6 FORMAT(1l4H HUCKEL MATRIX //) ) e
EEEe DG 7o IS, N L T e A TREL R Eometeetiira o Than
7 WRITE(6,8) (H(I!J)fJ er) -
=8 FORMAT(12F8.3) - S
WRITE(&,9) - -
29 FORMAT(1H ,///’ZlH IDVIZATIGN POTENTIAL://)




. . - 33T = e
- NRITE(6,8) (AI(I):I lyN) |
—““————tx“*_“HRIT:(é,10) ATy L
N 10 FORMAT(1H ,///,18H EL CTRON AFFINITY,//)”
ZWRITE(648) (EQI)Y o I=1yN) . i s e
. MRITE(6,11) S
=11 FORMAT(LH ,///514H R(I,J) MATRIXs//) . 2.0
e D012 1= 1,N o
E====-""12 WRITE (698) (C(Lgd)ed=1gN) - it
~ WRITE(6,:13) :
=—————"13 _FORMAT(1H :///ijH NUMBZR OF PI_ELECTRONS://)
' WRITE(6:8) (Z(1)sI=1,4N)
~CALL "COUL(AISE.CyGAMA,N)
- ~DC 93 I=14N S o
e p0 93 J=1.N“]”‘”“iul'f:ii;;;;gggﬁ;;;:g;;ég:rr'
‘ 93 GAMA(1,J)=GAMA(I,Jd)=GM
%:«:WREPULSION EXCHANGE MATRIX
54 READ(5,3) (ANC(I)sI=1,N)
f::izi:i;i*“”“%READ(:,5) {AND(I)sI=1,4N) ) R
OPEN AND CLOSED SHELL OCCUPATIONS .
=READ(5,60) CCNV,DVC. I R O P
_CONv2=CONV
TE—=== 60 FORMAT(2F20.5) | 00 oo s oiE
_ WRITE(6,514)
14 FORMAT(1H ,///+24H CLOSED SHELL OCCUPATION,//)
WRITE(6,8) (ANC(I)oI=1,N) .
S _WRIT:(éle)»:nﬂu : s g S
15 FORMAT(LH ,///,22H OPEN SHELL UCCUPATION,//) .
ZAWRITE(6,8) (ANO(I),I=1,N) - i e
IF(NZ.PQ 2) CALL PUTIN(CH:P,DO DC AND ANC N)
S IFIN2.EQ.2) GC TO 70 -
CALL SCFCS(H BETA GAMA AI;E:Z F.C,P DU,DC,EN,AVU ANC M,FH)

. 16 .FORMAT (1H .///,,1H CLOS:D SHELL SCF APPRDXIMATIDN,//)'
= =l IF(N2.NS.1) GC TO 55 . . - S B S B e
_WRITE(6,17) L e
17 FORMAT(1H ,//,12H EIGENVALUES,//) - comiiiooi. ..
_ WRITE(6,18) (EN(I)sI=1,N) T
*-18 -FORMAT(1H ,10F10.5) L wll s mlelzmloowee il Tndmeieas oo Smeer U
____WRITE(&,19) . ‘ L
== “19 FORMATI(1H ,///s13H EIGENVECTORS,//) =
.. DO 20 I=14N e
=20 WRITE(6,18) (C(I,d)9d=1,M) . caimseslls
55 WRITE(6,21)
=721 FORMAT(1H ,///429H CHARGE - AND BOND ORDER MATRIX,//).
e .. DC. 22 I=1,N } , I _ A
= ==Y WRIT:(6,18) (PLI,J),d=1,N) - =
: WRITE(6,23) I

——————23-FORMAT(1H ,///,258H CLOSED SHELL DENSITY MATRIX,//) _ .

DO 24 I=1,N e
e 24 WRITE(6,18) (DC(I4J),J=1, N) T EL e Il el o7l

WRITE(6,25) A




- 338 -

E===-25 FORMAT(LH 1/7/,26H DPCN SH:LL DtNSITY MATRIX,//) ,__

DG 26 I=1,N o
26 WRITE(G:IB) (DD(I,J),J?I,N" ST me T
~ WRITE{6427) . i o
27 FORMAT(1H ///,26H OPEN SHELL SCF PROPERTIES,//) . .. -~
DO 28 L=1,NIT ‘
==———-——y(=1.,0-DVC*FLOAT(L)
IF(VC.LT.O. U) vc o.uv” ~
VCM=1.0-VC . L EE e
CONvV= COMVZ*VCM -
=== - CALL FMAT(AI,E,Z,D0)DCyGAMAINyBETAsALyBLyAA,F) - . °°
, € RETURNS THE F MATRIX S
=== CALL RECAL(F,NsAMC,ANC,Q0,QC,Q,C,EN) . Fo - "o o-o7 .
c RECALCULATES THE DENSITY MATRICES S
== =T ENERGY=2MGY{(BCETA Al 1Z,GAMAF;Q03QCyAAsFRyN) . . im0
. __WRITE(6450) ENERGY _
50 FORMAT(1H s/317H TOTAL PI=EMERGY=3F1lle5,/) . —oiiidisi..sic
”IF(L EQ NIT) GO TG 31

00 32 J lyN

=32 IF(ABSIPUI, J)=QUI,J)) WGT.CONY) GO TO 33.

_ WRITE(6,90) CONV ) o
“E===--90 FORMATI(1H ,//,28H METHOD HAS CONVERGED, CONV=,F8.5¢/)
31 WRITE(6:34) L R
EEeseee— o34 'FORMAT(1H ,///,22H NUMBER OF ITERATIONS=,13, //) IR,
 WRITE(6,25)
====—=- 35 FORMAT(15H FINAL P MATRIX,//)
D0 36 I=1,M
36 WRITE(6718) (QUI,J)3J=1,N) s
_WRITE(6,23)

=== D037 I=1,N 0 T T el s
_;‘37 WRITE(6,18) (QC(I19)19=1yN)
e HRITE(6,25) TetEim e R
e ...D0 38 _I=1,N o
——=——=—-— 38 WRITE(6,18) (QO(I,J);J=1,N)
__ _WRITE(6,91) 3 .
TE===--—""91 .FORMAT(1H ,///y5H ATOM,10X,13H SPIN DENSITY, 10X, . — ... -

______:___ _ llDH CHARGE DPNSITY /) e e

= 0039 I=1,N . . L im S Eeenl i e
_QC(l,1)=2. 0*00(111) :
“EHRITE(6992) I,Q0(I41),Q(1,1) S B T
B 2 FORMAT(1H 113:1‘4-X,F8 5114)( FeoJr/) . e e
SR Z2ANO(I)=0.0 . . i ThomoalnGimanowweeorecsd o nom
______ 39 ANC(I)=1.9 ' s e e e e
. ZECALL ENVEC(FyNy AND ANC ’ C r EN ) B TN L S S LRI
_WRITE(6;17) R
T WRITE( 6:18) ({ ENY I ) N I: 1 N N) S TS Thel SETO LS L ST S mmas Tl
;HRIT=(6,19) e o
=00 40 I=14N . i T O = S N
40 WRITE(6, 18) (C(I,J),J 1,u) e




= iR 41,w;MUL;;;;;;;;;;;;;ggg;:sg;::sz@ahrzg;;ZE;;gzg

33 00 42 I=1,N
== D0 42 J=1,N T :
P(I,J)=VCEP(I,J)+VCM=*Q(T,J)
DO0(I,J)=VC=DO(I,J)+VCM=QO(I,3) -
) 42 DC{I,J)=VC*DC(I, J)+VCM*QC(I 1)
=== 28 CONTINUE - 7o )
_ 41 READ(5,1) N2
== == IF(N2+EQ.2) GO TO 51
GG TO )z
" 51 _WRITZ(6, e R SR

53 FURMAT(IH .//// 18H SCF FDR NEw STATE,///)

I

CENT - EFN SBURLt SIAlt4tNT - IFN(S)fV#
o SJHQLUTLﬁt EerC(*,u,uu ,ANL,(, Iu) T
T ODLIMENS LON F(51,%»);ANO(*“),AV-(dO),C(Bquf)y:I G130),VI37)

X=1. O/SU&f(k.O)
NF=O L
Vel =1,V o . _
AR (ANOL T )L GT WCu LORCANCUT ) WGT oG 1Y NFE =1
CU[\ T I,\JU[Z’ o oo . oo oo
s fR=Y T LRI r»:a;

TeaLL bUL(( tl(n?‘ Lyl\rN s+ IR}
e IFUERGGH LYY 63 T3 2
DU 3 1=1yNF o '
CUIFCARDCT DG LT GG e DVANDGANCU T WLT L 001) SU Tu 3

TY=EIGLL) ' T e
TUAFUANCIT) W 6T LC. 1) CALL 5vu:<(r,v NyYo lomy 0070
. CIFUANCUTI ) WGTL.Ce1) CALL SVCIR(F VN, Y,T0e5)
TR DU s JE, N T T e S =
T A O I R IR SR I
3 CONTINUE

' GO TO 5

2 00 6 I=leNF e

TFCANC (L) WLTCul) UD TD °_w”,,,A,,”

DT J=14N : LTI e
ClIs+J)=C0T,J0%X
CONMTINUE &
S RETURN
CEND

>~



U TEIBETC OGS T TDECK. i TR eEen TR )

GS .~ - TEFN 'SQURCE”STATEMENT wf'”!bN(Si7f7

) SUBRULJ[INE SUEGLEIGyFy CoyNyNF,IRY P B
oL “:NS[JN l:l(:(3C) P'(jbriU)yu(}Ov.ﬂO)vV(}O)1A(3(.z 33) 11X(3O)1Z(30)
DU L IEL,N . |
IX(I)"

“UU 1 J= lvN
Cil,J)=0.0
T ALy =R Ly

TTCALL HESSEN(A,N)

“CALL QRETGIA N, EIG) § =
NML=NSL
TIREY : L =
D0 2 TELyAL
APl=I#l T
'IF(ABS(&Ib(I) EIG(IPl)J.aI.
JIRSIR+L S T :
TIx(=1 T |
CUTIXCIPL)=1 - B T
"2 CONT INUE
U IFCIRGEQLLY GU TU 10 0 B
DO A I=1NE T
Lo TELIXCLY GEQe 1) GO TTOT 4 7 e STRET R s e T
TysElo(n T T
D SCALL SVCTRUFyVyNs¥s1.0) :
U0 5 =1, N *
T5CUL, ) =vig) T e DT 2
4 CUNTINUE T
ST WB=F(1y 1 ). e B
o lk(#(l:l).GT 0501
DU L6 I=Ll,N o T
16 F([yI)-r(l ‘Do
LTS W=FLLy L) L e = :
‘ C R, 1)=R(1y1)%1.01
CWASE(L,1) TS
DU & I=14N
D0 6 JEl,N AL S T B
6 ALL,3)=Fl1,9)y T o
T CALL HESSENCARNIT ;
CALL QRELGIA, N ) 7
IO I=L,NE T TR o
T LFUIXUI) . EQ.C) 63 T 7 -
CY=zen, VT TR T
© CALL SVCTR(F,V ,q,v 1.0 T )
CF(Ryl)=d e
“CALL CUVIT,Vy XA, Ly

S R, D= WA e .;:_:_:L—;.’,_._. S

0 =10 oL :
”f'9LH,M-NJ)f}ffﬁﬁﬁfﬁjﬂfﬁ*fﬁfﬁtt*51;-;rw_¢ 
o Ixtry=0 - [




7 CONT INUE- 'wmf;ﬁigﬁhfj%

) Fll,1)=4B - B
LT IFIWBLG6TL0.01) 6D TO S
DO 18 I=Z,N o
18 E(L, D=F(L, D)1 R
77107 RETURN -
NI - L S o :
CUEIBFTC OV DECK T o
IR SOWMGE SIATEEN T E PN S LT
_PSUBROUTINE COVEI VY, IX, A, CyFyNyNF) 77 0 om
DIMENS [ON V(30),IX(50):A(jO,jG), 130, 3C)1F(33'30) )

CAUS, 21=0.2 T

CNITER=40 T

ETCALL OFHUT,VaCrAy IXYNGNFY T 7o
A(5,3)=0.0 o

= D0 S L=1,NITERD B
o DO 2 421N
A4y 20,0 <
DO2 K=l,N T T
: ey A(4,J)-A(4,J)+ch,K;*V(n)”m”fV_r__- SOEERTIT L =
N A5 1Y 0. - e R
DO 73 =1, u T T AP
3 A(:,1)-A(5,1)+V(J)~A(4,J: T e co
DOTE J=1,N T BT T TR CeiE
4 V(J) V(J)-A(D,Z)r(A(4yJ) A{b
D0 sl N T TR R N T
I#(ABS(V{J)-A(O,J)) GI.L uoocoa) GU 10 B
. T CONTINUE: = -~ SETLAIE S - -
S of YR I DTH(I’V L Ale:V Nk)
SG0 109 o -
"8 AlLS, 3)-A(b,51+l.v
IR A(D3).GT Wb 2) CALL UT“I(I,V LyAg[X,V,N}" -
: B I?(Alb 31.61.4.2) ALS, jv-o 0
) by lg J=, N T SE
) '10 AlB,J)=V L) A
5 CUNTINUE 77 eI T :
9 RETURYN - T
CUEND e T e e T -




L EIBFIC @1C - . _DECK -

Lere - EFNUSOURCE: CSTATEMENT =7 ZIEN(S) [ = 0 e

© SUBROUTINE OTHE T4V CyAy I Xy Ny NF YT 757 Rmsisa il Ll o) = g
TDIMENS ION V(jﬂ),Ctjo 30),A(JU 50),IX(30)
i D01 J=1,NF - S S T -

IF(IX(J).tQ 1) 6o Td 1
A2y d)=0.07 7 T
S0 2 KSIGN T T T T T
C2UALZ2,00=A2, J)HVIKIECHI,K) T T
’“1 CONTINUE 77 e
TUUUDO 3-J=1,NF o

TTECIXCIYVEQS) ru TJ 5'"

TD0T4 K=1,N o
K“Vt )=V iK)= A(Zyd)“C(J,(r”
3 CONTINUE —~~ .~
TA(3,10=0. 0"““““'“”*““

5"A(3,1)—A(3,1;+V(J)°V(J)
WA(3,1)-SQ4T(A(3,1)) ‘

;DIMcNSION F(30, 30) ANC(:O),A'\ID(BOMQG(BO:BO):QC(30730)1
.1 :C(30,30),E1G6(30),Q(30,20) .
CALL ENVFC(FaN ANG, ANC;C: EIG’

:~_DO 1 I 1 2 N ,7. _'"j_'::’;v - - - Lo e io e -
DO 1 J=1,N
SQOUT,J)=0.0 TN L L L

QC(1,4)=0.0 o T
D0 2 Kel,N o ERSESR
QC(T+312QC T, J1+C (K1) %C LKy 3 #ANC(K)
TR i7.2 QO(T.d)=Q0(T,J)4CIK, 1) #CIK, J) #AND(K)
1 QUI,Jd=2. 0*(QC(I;J)+Q0(I:J)) S o
S URETURN i T e
_END ' '




= IFN(S) =

“SUBROUTINE SCFCS{H,BETA,GAMA,AIE4Z,F,CyP+D0yDC,ENsANDyANC,N,CH)
RDIM;NSIUN H(BO 30),BETA(30,30),GAMA(30,30),A1I(30),E(3C),2(30),
£1 2.F(30,20),C(30,30),P(30,30),D0(30,30),DC(30,30),EN(30),y, . . .°
2 AND(BO)gANC(30):XU(30):XC(50)
3. 2CHI30,30) Tt
NIT 5
W=0.0"
O 1 I=1sN
“X0(I1=0.0
T xc(D=0.0
1 W=W+ANC(I)=2.0+ANO(I) _°
H=W#0.5
NF=IFIX(W) .
DO 2 I=1,NF i
2‘4 XC(I) 100 ,._’7'7. j.:; S
~ CALL HUCK(HsXO3XCsNyNFJsEN, C P)
D0 3 L=1,NIT f;;;;;;;;;waiﬂ,w_
DO 4 I=1,N
‘F{I,1)=0.0_
DO 5 J=1,N o
IF(1.EQ.JY GO FO 5 . - . .
~ F(1,Jd)= BETA(I, J)-0. S*P(I'J)*GAMA(I J)
SOF(IaI)=FII)4(P(J,0)=Z(J))*GAMALT, )
ﬂS_CDNTINUE

DO 6 1= 1,
‘D0.6 J=1,N
P(1,41=0,0
EETD0 6 K=1,NF eI TR T
6 PlI,J)=PI(I, J)+C(K11)*C(K J)*Z 0
73 CONTINUE = 7
10 NFP1=NF+1
ot . DOIY I=NFP1sN
11 XC(I)=1.0
727 .CALL ENVEC(FyNyX03XCyCyEN)
: 7 DO 8 1I=1,N
B CH(I]_J)=C(11J, = o L B
.. DO(I44)=0.0 el L e e
- DCU144)=0.0 o . o L
DD 9 K=1l,N - PSS SRR ' B P el
, © pO(1,J)=D0(1, J’+C(K I)*C(KyJ)*AND(K)*O 5
9 DCUI3J)=DC{I1+J)+C K, I 2C{K,J)=ANC(K)
. 8 PUI,J)=2.0%(DC(1,J)+D0(I; 3)) I T
END,




$ I BFTC PT ETITITm T L e e Rl T LT L e

SUBRDUTINE PUTIN(CH P DD:DC;ANO ANC:N) .
=-DIMENSION. CH(30130)1P(30:30).DO(30,30),DC(BO,BO),AND!30),ANC(30)

f DO 1 I=1,N

ﬁmé:DC(I,Jl DCITs ) +CH(Ky 1) *CHK, ) #ANCIK)
1 P(144)=2.0#{DC(I,3)+D0(1,4))

~ RETURN _ o
. E:;:: ’i‘:‘;—:‘i“ E N D et : :r;;; - '-:. e i A e e L DT

] TDIMENSION H(30,30), xo:so),XC(30),EN<301,C(30.30) p(30,3o; T
=i CALL. ENV EC{H,N, XD,XC,C,CN) o SR

CEIBETC DECK2  DECK 7 ST emseo a0 0
S0 DECKZ = EFN_ SOURCE SIAVEMENT = IFN(S) -

“SUBROUTINE RITE(M)-f-““”f”v;“;fj*jfjm“;*&ﬁj:f-

CUDIMERS IDW CHARCL1Z2) T T

S UREADES, 1) LCHARC L) (=14 12) .
i 1 FORMAT(12A6)
LWRITECGy2) (CHARL L), I=1,12)
2 FURMAT{LH1, LH 112Ab ///l o
- o ;"'.",",’RtTUR\l o ‘ - jt'.-;.; LR » _ W:-
, . D SRR o S SO e N S i S N



SIBFTC FMF ~ DECK

"ﬁlEFfoﬁgduRCEJSTATEMéfoﬁ

vSUBRUUTINE FMAT(AI,E,Z,DD DC,GAMA N BFTA AlgBlyQyF) S - L
DIMENSION AT(30),E (30),2(30),00(30,30),0C (30,301, GAMA(30.30) -
) 185TA(30130),AA(30,30) = T

VDU 1 I=1,N = = =
Q(1,1)=0. 0,__:
DO 2 J=1,N

Q‘I'J"-GAMA(I,J)*DC(I,J).Bf “g

500 3 I= 1:N Sl shomaeiEe o B
Ftl,I)=0.0

DO 4 J=1,N - eimeEE T L
F(I,1)= F(I.I)+(DO(I,J)+DC(I.J))*Q(J,11+Q(I,J)*(DG(J,IJ+DC(J. 1)
IF{I.EQ.J) GO TO 4 : i mmELA R S TetEn L
F(1,3y=0.0

= D0 5 K= 1,Nif**‘ T

,a, F(I1I’ F(I I)+GAMA(I J)*(Z 0*(DO(J7J)+DC(JgJ))—Z(J)) o
— CGNTIhUr- : .y

“$IBFTC CL - DECK 7 .0i% =
ZeepL o = EFN  -SOURCE STATEMENT - IFN(S) -

.~ SUBROUTINE COUL{AI,E,R,GAMA,N) FEi
DIMENSION A1<30),Et=0),Rt3o,30) GAMA(:O::O) RN

© . pg 1 I=1,N RN T

DO 1 J=1,N

1 GAMA(I;J31=1.0/C(R(IsJ)/14.41)4(2.0/(AICI)-ELII+AT(I)=E(J))))
_RETURN o .

“END -




'! IBFTC QRCN o DECK -

QRCN ff' . EFN ~ SOURCE STATEMENT - IFN(S) ’f”:

 PROGRAM TO CALL QR TRANSFDRMATION’ MAXIMUM ITER IS :o.
CSUBROUTINE QREIG(A,MyROOTR) - © iiiscicic o oo oo
WDIMENSIDN A(30,50),RODTR(30),RDDTI(30

"L IPRNT=0 R

IN50=N
IF(IPRNT) 80 81,80
WRITE (6,104) L
»ZERO ; 0.0
Eerat N LD BRI e
177 XNN=0.0

80 "

o 12414412
~ IFUIPRNT) 82,85,82
7 WRITE (64105)A(1,1) - ==
> ROOTR(1) = A(l1l,1)

=2 0ROOTINL) = 0.0 o
. M50=N50-1 o
== D0 505 K50=1,M50 -
TK1~K50+l .
D0 505 Js0= Kl,NSO o
"IF(ROOTR(K50).LT. ROOT
04 Xl—RUCTR(KSO) T

e COTR(J50)= Xl
_CONTINUE

- IT:R + 1 -
U IF(X .EQ. 0.0 -DR. ABS(S/X]
‘16 TF(ABS{A{N=1,N=1))=ABS(AIN,N}))" 32’J2,31
31 E f A(N=1,N-1)

2.6=AINGN) L
.60 TD 33 .

2°G = A(N=1,N-1)"
CE= AMNSN)

'= 0. R ey
_H.= 0.

60 T0 24




347 -

X+ S - : Lo iEe.
7 A(N-l N-l) + A(N N) _
“1F(S) 1819419 Lo
:SQ SQRT(S)

S 6=(X-5Q) /2.0 -
HE»(X+SQ)/2 o

IF(JJ) 28.70 70

<70 D = 1.0E-10#{ABS{G) + F)

84

29 .

:62

_1

EEt Y-S

i 26~IF(ABS(A(N N-1}) +GT.

':?:8.6' Rt

63 VQ=ABS(A(N;N-1))-ABS(A(N-1,N=-2))
164 IF(VQ) 165”165,1saz
Ei

64
. 88 _

B IF(ABS(A(&-I N=21) cGT. D) GO TO 26
“"IF{IPRNT) = 84,85,84 T G
hWRITE (5:105)?:F),ITER

“WRITE- (63105)GyH . =57

ROGTR(N) = E
“RCOTI(N) .= F . °
'ROQTR(N-1) = G_

COTI{N-1) = H =——=====

‘N=N-2
FIF(JY 1,177,177

1.0E
CIFUIPRNT)  8€387,86 = oo ==
___WRITE (61105)A(N1N)1 ZERQ, ITER
"L ROOTR(N) = -
_ROOTI(N) =

60 TO 177 .
IF(ABS(ABS(XNN/A(N,N—I)) -1.0)-1.08-6) -
IF(ABS(ABS(XN2/A(N-1,N-2))-1.0)-1. 0E-6)

63_;673' 62~ -
63,63,700

_ IF (ITER-15) E3,164,64

65 R = A(N-1,N-2)%x2
SIG = 2.0%A(N-1,N=2) -
G0 70 60 _
66 R = A(NyN=1)s22 "
. SI16 = 2.0%A(N;N- 1)
760 TO 60 -
IFIVQ)  67,67066
‘IF(IPRNT) 88,85,88 - i e
WRITE (6,107)A(N-1,N-2} -~



=GO TO 8¢
6T . IF(IPRNT) 89,87,89
89 = WRITE (6,107)A(N,N=1)"
.. .6oT1T0 8
700 IF(ITER «GT. 50) GO TQ 63 -
.. IFLITER .GT. 5 ) GO 7D 53
701 21= ((E-AA) %22+ (F-B)%22) /(E#E+FeF)

- 12= , ((G C)**2+(H-DD)&*Z)I(G*G+H*H)

= TIF(Z1-0425) 51,351,527 S
MSl IF(Z22-0.25) 53,53,54
. R=EsG-Fs#H Lo T s
. SIG=E+G ,
S-60 TO 60 0 - o =immonll

R=E*E.

“SIG=E+E .=
GO0 TO 60 B
C1F(Z2-0.25) 55455,601 .-
R G*G

" GC_TO 60

RTE 0.0
SIG = 0.0
CXNN=A(N,N-1) 5
_xnz =A(N=-1,N-2)

A A E ?*"—:’—" o

60 TO 12 . ‘ ;
104 -~ FORMAT(////1X,y 9HREAL PART 6X - 14HIMAGIMNARY PART, 26X .. -~ -
______ 1W 13HTAKEN AS ZERO &X 4HITER //) '
105~ FORMAT{1X,E15.833X,E15.8, 42X 13)
107 ,FORMAT( 6X =13.8)

IF(ABS(A(J1+11J1 )~C 10,1011
= A(J1+1,J1+1)*(A(J1+lyJ1+1) SIG)+A(J1+1,J1+2)*A(J1+2,J1
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' IF(DEA) 61712461 . T )
CIF(ABS(A{JI+1,J1)2A0J1+2, J1+1)#(ABS(A{JI1+1,J1+1)+A(J1+2,J1+2)

rl—SIG)+ABS(A(J1+3 J1+2)))/DEN)-D)  10,10,12

, IF(ABS(A(J1+1,J1)) D) 1313414
S IQ=dl e e SioE EEO
:00 100 I IP,NL
i - 16115,16

56(2)-A(IP+1sIP)*(A(1P.IP)+A(IP+1,IP+1)_slc)
_G(3)= A(IP+1,IP)*A(IP+2,IP+1)
“ALIP+2,1IP)=0.0 - -
GO TO0 19
jG(I) AT, I-1)
_Gl2)=AlI+1,1- 1 )
SIF(I-TIA) 17,17, 1875
;G(a) A(I+2,I 1)

] G(3)=0. 0
719 XK = SIGN(SQRT(G(1l)#=2 + G(Z)**Z + G(3)=22),
__IF(XK) 23,2&,23

. AL= G(l)/XK+1 0 - .7

G(1M)

GO TO 23 B
CAL=2,00 0
PSI(1)=0.0
=0 PpSI(2)=0.0 ¢
TIF(1-1Q)  26,27426
TULIF(I-IPY T 29,28,29°
AT I=1)==A(1,1-1)
=260 TO 27 s s
29 AlI,I- 1)——xx o
= p0 30 J=I NT
__IF(I-1A) 31,31,32 )
C= PSI(Z)*A(I+2,J) B
"G TC 32 S

- C=0.0 7

- E=AL=(A(I, J)+PSI(1)*A(I+11J)+C)5;
o A(I:J) AlI,Jd)-E o

'“:_WA(I+11J)—A(I+11J)‘PSI(11*E‘izéég;,
IF{I-1A) 34,34,30
AlLI+2,J)=A(1I+2,J0)~ PSI[Z)*E
0  CONTINUZ . o
s IF(I=TAY 33133;36
) L I+2

= G0 TO ‘37

S L=N
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_IF(I- IA) 38 38 39 B
€= PSI(Z)*A(J 1+2) i

E AL*(A(J I)+PSI(1)*A(J I+1)+C)
= “A{J, 1)=A0JyI)-E e : =
: ALy I+1)=A0J,141)~ PSI(l)*E
IFCI=-IA)Y 42,42,40 - .-%
ALYy I+2)= A(J I+2)—PSI(2)*E
"CONTINUE , S :
_IF(I=N+3) 43,435,100
= E=AL#PSI(2)#A{I+3,142)
A(I+43,1)=-E o
A(I43,1+1)==PSI(1)%E =
,A(I+3,I+2) A(I+3.I+2) PSI(Z)*
100 CONTINUE . e o
101 RETURN
e END

_ $IBFTC ENY  DECK ;:'m"'””‘””"w““'

EFNf"

“REAL FUNCTION ENGY(BETA.AI,Z{GAMA;F'DO Dc.Q,FR}N) K
‘DIMENSION BETA(30,30),AI1(30),Z(30)sGAMA(30,30),F(30,30).
1‘7 gDO(BO:BO))DC(DO:BO):Q(%G 30) .

:QQ(I Jl*(DC(JpI)+FR*DO(J:I))

~ x'x+GAMA(I J)*Z(J}
z“CONTlnuc B '

1 Q(1,1)(DC(I,1)+FREDO(IS1))
RETURN



- 35I -

iiistc“HEss*fffDECK;'?s?f

“EFN- - SOURCE STATEMENT = IFN(S)-

“SUBROUTINE TCO. PUT MATRIX IN UPPER HESSENBERG FORM. -
SUBROUTINE HESSEN{A,M)
DIMENSION A{30,20),8(50)
MDOUBLE PRECISION,SUM,
32WDO 40 LC = 3 M N

‘= ABS(A(NyN-1)) _
DO 2 J= 14N2

IF(DIV) 3:4013
3 IF(NI - Nl) 4' 7 a
4 P05 J = 1,N -
A(J,NI)
A(JaNl)
DIV
1 ’ M- S
A(NI,J) .
A(Nl,J)p
DIV o
= - o ‘N1
26 BIK) = A(N, K)/A(hsN—

i ' 1M

ul(

DIV
;A(NI,J){
iQ:AINl:J)Tﬂ

1)

]
o
=]
N

N o !
7:

ﬂ — II " ll

, IF(B(J)) 41$43141
‘A(N,J) = 0.0 s
,"DU 42 K = l,Nl
SA(Kyd) = AlK, ) = A(K Nl)*B(J)
_SUM = SUM + A(K:J)
i? GC TO 45°  iEAf i
. bBo 44 K = 1, Vlf
“SUM = SUM + A(KrJ)*B(K)
A(Nl:J) = Sum =
CONTINUE - - oo Tlims 55
0. RETURN _
~ 2 END e
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SIBFTC SV DECK_

‘“fprNf' SOURCE STATEMENT ol

?DIMENSIUN AX(30,30),A(30,30),V(301
VNR=VN

;oo 501 U51-1oN - -
501 A{I51,J51)= AX(151,J51)
~A(151)=A(1,1)-ALPHA -
DO 15 I=2,N
“ACI,I)=A(I,1)-ALPHA
1I=1-1
2D0 15 J=1,11 -7
IF (A(I,J)19, 15,9 o
F (ABS (A(J,J))-ABS (A(I,J1))11,10,10 =
R=A(I,JI7A0440)
60 TO 130 - s
R=A(J,0)/ALT, )

,A(JrK) A(I:K)
1.A(I)K) c.
BANENEY R
. D0O_14 K=JJ4¢N
A(I,K)'A(IQK)—R*A(J K)W
CONTIhUnTJ,_i
“C=A{N,N).
T,V(N):lo‘. ,

D0 25 K=TI4N - =
:R R+A(JJ,K)*V(K)

7 'oo 26 J=I1I,N
EAN(II=0. T
GO TO 29

VIO = (C=RIZALISII)
1CONTIAU’

DO 503 J53=1,N =
503 V(J53)=v(J53)/X51
S0 RETURN. oo amrss

END
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(5) The Polymer SCF Program,

This program calculates the TT ~electron
Bloch wave functions and energy-band structures of a one-
dimensional polymer constructed from conjugated monomers.
Only nearest-neighbour TT'-electron interactions are considered
between adjacent monomers, and the Pople-Pariser-Parr approximations
used as in the previous molecular programs. All Coulomb integrals,
both within and between unit cells , are approximated in the
manner of Mataga and Nishimoto. This procedure , whose basis was
discussed in section (20) of chapter II , was originally designed
for the particular problem of helical polymers composed of
nucleotide bases. However, the method may clearly be used on
any one-dimensional polymer with a defined repeating unit cell.

The program requires additional data compared to
to those discussed previously . As well as the intra-molecular
parameters, inter-molecular data is also required to account
for the interactions between the constituent molecules in the
polymer. This data is given by additional geometric and resonance
integrals.

The Bloch orbitals and energy-bands of the polymer
are determined as functions of a wave number, k , where 0 £ k;é 24T,
The number of k intervals is left to the discretion of the progran
user, who must remember the additional execution time imposed
by a lérge number of intervals. When the wave function for the

various k values has been found, the monomer bond matrix, P,
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can be obtained using numerical integration . These bond matrices
are checked between successive iterations for convergency,

with a pre-set criterion of 0.00I for all elements in sequential
iterates. For a SCF state some results are printed out, whilst
others are stored on magnetic tape.

It will be noted much of the program is written in
the complex mode, the eigenvalue problem being sqglwved by
partition as previously discussed,(see page 279 ). The sub-
routine FMOD is used to account for the H-bonds in the
particular polymer investigated, and is not a general option.

The input data for this program is less easy to
define than in the cases of the last three programs. Since the
program uses appreciable amounts of computer time in reaching
self-consistency ,( 2 hours for an IBM 7090/I4OI, with II k
intervals and a 20 atom unit cell), results of runs whieh did
not reach a SCF state are stored on tape for future use by the
program. Thus all tape manipulation is a function of the
individial program, tape reel, and stage in attainment of self-
consistency. Here initial guesses at P and Pt are read from
cards, but at later stages in convergence they would usually be
read directly from tape. The tape storing the results of the

last run which had not yet reached self-consistency.

Thus it is felt appropriate to leave individual users
to construct their own input/output forms, utilizing the following

program as a basis. The input data required will now be listed.
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NI,(Iﬁ!: Thig is a title label, and also serves to control

tape instructions.

N,(I3): The number of atoms per unit cell, NL20 .

NK,(I3): The number of k intervals , normally’ll for N=20 .
NIT,SIi): Maximum number of iterations, if this is reached before
a self-consistent state results are stored on tape.

NF,{I%3): Half the number of electrons per unit cell.

[ATI(N) B(N),z2(N)/,(F20.8): See previous programs. These are the

parameters of the individual atoms in each unit cell.

[GAMAQN,N!,GAMAP!N,N!,BETASN,N},BETAP!N,NZzCPfN,N!,CPP(N,N}[,(FQO.S!:

These are all read by a subroutine and represent the matrices,

a{) ’ E+, E ’ +, P s P+, respectively. Any future user

should be able to feed in this data to the main program using

a subroutine of his or her own,reading their own data format.
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- EFN ~ SOURCE STATEMENT - VIFM(S)_ -
DIMENSION BA(40540)5S1G(40) ,GAMA(20, 201, GANAP (20,201,
BETA(20,20),BETAP(20,20),2(20),A1(20),E(20)

.. - CCMPLEX CP(20 fZO))CPP(Zb:20)1CF(20120)1CQ(20720)1CQP(20720)1
FEON | ,

~CC(20,20)
LADIKS SCF
K BANC STRUCTURE CF A PCLYMFR
REAC(5,41) N1
N1 LABLELS THE TITLE Q:GUIRtD

.. CALL RUB(NI1)
“.CALL UDATE(CP,AI)

CALL RITE(N1)
REAC(Z41) N - g S
N LABELS THEE NUMBER OF ATCMS IN THE MOLECULE
FCRMAT(I3) ‘ ' : T
READ(5,1) NK

NK=NUMBER OF K INTERVALS

.. REABR(3,1) NIT

NIT = MAX ITERATIONS
REAG(5,1) NF

NF=NUVBER OF FILLED SHELLS
REAC(5+42) (AI(I),I=1,N)

 READ(5,2) (E(1)yI=1,N)

T |
e
c

2
.

3

Y

5

6

7

8

9

10

N

12

39

REAC(3,2) (Z(1),1=1,N) c P
FORMAT(F20.8) T
CALL DATA(GAMA,GANAP,BFTA,B:TAP cP, cpp)

READS DATA GAMA=R,GAMAP=RP

WRITE(6,3) , |
FORMAT(1H 5///411H INPUT CATA,//)
WRITE(6,4)
FORMAT(IH 3///312H R(C) MATRIX+//)
BC 5 I=1,N

WRITE(&,6) (GAMA(I,J),Jd=1,4N)

FORMAT(1H ,20F5.2)

WRITE(6,7)

FORMAT(1H 3///4+12H R(+) MATRIX,//)

DC 8 I=1,N

WRITE(6,6) (GAMAP(I,4),J=14N)
WRITE(6,9) -
FOQRMAT(1H ,///,15H BETA(O) MATRIX,//)
DC 10 I=14N

WRITE(6,6) (BETA(IyJ),yJ=1,N)
WRITE(&,11) i
FORMAT(IH ,///,15H BETA(+) MATRIX,//)
BC 12 I=1,N '
WRITE(&46) (BETAP(I;J):J 14N)
KRITE(€,39) ‘
FORMATU(LH ,///112H P(0) MATRIX,//)

- BC 40 I=1:N
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40 WRITE{(6,41) (CP(I,J),J 1,N) . S
41 FCRMAT(1H ,16F7.4) O
HRITE(64,13) . S
- 13 FCRMAT(1H ,///,21H ICNIZATICN PGTENTIAL;/I) L
_ KRITE(6,14) (AI(I),I=1,N}).
14 FCRMAT(1H ,18F6.2)
. WRITE{6,13)
- 15 FORMAT(1H ,///,18H EL“CTRGN AFFINITY,//)
WRITE(6,14) (E(I)y1I=1,4N)
o “WRITE(6,16) ' ' SRR :
16 FCRMATIU1IH ,///:223H NUMBER CF PI :LECTRONS //) S
WRITE(6,14) (Z(1),I=1,N) B PR S
.CALL CUUL(GAMA,GAMAP:AI:E,N) R _,,,_,W_,; .
" FNK=FLOAT(NK) S
... H=2.0/(FNK-1.0)
©  PIH=6428318/(FNK=1.0)
: DC 17 L=1,NIT
. ~D0 19 JUK=1:AK
-AK=PIFE*FLCAT (JK-1)
CALL CFMAT(CP, CPPyGAMA,GAMAP,BETA,BETAP, Z AI,E,AK N, CF)
CALL FMODI(CF) L o ,
"CALL CPADD(CF,CQ,CQPyJK, NK:NF,N,AK,H)
e 19 CCOGNTINUE
LI IF(LGEQ.NIT) GC TG 34
'DC 21 I=1,N
-DG 21 J=1,N .
P=REALICP({I,J))
- C=REAL(CQ{I,J))
21 IF(ABS(P-Q).GT.0.001) GO TO 22
34 WRITE(6,23) L ' :
23 FCRMATI(1H ,///+31H hUNBER UF ITCRATICAS FDR SCF —,13,/)_

WRITE(6424)
24 FORMAT(1H 4///,12H P(0) MATRIXs//)
ST -DC 25 I=1,N T
e o .25 WRITE(6541) (CQII;J),d=14N) e
S  WRITE(6427) |

27 FCRMAT(IH 5///,12H P(+) MATRIX, o e
i DG 28 I=14N IEIEEE
28 WRITE(6441) (CQP{I5d)3Jd=1,N)
e WRITE(6:29) N
29 FCRMAT(LH 3//7,22H ENERGY BAND STRUCTURE;//)
-DC 30 JK=1,NK '
AK=PIK*FLCAT (JK=1)
"CALL CFMAT(CG,CQPyGAMA,GAMAP,BETA,BETAP,Z,AT,E,AK,N,CF)
CALL FMOD{CF)
CALL CQREIG(CF,N,EIGyBA)
CALL CVCTR(BAsCCyNyNsEIG) , -
CALL TAPED(AK,CFyCCrEIG,CQyCQPyIKyNK)
WRITE(6:31) Ak
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31 FORMAT(LH 3//+32H K=,Fl1l0.6,77)
o WRITE(6,:32) (EIG(J)d=1,N)
S 132 FORMAT(1H ,1PEEL13.5) )
. =30 CONTINUE

SIS GC 7O 38 :
22 DC 33 I=1,N
. DC 33 J=1,N

R T S SR ETA S N
.2~33 CPP(1,J)=CQP(I,J)
.. 17 CONTINUE B
.38 sSTOP

_END

sreprc Tpf‘”‘ T

TPE o EFN‘ SOURCE STATEMENT =~ IEN(S) -

- SUBROUTINE TAPED(AK,CF:CC,EIG;CQ,CQP,JK,NK)
. DIMENSICN EIG(20)
_CCMPLEX CF(ZC:ZO)gCC(ZO,ZC),CQ(ZO;ZO),CQP(ZO,ZO)_
S WRITELT) AK
. WRITE(7) CF
WRITE(7) EIG
 WRITE(7) CC
" IF(JK.NE.NK) GC TO 1
WRITE(T) CQ
 WRITE(7) CCP
.. REWINC 7
“ 1 RETURN
END _
TSTEFTC BN

’ébgagr ;;“FM | - EFN _ SOURCE STATEMENT - IFN(S) -

"SUBRCOUTINE FMQCI(CF)
L . CCMPLEX CF(20,20)

“*° 7t LADIK CORRECTICNS FOR POLY-AT
- .. CFl{1,1)=CF(1,1)-0.478
e : CF(10,10)=CF(10,1C0)+40.478
CF(11,11)=CF(11,11)40.478
CF(18,18)=CF{18,18)-C.478
RETURA _
END
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v JL6 . v;.”f, EFN SCURCE STATEMENT - ,IFN(S) -
,_“WSUBRULTINE CATA(R,RP,B,BP,CP'CPP)

" CIMENSION R{20, 20)4+RP(20,20),8(20,20), BP(20,20) P(ZO 29)
.. . CCMPLEX CP(20 20)’CPP(20,20)
ST N=10 A

- N=20
- K=NM+1 ,
tC 1 I=1, N
REAG(5,2) (R(I, J) J=1,4M)
FCRMAT(10F5+2) ‘
DC 3 I=1,¥N ' E SR
REAC(542) (R(I44)3J=K,sN)
DC 4 I=KyN
READ(5,2) (R{IsJd)sJ=1,M)
pC S I=K,N » :
READ(5,42) (R{I,J).:J=K,N)
OC 6 I=14N o SR
DC & J=1,N
IF(JeLT. 1) R(I:J) R(JrI) ,
DC 7 I=1,M v T
READ(E,:2) (RPlIsJ)sd=1,M) R
DC 8 I=17M ' .
READ(542) (RP{I4Jd)2Jd=KyN)
cc 9 I=K'N . .
READ(542) (RP{I,4J)yd=1,M)
DC 10 I=K4N
‘10 READI(5,2) (RP(I)J) J=K¢N)
, CC 11 I=1,M
11 REAC(5,2) (B(I,Jd):J=1,M)
. DC 12 1=1,M
12 RﬁAD(EyZ) (B(I4d)sd=K, N)
. BC 13 I=KsN

.13 REAC(5,2) (B(IsJ)sd=1,M)

A DC 14 I=K,N

14 REALD(5,2) (B(I4J)sJ=K,N)

CC 15 I=1,N
DG 15 J=1,N
15 IF(JeLT.1) B(I4J)=B{Jdy1)
c DC 16 1=1,M :
16 READ(592) (BP(I,4J)3Jd=1,M)
- BC 17 I=1.M
17 READ(5,2) (BP(I:J)'J K’N)
s OC 18 1=KsN -
18 READ(542) (BP{I;J)yJ=14M)
-, DG 19 I=K4N
19 READ(E5,2) (BP{I, J)sJ Ky h)
: DC 20 I=14M
20 REAC(5,2) (F(I, J):J 1,M)
LC 21 I=1,M :

BT IR S TR N

O @ =N o



-360-

21 REAC(5,2) (P(I,J)3d=K,N) - e e
. BC 22 I=KyN o : ' ’ PR
22 REAC(5,2) (P(I,d),4=1,M) L
- D0 23 I=KsN S PR
23 REAC(Z,2) (P(IrJ)rJ K, N) .
' DC 24 I=1,N- e
~ BC 24 J=1,N |
- 24 IF(JaLT.1) P(I,4d)= P(JyI) T
. DC 100 I=1,N I
© DO 16C J=1,N | e e
B{IyJ)==2.39%B(1,J) , R e em e o
S BP{IsJ)=-2.39=BP(I,J) C R
o CP(I,J)=CHMPLX(P(I;J)40.0) B
7 1C0 CPP(I,J)=(0eC40.0) U S A D S
 RETURN

Sl i SIBFTC TITLE P
oSS TITeE | - EFN SUURCE STATﬁMENTW - IFNLS) =

SUBROUTINE RITE(N)
o DIMENSICN CHAR(S) '
SRR DATA (CHARUI);1=1,8)/6H POLY ,6HADENIN,6HE=THYM,6HINE
. | 16H: 28FEB, 6HLACIKS, 6H DATA,eH /L
IND=2 o
S WRITE(641)
-~ 1 FORMAT(1H1,21H POLY ADENINE- THYMINE;///)
. WRITE(T7) IND o
Sl T RITE(T) CHAR A L SRR
‘ RETURN ‘
END

$IBFTC COULI o DCCK f;w'"xlg;w;" o o
,,,,, 'w” fEFN N SOURCk STATEMENT = )
;fSUBROUTIu— COUL(uuMA,P"WAP,AI,E o T

- DIMENSIUN GAWA(20,520), GA¥AP (20, 20),A1(20),:(20)
D01 1=1,N ) o |
DO 1 J=1,N - - i

X=2. O/(AI(I)*—(I)+AI(J) C(J)) _ S
S GAMA(I,J)=1. O/((unuﬁ(lyJ)/14.41)+X) 3:,_; L e
“,"GAMAP(IyJ)—l 0/((GAHAP(I1J)/1Q,;1)#X), o

“RETURN N T e




... SIBFTC UC e LT S
.,; f“UDA‘ - EFN SDURCE STATEMEVT - IFN(S) -

-  SUBROUTINE UCATE(CP,AI) B
EUSE oLl o U DIMENSIGN CHAR(8),AI(20) e TR
. COMPLEX CP(20,20) T
Ciewzio T READ(T) IND R
_ READ(7) CHAR
- DG 1. 1=1,21
, READ(7) AK
“* READ(7) CP
REAC(7) AI L
REAC(T) CP T e T

1 CCNTINUE ' R
© . READ(T) cp S
REAC(7) CP
. RETURN.
-, END

fjsxaFTc CFMT

f_fbéCK.;'w

'YSUBROUTINL CFMAT(CP,CPP JGANA, G AWAP,D~TA,E “TAP, Z,HIg_th M,FF)
<. DIMENSION GAxA(ZOyZV)yGhPAP{ZO,Zdl,&‘TA(ZO,ZO),b TAP(22,29),
.1 Z(20),A1(20),C(20)
= COMPLEX CP{20,20),CPP(20,20)5CF{20,20),CX,CY
 CX=CEXP(CMPLX(0.G,AK))
 CY=CEXP(CMPLX(D.0s=AK)) & = + - = =
~ RZ=2,0%COS(AK). .
DO 1 I=1.N - T
 CF(I,1)={0.0,0. 0)
T D02 J= 1,N e
 X=1.0 I
IF(I.CQ J) X=0.0 -

T X=GANA(I, ) T T
1 CF(I,1)=CF(I,1)- ;1(7)+o.chp(1,1)<(A*(1)-=(1))hmr_wh_‘
=10 4RIZE(BETAP(I, I)=0.5=CPP (I, I)*GAMAP(I, 1)) -~ " "
__NM1=N-1 o :
DO 3 I=1,MML
. IPl=1+1
sl .1 DO 3 J=IPL,N o L
. CF(I,J)=BETA(I,J)- O.,#FP(IaJ)*Gn A(I,J)+
Sl CX=(BETAP(I,J)-0.2=CPP (I, J)=0CAMAP (I, U0 ) 7 7
1 _4CY=(BETAP(J, 1)~ C.;%CPP}J,I)*GHAAP(J,I)) o
3 CF(J,1)=CONJGICF(I,J)) =~ - .
RETURN

- END
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N.DFCKTMQ e

B $IBFTC PADDI

”;;;“EENWV soupck ST 5 1T ,M_IFH(S) -
SUBRDUTIWh CPADD(CF,CP LPP,J VK,WF,N,AK,H)
= DIMENSIQN BA&4(40,40),P00TR(40) BN
_COMPLEX CF(20,2G),CC(20, 20),CP(20, 2”),CPP(20 20),cy,x
“CALL CQREIG(CF,iiyROOTR;BA) o
CALL CVCTR(BA:CC:N,:F RUD&R)_WW
IF(JK.EG.1) GO TQO &
IF(JK.EQ.NK) GO TO &
“CX=CEXP(CMPLX(0.0,AK)) o
.DC 14 I=1,N_
DG 14 J=I.N s
. X=(0.0,0.0)
T DO 1 K=14NF T T S
1 X= X+CCVJG(CC(K,1))*CC(K,J),rwfﬂ,m,

T CP(I e d)=CP (I, J)4X - - )
. CPP(I4J)=CPP(T,J)+X=CX )
14 CP(J,I)=CONJGICP(I,J)) -

... DO 20 1=2,N
LT IMl=I-1 PR

D0 20 J= 1,IM1
T X=(0.040.0)

DC 2 K=1,NF L
T2 X=X+CONJGICC(Ky 1) )%CCIK,J) & -0
20 CPP(I,J)-CPP(IyJ)+X*CX,vqy
6o 10T e L
5 DO 9 I=1,N

D09 J=I.N - s
:LCP(I,J)-(O 0:0.0)
7S DO 8 K=1,NF ;“'?..**' :
8 CP(l,J)-CP(I,J)+CQNJG(CC(K;I) *CC(KyJ).
SCPUI4J)=0.55CP(I,d) = ooomrmean o=
WﬁCP(J,I),CP(I Jy :
S CPPUIJd)=CPI,d) - - f e

. 9 CPP(J,I)=CP(I,J)
260 TO T e
, 6 DG 1C I=1,N o
D0 10 J=T,N ot e
_ ”x—co 0,0.0)
L2 D0 1Y K=leNF o L e e T

11 X= X+CCNJG(CF(K,I))*LC(K,J)
e CCPIZJ)=(CP(I4J)+X*0.5)%H
o ,CP(J.I) CP(1I,J) o

CU10 CPPIIZJ)=(CPP(1,J)+X20.3)

DO 12 I=2,N

SIMl=1-1 ST
DO 12 J=1,IML

S X={0.0,0.0) . T o ToommTom Tl o
, DO 13 K=1,MF : o
“ 13 X=X+COMJG(CC(K,I))I=CC(KyJ) -




- 363 -

‘ffi;j; 12 cpp(1, J)-(C°P(I:J)+X*O.3)*H o e
R , 7 RCTURF\ e . AL TR

b $IBFTC BISH

. BISH _;”v“_f EFN: SGURCF STATEMENT - IFN(S) -

"SUBRGLTINE RUBINL) | e
" DIMENSICN CHAR(8)4EIG(20) P SO
_ CCMPLEX C€C(20,20) S S S
U CALL FOLDAT) e T e T e i
___REAC(7)_IND . . . .. ,
= "REAC(7) CHAR ST
. REAC(7) AK
CmE T READULT) CC
. - _READ(7) EIG
.. READ(7) CC
- REAC(7) X S L
TUURETURN L e
END ’

CQRCNf"Mf]l;‘tFN'; SOURCT STAThM-‘T - IFh(S) {_;' o
. PROGRAM TO CALL QR TRANSFORMATION, MAXTHUN ITER IS 20.
- suBROUTIN: CQRMIG(FC,M ROOTR,BA) |

”IPRNT o o
N=M=2 :ftg* '
___N30=MN
S5 DO 800 I=1,M -
DO 800 J=1,M
L X1=REAL(FC(I, )
O BALIJd)=X1
AT J)=X1
L IPM=TI+N
= JPM=J+M -
CBACIPM,JPHM)=XL1
AL IPM,JIPM)=X1
o X1=AIMAGIFC(I,J))
T BAUI,JPHM)==X1
AL, JPM)==X1
TCBA(IPM,J)=X1
CALLPMyJY =X
~ CALL HESSZN(A,N) Lo
N IF{IPRNT) &0,81,30
80 WRITE (&,104%) B
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’ _81”' 2ERD = 0.0 .
SE Jd=1
177 XNV C.0

17 IF(”-Z)' C13,18,12 0
‘LBf,_IF(IPBMz) £€2383182
:82_ - WRITE (64103)A(01,1) - =
83  ROOTR(1) = A(l,1)_

CCTROOTI(L) = 0.0 0

1 M50=N50-1 o

D0 802 J=1,M50,2 -

JPL=J+1

- DO 802 K= JPl,NJO S

. IF(ABS(ROUTP(K)-QDOTR(J)),GT 1 o:-4)
“X1=ROCTR(JPL) S Eiiimie s i e e

__”HROOTR(JPL)-RJOTR(K ___W__J:€MMH;MvT L

 ROOTR(K)=X1

o 802 CONTINUE
iR o pE o803 J=leM S

3 _ROOTR(J)= RODTR(Z*J 1)

T MB0=M-1 L - T

DO 304 J= lrl’bO

S0 AJPl=J+l
DO 804 I=JPl,M . -
TUIF(ROCTR(J) «LT.ROOTR(I)) GO TO 804

. X1=ROOTR(J)
S ROOTR(J)=ROCTRII)

.o ROOTR(I)=X1 .
-804 CONTINUZ ¥~

R RETURN
14 Jd=-1 D T T

12 X ;_(A(n—l,u—l) - ANy M) n=2
S = 4, 0%A(NyN=1)#A{H=-1N)

. ITER = ITER + L

S IF(X 4EQe 0.0 .02 ABS(S/X) -.6T. 1.05-8) GO TO 15 -

16 IF{ABS(A(N- lyN-l))-hbS(”(Ngn )ivm32122,ilwwwmw,wA
31 A(N-1,N-1) B B L L

CA(N,NY

C 7O 33 RSN

A(MN=1,0=1) .

AN, H)

0o

- 0.

.60 TO 24

To 802

Gd._.

W

. 32

TTMM O OO

33
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S ‘ e T e e T
lyd’l) + H(H,J),, .
18,19,19 R
),m

v
¢_+

OOII'\ll i
I %X%D
OO.OV‘;‘X
4
A%

F (X) 21,21 22 L
. E=(X-SQ)/2.0
S0 6=(X+5Q¥ /2.0 0 T ¢
.60 T0 24
CG=(X~- SQ)/Z 0 S
e ._.BE=(X48Q)/2.0
60 TO 26 iR
. F = SQR!(-S)/Z O
Too-B=Xf260 - T
LT G E R ety -
i HE=FR o e
IF(JIY 23,70,70C
D = 1.0E-10+{ABS(G) + F)
CIFCABS(A(N=1sN-2)) .GT, D) , GOV Ta 25
C IF{IPRNT) 84985434 *F T
WRITE (&,102)=,F,y. IIER“”
S WRITE (6,1085)G,H - =7
... ROOTR(N) =
CUORGOTI(NY =
. ROOTR(MH-1)
~w = ROOTI(N=1)
C N=N-2 L
CIF(II) LG 17TLMTT o e e
: IF{ABS(A{NyN~1)) +GT. 1. 0
- IF(IPRNT) 86487485 -+ -
WRITE (6,1035)A(N, h)y ER
- RCOOTRI(N) AlNyMY 5 T
:RGOTI(N) ¢.c -~

'HWImfﬂ

GO TO0 177 : . SR
- IF(ABS(A BS(XNN/A(’;J—I))'I 0)” .O~—5) _OJ,évtuz
CIFLABS(ABS(XM2/A(NM=-1,M=-2))-1.0)-1 0'-6) - E3,43,700
3 VQ= ABS("\(H,u-l))—"BD(A(u‘lyu'é)) e e
CIF (ITER-1Z) 82,1426 -

IFIVQ) 193,165,166 - :
165 R = A(N=-1,N~2)==2 -
ST SIG = 2.0%A(H=1,1=2)
GO TO 60 }
R = A(M,i=1)x=22 B )
. SIG = 2. O*A(u,m—l) , B e
60 70 60 R :

U IRtva) 67y 7!-

&6 IF(IPRNT) -88,83,88 .
88  WRITE (h1107)A(W—11N -2) » L B
60 TO 8z L T T e A D

67 IF(IPRNT) 89487,89 - : '
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' NRITE (Dy 107)A( iyl l”l) ) - L
.. GC 10 8¢ o S
<700 IF(ITER .GT. 50) 60 TO & -
_ IF(ITER .GT. 5 ) GO TO 53 -
- 701 21= | C((E-AA)%=24(F— B)**Z)/(r*-+F*F)
12= ((G- C)**2+(H—DD)**Z)/(G*G+H*H)
IF(Z1-0.25) '31,,1,-2 Col o
- 1F(72 AO, 25) 5: y.«.)yz&rw___w
U R=E#G-F#H. . - o e
_SIG=E+G

CTISIG=E+E Lo
, &;GOZTO“60,,,,
CIF{Z22-0.25)
oR=GeG
s81G=64G et
GG TO 60 __
601 R-= 0.0 -
. .SIG = 0.0
760 7 XNN=A(N, M- 1) ,
. XN2=A(N-1,N- 2)~
U CALL QRTEAGH,R,SIG, D)
LAA=E

SIpD=H ¢ s
GG TO 12 . O
104  FORMAT(////1X, 9HREAL PART 4X 14HIMAGIMARY PART, 26X
,AM_H,Wl, 13HTAKEN AS ZZRC &X 4HITER //) . . . ..
2105  FORMAT(1X,E13.8,3 x,_l,.J, £2N 13) . o Lol
.107 FORMAT(56X E£12
’7TcND i

.u) TR

mfﬁlBFTC *QRT W;DECFQZQW”""’“

EEN. f”éOURc~ STA

'fSUBROUTlu:’CRT(n,u v, STG,_)

S T DIMENSIGN AL40340), Psz(z),G(:)'*

ML = N-1 S .
o IA = f\ﬁ‘j,Z SO

1P = 1A T
~IF(N-3) 101,10,oo AR
DO 12 J = 3,H

J1 = N-=-J R R S S SRR e
. IF(ABS(A (Jl+11J1))—P)VV 10, 10,114

711 DEN = A(J1+1,J1+1)*(;(Jl+l,J1+1)—SIb)+A(Jl+11J1+2)*A(J1

1+2,J1+1)+*,
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ﬁ,“TMVIF(DEN) 61,912,581 ' B e
61 IF(ABS(A(JIL+1,J1)=A(J1+2, 31+ 1)#(ABS(A(JL+1,JL+1)+A(J1+2,J1+2)
RS L SIG)+ABS(A(J1+3;J1+2)))/D 1)—0),V;o,1o,1zM
“5 12 1p=Jl ' B R , HEE
,21oﬂ_ pg 14 U= 1,19 -
e RN - TS R
o ,IF(ABS(A(J1+1,J1))-D)”
14 IQ=01 o
13- DO 100 1I= IP,dl o
ST CIF(I-IP) 0 18,13,16 00 ' il
_G(l)—A(IP,IP)*(\(IP IP)fSIG)+A(IP IP+1)*A(IP+1 1P)
CG(2)=A(IP+1,IP)=(A(IP,IP)+A(IP+1,1P+1)-SIG) -
G(3)= A(IP+1;IP)*A(IP+2;IP+1)
SA(IP+2,1IP)=0.0
ﬁjGO,ID e
6 GIL)=AlLI,I-1)
G(2)-A(1+1,1 1)
CUIFCI=IAY O 17417418
_GI(3)=AlI+2,1I- 1)__
.60 TO 19 g
8  G(3)=0.0 ) e
L5019 XK = SIS H(SCRT( {1)ex2. + G(2)1#x2 + G{31222), G(1)) = - -
CIF(XK) 2924523
CAL= G(l)/‘(K+1 o oE
PSI(l)-u(Z)/(G(1)+XK
TPSIN2)=G(3)/(Gl1)+XK)
,L:WWVWWWT,:GOMTD 25
SITOT T 2& 0 AL=2.0 0 T
_PSI(1)=0.0
s - PSI(2)=0.0 =~ -
‘ZDw_IF(I IQ) ) 24..712772() ,_
L2686  CIF(I-IP) 29,28,29 - &
28 _A(LyI-1)==A(1,1- 1)
S 66 TO 27T -
,A(I I-1)==XK
: DO :0 J I)[J . . = ".;;5""“’—”'—
. IF(I-1A) 31531,%2
31 C= PSI(Z)*A(T+2,J)
T 7. 60 T0 2z _
“ 32 0 C=0.0 oL
....33 E=AL=(A(I, J)+PST(1)*A
T A 0= A(I,J)--' . N
CAlI+1, J)—A(I+1;J)—PST(1)*F B

13,13,14

IR T TF{I-IA) = 24,34%,30° s ST T 3
) Wﬁ,zeﬂ, A(I+2,3)=A(142,0)=PSI(2)%E
30  CONTINUE :
IF(I-1IA) 35,433,326
TL=Ie2 o e " . )
w,ﬂco TO 27 )
o
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37._ DO 40 J=IQ L
S IF(I-1A) ':u,as,;9
C=PST(2)*ALJ,142)
- 60.T0 -4l T ]{
. €=0.0 e e
T E= AL*(u(J,I)+PSI(l) AU I41)+C) o e m e
Aty ) =AY, ) -E L
'TFTA(J,I+1)—A(J I+1)=-PSI(1)es o Tol0n
C IF(I-TIA)Y 424,42,40 .
e 420 AU, T42)=A00,142)-PSI(2)+E
.40 CONTINUZ o BT S
S U UIFUI-N+3) 0 43,43,100 0 0 o
E= AL*PSI(Z)*A(I+¢,I+2)
S CA(I43,1)=-3 S
T ALT#3,141)= —PST(1)%z o
- :*>A(I+3,I+2)—A(I+J,1+2)—p91(2)*f LRI
100 CONTINUE
"'101 "RETURN -
END 3

;CVECT iiff"f 4;FN,: SOURCE. ST'TFn:wTN _ ,_;; -

UASUBQDUTIML CVCT&(oA COLFF, L MF,DIG) _
T DIMENSIOM BA(40,%0)3A0£0,40),E16(40),V(40) -
COMPLEX COE FF(ZL, O) SUM o .
TUN=Mx2 ERE el
0g 500 Jz0= l,hF o !

;gALRHA,:I’(J Q) e
pgo 501 Iz1=1,4
PO S0L JSl=1l4N T
] ,A(I“lsJJl)—BA(I I:J 1),,Mm
TUTALLL)=ALL, LY =ALPHA T T e
. DO 15 I=2,N R
PQ~A(I I)=A(1y I)“ALPHA e
Ii=1-1 [
DO 1: J 1111 ) T U
O IF (ALT, J))9,14,9 i
CIF (ABS (A(J;J))-ABS (A(I,J)))11,410,10
L R=ALII/ALI:0)
G0 TO 1320 . R AR
O R=A(IIALT Y R
S DO 12 K=1,N B
B ,C=A(J1K) _
A(JyKI=ALTI 1K)
A(IaK)-C
S Jd=J+1 .
DO 14 K= JJ:;_
A(I;K) !\(I;h)‘o*’(J’K)
CONTINUE




ST CEANGN)
_VIN)Y=1. o
“D0 29 1=24N . 7w
o dJ=N- I+l
o R=0. - .
TIsN-TI42
D0 23 K=II N o5 o0 e T
R=R+ALJII,KI*VIK)
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UTE (ABS (A(JJyd3))=1.0E-10027,27,28 7.

B SN L
2 C=0a sl
D026 9=11, N o
CoNINI=0.
_GC TO 29

V(I =(C-RIZALI,90) T

L SUM=(0.050.0) e il T
....DC 800 I=1,m
L IPM=T+M . - ST

__CONTINUE HMWM,WTHTMWWf_17:t

 COEFF(J50,1)= CrPLX(V(I),V(IPM))

SUM= SUM+CO%FF(J 0, 1)*CONJGICNEFF(J50,1))
_SUM=CSQRT{SUM) S
DO 801 I=1,H I R S

. COEFF(JZ20, I)'CD FF(J OyI)/SU\‘
CONTINUE o i

____RETURN o
< UEND =T TTEIET S
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__SUBROUTIME TO PUT MATRI;
SSUBROUTINE HESSEM{AZM) -
_ DIMENSION AlG0,40)4B(30)

T UUDOUBLE PRECISION SUM 5
. _IF (M = 2) 50, 3u.J2 R
32 .00 40 LC = 3,M ~un oo

..N =M~ LC + 3

Nl = N -1 o

NNz N=-2
‘NI = N1 I
1:DIV ; ABS(A(H,N 1))

D0 2-J = 1,82 =

B IF(ABS(A(N,J))— DIV) 2 2 1 o )
T EONI o= B T T i L e
ooe. ... DIV = ABS(A(M J)),¢'

2 CONTINUE S
_ IF(DIV) 3,40,3 _
3 IF(NI - Ml) ‘r, 7,"!’,5
L& DO 5 J = 1eN
DIV = A(JyNIY T
CAGIGNIY = A(J,H1Y
DIV .. o

nurn

A(Ml:J)
Dlv =~
1, NI
Ny KIZAM N=1) T
lyﬂ S

CUUANI )
6 AINLsJ)
_700-26 K
26 BUK) = Al

Oliﬁllu.n»i

CUsuM = 0. =
IR (9 - ll) a6,~¢,r
4’6 IF(B(J) ) [‘-l’ A B
41 A(N,J) = 0.0
DO 42 K = 14Nl - Sieesioimioiais

_ L AUKL) = AalKyd) - “(K:Nl)*B(J)
;'42 SUM = SUN + ALK, 3y #B(K B

.. GG TO 42 .
- 43 DO 44 K = 1,81 -
. 4% SUM = SUM + “(K,J)*B(K)

LT 45 A(N1LJ) = SUR Tl
40 CONTINUZ
o= 30 RETURN
CEND L

-
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CHAPTER TV.

S0ME SELECTED RESULTS OBTAINED WITH THE SCFE

SEMI-EMPIRICAL COMPUTER PROGRANS .

(1) Introduction.

Rather than reproduce all the results obtained
with the four semi-empirical computer programs given in the
previous Chapter, only a small proportion of them will be
presented here. Iven the output data quoted for the limited
number of T[-systems considered here is only a small portion
of that obtalned from running a program with a particular input.
Future workers, with an interest in one molecule, or some aspeét
of a whole series of molecules, would be well advised to copy
and run the programs given in Chgpter III , and thus recover
the maximum information. For those interested in properties not
covered by the programs given, the SCF eigenvectors produced
by these programs could be utilized to calculate expectation
values for physical operatofs not included in the original deck
structure. Thus such topics as molecular polarizabilities and
magnetic properties could be studied.

It is hoped that the following results will serve
to illustrate various areas of application of the Tl -electron
SCF theory, and reveal the degree of success it is possible

to achieve.
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(2) Selected Results.

(a) The Butadiene Molecule.

(i) Geometry.

Both the trans and the less sitable cis conformations
of Butadiene were studied. The molecular geometry, and the
atomic numbering system utilized in each conformation is

shown below,(l90);

cis.ﬁr trans.
2 1.456 3 2,
/550 1.46%

/y 1220 \
// \1-5521
l./ 4 1/

(ii) Parameters.

The valence state ionization potential and
electron affinity of each constituent Carbon atom were assigned
the values of 11.42 and 0.58 ev. respectively ,(117),(118).
Coulomb integrals were calculated in the Mataga-Nishimoto
approximation,(l24). The empirical resonance integrals, ﬁig 5
were evaluated in a number of ways. The best set, as defined by
the closest fit obtained for the first excited singlet, was
that suggested by the application of an approximation introduced
by I'Haya,(125).These parameters were %31 =-2.98, /3;2=-2.55 ev.
and may be compared with the valueg of Pariser and Pé;r,

f%2_=-2.92, and 8;3=-1.663 ,(106). Yet another set, f8,, =-2.53,
ﬁ;g:—Z.ll , may be obtained using the overlap criterion,
* WThis set worked very well for the related molecule,Fulvene,

giving a first singlet at 3%.l6ev.,compared to the experimental

value of 3.4ev..



- 375 -

equation(Z-lZl) y with the Benzene integral, f? =-2.39, and,
.

Rc_c=l.39g, as a basis.
Ag these parameters imply , the molecule has more in
common with two Hthylene moclecules, than with a benzenoid

ring structure.

(iii) Ground State Properties.

The results for the closed-shell ground state
were obitained using the Closed-Shell SCF program, with input
rarameters as indicated.

Bond-Orders.

Table 9.
Isomer Plz P23
cis 9392 .3435
trans .9431 -3325

Note how the cis conformation results in a slightly increased
degree of electron delocalization compared to the trans form.
Both electronic distributions do, however, strongly resemble
the classical picture of two double-bonds between atoms 1l-2 ,
and 2-3 . All charges defined by Piis 1{ig4 , are unity as
Butadiene is an Alternant Hydrocarbon.

Orbital Energies.

These are given in ev. in Table 10 , with ’gi repregsenting

]
the SCI' orbital energy of Qﬁ s gﬁ and gzlare the orbitals
L
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/
occupied in the ground state. Hence gg and pq_are virtual
orbitals.
Table 10.
Isomer £, £, Ez Eu
cis -13.2871 | -10.43%58 { -1.5642 1.2871

trans -13.3143 | -10.3%820 | -1.6180 1.3143%

The identification offfz with the first ionization potential
using Koopmans theorem is in variance with the experimental
value for trans-Butadiene of 9.0 ev.,(191). The results of
investigating this discrepancy are given later.

Total T -Energy.

These energies represent the total 7T -energies of the
molecules, in a self-consistent state.

Ei‘,is=-79-9996ev. Etﬁ?n3=-79.4242ev.
We note from these results an apparent stabilization of the
cis form of Butadiene,however this is misleading . We are using
only a T -electron approximation, and in addition have omitted
atom/atom repulsions from our Hamiltonian. These would all

combine to reverse the situation, stabilizing the trans form,(192).

Self-Congistent Eigenvectors.

These are shown in Tables 11 and 12 overleaf.



- 375 -

Table 11.
Cis-Butadiene.
1 14 Coy C34 Cqs
1 L4051 5795 <5795 -4051
o -.5795 -.4051 .4051 <5795
3 .5795 -.4051 -.4051 -5795
4 -.4051 «5795 | -.5795 -4051
Table 12.
Trans-Butadiene.
i C1s Coy | Cx4 Cps
1 .4085 5772 .5772 . 4085
2 -.5772 -.4085 .4085 5772
3 5772 -.4085 ! -.4085 .5772
4 -.4085 5772 -.5772 .4085
.
Note:(a) The molecular orbitals are of the form,;%=3£jcéj

(v)

where {:XQ?

These orbitals

are a good instance

is the atomic orbital basis set.

v

J

?

of the pairing

properties of the occupied and virtual molecular

orbital sets,

typical

(see section (17) of Chapter II ).

of an alternant hydrocarbon,



- 376 -

(iv) Excited States.

Here we shall confine ouvrselves to single
excited electron states, presenting singlet and triplet results
obtained from the Closed-Shell(CS) -SCF-CI program. As well as
the essentially spin-paired treatment, both with and without
configuration interaction(CI), the two open-shell procedures
programmed were used to find excited triplet states. First we

give the C8-SCF-CI results.

Table 13.

Cis-Butadienesno CI..

Transition l}Es C(s j?s A&Et Symme try
2,3 6.04 . 56.9 .569 2.77 Bl
254 8.44 148.7 421 5.82 Al
1,3 8.44 148.7 421 5.82 A
1,4 10.84 267.1 .008 8.17 Bl

Note:(a) Subscript‘s’denotes singlet,‘t‘triplet.

(v) Zx E represents the excitation energy required to
produce the electronic transition from the molecular
ground state.

(c) CYS is the angle which the singlet transition dipole
makes with the 1-2 bond.This angle is taken in a
direction of rotation in the plane of the molecule such

that the atom numbered 3 is included in the arc,O\<C>g<§ 180°.
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(a) f-s is the oscillator strength of the singlet
transition,see eguation (2-183).
(e) The last column shows the symmetry group of

excited state.

Table 14_:

Cis-Butadienes with CI..

Transition| A B_ s fa AE, Symme try]
1 6.0% 56.9 .568 2.23 B,
2 7.61 - - 4.03 Ay
3 9.27 148.7 .924 7.61 Ay
4 10.85 196.1 .001 8.71 By

Note;(a) That transitions can no longer be labelled by the
re-allocation of a specific electron from the closed-

shell into a single virtual orbital after a CI procedure

(b) Ommissions from the table, denoted '-' indicate ﬁ;
values 1less than .0005
Table 15.
Trans-Butadiene; no CI ..

Transition| A Es o g fs A Et Symmetry
2,5 6.26 11. 1.223 2.79 Bu
2,4 8.36 - - 5.84 Ag
1,3 8.36 - - 5.84 Ag
1,4 10.98 327, .296 8.27 B
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Table 16.

Trans-Butadiene; with CI. .

Transition [&ES C<s :fs ZlEt Symmetry
1 6.24 12. 1.174 2.21 Bu
2 7.71 - - 3.98 Ag
3 9.02 - - T.71 Ag
4 11.00 153. . 376 8.84 Bu

These results may be compared with those of Parr and Mulliken,(192),
Pariser and Parr,(106), and I’Haya,(125); the figures given

here are very similar to those obtained in these references.
Experimental results,(191), give the first singlet at 6.0 ev.,

with the possibility of the next at 7.2 ev. , and thus the
theoretical results can be regarded as fairly satisfactory.
With a little parameter variation it would be possible to
exactly reproduce the first singlet at 6. ev. for the trans form,
the most likely experimental conformation of the molecule.

The question of the ionization potential of the molecule, which

is apparently not represented so well by the same set of

parameters will be discussed later.

(v) 8elf-Consistent Excited Triplet States.

With the identical input parameters as the
C3-8CF~CI program various excited triplets of trans-Butadiene

were investigated by the open-shell Roothaan and spin-polarized
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methods. Detailed results of eigenvectors and orbital energies

are not given here for reasons of brevity .

Table 17.
State | AE, Py P, P, Py o7 oY,
2,4 5.83 .8591 | 1.1402 L4798 | .1410 | .5000 | .5000
1,4 8.19 | 1.0000 | 1.0000 | .43%352 |-.2538 | .2538 | .7462
2,% 2.44 | 1.0000 { 1.0000 | .3%853 .8187 | .s8187 | .181%
1,3 5.8% | 1.1402 .8598 | .4800 | .1402 | .5000 | .5000
2,3°Yl 2,451 1.0000 [ 1.0000 | .%863 .8174 .8174 | .1826
Note:{a) By the state i,j , the excited triplet formed by the

transfer of a

virtual orbital j is implied.

(b)

ground state.

(c) P

give the T -electron charges on atoms

11°F00 3

the diagonal elements of the

A’Et is the triplet energy relative to

Those on 3 and 4 follow from symmetry.

P12 s P23 y are bond orders.

Cyl ’ Cyz , Unpaired

centre

(a)

M -spin density

indicated by the subscript.

paired electron from orbital i to a

the CS-SCF

bond matrix

1l and 2 .

The last row of the table gives the results for the

at the atomic

first Butadiene triplet obtained with the spin-polarized

SCF program. All other results were found with the




- 380 -

Roothaan procedure . No projection of the spin-peolarized
SCF wave function was necessary, as the molecular
gsymmetry of Butadiene ensured i1t was a pure spin state.

(e) The energy of the first triplet calculated by both open-
ghell methods are in good agreement, and differ only
slightly from that obtained in the CS~-SCF-CI approximation.
All these values, however, seem in variance with other
reported values, which are in the range 3. to 4. ev.,(192),
(106),(125). Since no experimental data is available it
is impossible +to decide on the respective merits of
any particular result.

(f) states 2,4 and 1,3 are degenerate, and need splitting
by a configuration interaction .All these triplet energies

may be compared to those found with the CS-SCF progranm.

(vi) Spin-Polarized Ground State.

From the form of the spin-polarized effective Hamiltonians
employed in deriving a self-consistent spin-polarized state,
it may be seen that if the method is used on a ground state
molecule, with an even number of electrons, spin-alternation and
an overall energy reduction may be obtained for the system.

This spin-alternation has to be introduced artificially into
(o &

(2

the SCF procedure by the choice of the initial matrices i
[ovﬁ . L
and {~ s otherwise a normal spin-paired ground state ensues ..

Such spin-polarized ground-states are not, however,
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eigenfunctions of 32 y, and do not have the full molecular
symmetry. With the application of a spin projection technique
previously discussed, full spin-pairing is re-established
in the attainment of a singlet ground state. This state in
fact is just the normal closed-shell spin-paired SCF ground

state.

This is illustrated by the results now given for trans-
Butadiene, obtained using the set of parameters given previously

Unprojected Results.

{s%> = 0.1735

E_rr ==79.4390 ev.

Table 18.

Pis Pos c1 o5
8970 3561 3110 | -.5396

Note:(a) All P,; »1 £ i< 4, are unity.

(b) Compare with the closed-shell results.

Table 19.

{ -spin orbital energies and eigenvectors.

1 €3 i1 Cis i3 Cig
1| -13.3693 L4667 .5401 .6064 .3505
2 | -10.5515 -.6616 | -.2976 .5021 L4708
3 ~1.4485 4708 | -.5021 | -.2976 L6616
4 1.3693 ~.3505 6064 | ~.5401 L4667
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Table 20.

Zg-spin orbital energies and eigenvectors.

1 € Ci1 Cio Ciz Cig
1 | -13.3693 .3505 .6064 .5401 .4667
2 -10.5515 -.4708 -.5021 .2976 6616
3 -1.4485 6616 | -.2976 | -.5021 .4708
4 1.3693 | -.4667 5401 | -.6064 .3505

Note:(a) The equivalent sets of orbital energies for ©C and
fg electrons.
(b) How the eigenvectors minimize Oc/fa ~-spin electron

interaction.

Projected Results.

These were obtained with the accurate spin-projection
routine.
{s% = 0.0183
E_'r =-T79,4328 ev.
This energy may be compared with the CS-SCF ground state

energy of -79.4242 ev.

Table 21.
P1s Pos =7 %
5353 3710 50000 5-0000

Note:(a) Since C’, =07, = 0, we no longer have an alternant

spin-state. All electrons are effectively wpaired
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(b) P12 and P25 are very close to their CS-SCF ground
state values. Devigtions can be ascribed to the
inadequacies of the projection technique, and computer

round-off errors.

Now the "corresponding orbital" eigenvectors are given.
These orbitals are used in a transformation technigue associated

with the spin projection discussed in Chapter I1I,see page 244 .

Table 22.

T !

* T AN Ci1 1 Cio Ci3 Cig
L4391 | .5274 | .6265 | .3696
.3696 | .6265 | .52T74 | .4391

-.6802 | -.3195 | .4768 | .4560

1 . 9853 .0856

2 .9250 | .1937

-.4560 [ -.4768 .3195 .6802

Note:(a) The corresponding spin-orbital set, { _/Z, is related
to the SCF spin polarized molecular orbital set,{.¢§},
by ; st( TC‘:} QSO“ ,(see page 245) .
X correspondlng orbital vectors are shown above fg
eigenvectors
(b) The symmetry of the orbitals for a given closed-shell
(c) Since le is appreciable, <§%> is not reduced more

closely to zero.
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(b) The Trans-Butadiene Ion, CAHI&L_.__

(i) Geometr,z.

In the ionization process removing an electron
from the Butadiene molecule to form the positive ion, the
geometry of the Carbon core was assumed unaltered . Thus the
geometry given for the molecule of trans-Butadiene was again
used for the ion, and also the atoms were indexed in the same
way .

(ii) Parameters.

These were approximated by a technique
introduced by I'Haya,(125), which proved successful in predicting
the first singlet transition of the molecule. In the treatment
of this ion the main objective was to obtain a reasonable
value for the first lonization potential of the molecule, using
the same methods for the deduction of input parameters as was
satisfactory in reproducing the molecular spectra.

This ionization potential, I , was calculated from
a comparison of the total molecular T -energy- before the
removal of the electron, and the —FV-energy of the ion which
results from the loss of an electron. As has been already noted,
Koopman's Theorem fails to accurately predict I , giving a
value of 10.38 ev. , compared to the experimental 9.0 ev.,(191).

In an attempt to improve on this situation , three
sets of parameters were used as input for the spin-polarized

SCF program, and the results compared. These parameters follow,
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Set A: This was the ground state set, fg =-2.98, ﬁ} --2.55,
2 23

Ii=ll.42, Ei=0.58 . We asgumed all parameters uneffected by the

loss of an electron.

Set B: This set was chosen employing the method of I'Haya to

allow for the change in molecular charge distribution following

the complete removal of g Tl -electron.The new effective charge,

(195), of each Carbon atom in the molecule, Zc' s is approximated

as Zco + 2.A7 , where Zco is the effective charge experienced

by a 2p electron in a neutral Carbon atom CO(SP3>.

A7z = Z,+ - %,0 ; 7Z_+ being the effective charge of the

)

for 2p electrons. Thus 3 of an electron

Carbon ion C+(sp
is regarded as being removed from each Carbon atom in the
ionization process . With Z o =3.25, and Z_+ = 3.60 , (193), we

find ZC' = 3.34 . In the ion the screening effect of one

electron has been lost, and thus those remaining are correspondingly
more strongly bound. The valence state ionization potential of

each Carbon core was found using a formula derived from

experimental results by Moore,(194),

I, = 3.604%2° - 9.599%2. + 4.5535
This gives Ii = 12.65 ev., with Zi= 3.34 . With the assumption
that the one-centre Coulomb integral &%F)was proportional to
Zi s and utilizing the normal Carbon integral to obtain the
constant of preoportionality, it is found with Zi= 3.34 Z%T= 11.15%.

Off-diagonal Coulomb integrals were left unchanged in the

Mataga~-Nishimoto approximation,(124). The new values for the
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resonance integrals were found with the overlap criterion
of I'Haya,(125), Bij = 2( I+ I ) S;; + The mew orbital
overlap matrix, Sij , was obtained with the use of the new
effective charges and tables published by Mulliken,et al.,(195).
Thus the values used were ﬁ? ==3.07 , /3 ==2.60 .

12 23
Set C: Whereas Set B consisted of fixed parameters, uneffected
by the charge distributions in the ion, this set of parameters
was flexible , and varied duringvthe self-consistent procedure .
Thus the differential charge distributions in the ion as it
approached a 3CF state ~were allowed fof. That is the assumption
that exactly 4+ of an electron was removed from each atomic
centre was discarded. Instead, the effective charges of the centres
were derived from the empirical relation, Zi = --.55*Pii + 3.60 .
This equation was obtained by assuming a linear relationship

between atomic T -charge, P s and effective charge, Zi .

ii
Hence in the 3CF procedure Zi was re-calculated at the end of
each iteration, and from this Ii and ﬁ;ii for the next
iteration were calculated as indicated in data set B . 1In
addition the resonance integrals were re-calculated, the overlap
Sij( Zi y Zj ) , being found for the variable effective charges
using formulae given by Mulliken,(193) . With these flexible
parameters the spin-polarized SCF program was iterated to

convergence.

Results of these various parameter sets are now presented.
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(iii) Results.

Orbital Energies.

Table 23.

Data 5?1 & 5 653 | &4
-17.709 | -10.123 -5.624 -3.399
4 -19.055 | -16.576 -7.710 -4.354
-19.006 | -11.302 -6.650 -4.388
" ~20.399 | -17.883 -8.810 -5.384
-18.182 | -10.826 -6.940 -5.456
<i_ -19.336 | -17.654 -9.292 -6.313

Note:(a) The orbital energies, & ;0 1K i< 4, are in ev. ,
with the Ol-spin eigenvalues in the first row of
results for the given data set.The]g -spin are those
in the second row.

(b) The electron removed to form the ion had OL -spin.

(¢c) Compare the extra binding of the electrons remaining

by reference to the ground state orbital energies.

Totalf”:energies and Ionization Potential of C4Hg6;

Table 24.
Data T -energy Tonization Pot.
A -69.1921 10.253
B ~-7%.3%78 6.05
C -70.641 8.78




Note:(a) Agreement between result A , and Koopman's Theorem,

(v)

which predicts I = 10.38 ev. . Thus Koopman's
approximation that the wave functions of the electrons
remaining are not much altered by the loss of one through
ionization remains valid. What is ofmitted from
consideration, and it is vital that it should not be,
is that all inter-electron integrals and parameters are
changed with the alteration in the effective charge of
the Carbon cores.

That the result for data C compares quite well with
the experimental value of 9.0 ev. for the ionization
potential of trans-Butadiene . Thus it does seem possible,
with sufficient care, to use the same parameter
prescription for ionization potentials and optical
transitions in

the semi-empirical approximation, and

still obtain reasonable results for both.

Blectron Distributions.

Table 25.

Data P11 Poo o1 T2 P12 Pos
A 6734 | .8265 | .4758 | .0242 | .6662 | .5612
B 6752 .8247 | 4759 | .0241 | .6666 | .5595
c 7205 1 7794 | .5644 | .0644 | .6378 | .5598

Note:(a) The more even charge distribution obtained with the

flexible parameters, set C
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(c)
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Compare these results with those of Hoyland and
Goodman,(107),(139) .

None of the results represent pure spin eigenfunctions
as the spin-projection routine was not yet available
when this work was done. This, however, does not effect
the validity of the numerical results, for example,
the wave function represented by data A has <§%>=.8060.
After projection we obtain {S°) =.7500 , and the

following results;

Table 26,
P11 Poo | &1 S P10 Py
6698 | .8502 | .4411 | .0590 | .6747 | .5649

These show little deviation from those given in the

in the previous table , Table 25 . Any energy

changes
incurred by projection would be in the direction
of improving the fit of the experimental ionization

potential obtained with data C .

(c) Benzene.,

(i) Geometry.

The length of the Carbon-Carbon bond was taken

as 1.39 & ,with an inter-bopd angle of 120° .

6, N2

120° |

/J 1.39 B
5‘\\4/ 5
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(1i) Parameters.

The valence state ionization potentials and
electron affinities of the Carbon cores were given the values,
11.42 and 0.58 ev. , respectively. Data set A , utilizing the
Mataga-Nishimoto Coulomb integrals and a Carbon-Carbon resonance
integral , ﬁ§-§-2,59 s, duplicated results obtained by Mataga
and Nishimoto with the same parameters,(124). This acted as a
valuable check for all the procedures embodied in the CS-SCF
program.

To investigate the dependence of optical transitions

on input_parameters y bthe program was re-run with only the
resonance integrals changed, and re-allocated the value of -2.30 .
This was data'set B . In addition the effect of multiplying

the two-centre integrals obtained in the Mataga-Nishimoto
approximation by a constant factor of 1.2 was studied with data
C . All other data was left unaltered .

Also the dependence of the results on the degree of
configuration interaction invoked was investigated, and
conflicting results found for the lowest Benzene triplet
state.

(iii) Results.
As Benzene is an alternant hydrocarbon all
TT -densities at the atomic centres are unity. Similarly the

bond-orders are all identical at & , determined entirely by the

molecular symmetry. In this treatment of the molecule we shall
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only consider optical excitations.

Data Set A: No CI.

Table 27.

Transition E, oL £ E,
1,4 8. 74 - - 7.02

1,5 8.77 - - 7.03

1,6 11.49 - - 10.01

2,54 5-94 179. -504 4.47

2,5 6.55 90. .560 3.63

i 2,6 8.77 - - 7.03
354 6.55 270. -254 3.59

355 594 179. 503 4.47

3,6 8.74 - - 7.02

Data Set A: With CI.
‘ Iable 28.

Transition Es C)ﬁs ﬂls Et
1 4.90 - - 2.60

2 6.13 - - 4.03

3 6.95 45. "1.163 4.04

4 6.98 314. 1.202 4.90

5 8.48 - - 5.56

6 8.50 - - 5.56

1 9.01 - - 8.48

8 9.04 - - 8.50

9 11.49 - - 10.59
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Note:(a) For several entries in the table exact degeneracies
in opitical transitions do not occur where they are
expected. This is due to the program failing to handle
s problem with degenerate roots accurately.
(b) Compare these values with the first experimental

singlets and triplets of Benzene,(195).

Table 29.

Transition ‘Experimental Theory,data A | M-N,(124) | Symm.
T 4.9 4.90 4.90 g
Singlet 6.0 6.13 6.13 =
7.0 6.96 6.96 N

3.8 2.60(3.17)" 3,17 ’B.

Triplet 4.2 4.0% 4.03 N
4.9 | 4.90 4.90 ’8,.

* This transition depends strongly on the degree of
configuration interaction used. The figure in brackets,
the closest to the experimental value, was obtained
from considering only the first four excited molecular
states. The value of 2.60 ev. is obtained by including
all possible singly excited configurations. All other
excitations are independent of the degree of
interaction used between the two limits given above.

Thus a first order interaction seems superior here.
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Data Sets B and C .

The results obtained with these parameters are quoted
together in order to save space. Only the results after
configuration interaction are given, and oscillator strengths

are omitted .

Table 30.
Transition Data B. Data C.

A Eg AE, AE, A B,

1 4.73 2.40 4.93 2.08
2 5.95 3.86 6.41 3.88
3 6.76 3.86 7.36 3.90
4 6.79 4.72 T1.-43 4.92
5 8.21 5.29 8.73 5.23
6 8.22 5.29 8.77 5.24
7 8.75 8.21 9.37 8.73
8.76 8.22 9.41 8.77

9 11.11 10.24 11.19 10.87

Note:(a) We find the variation of the two centre Coulomb integrals
by a factor of 1.2 as in Data C , strongly effects the
transition energies. A poor fit of the experimental
spectra is obtained. |

(b) The resonance integrals, given the new value of -2.30

in Data B , alter the optical transitions rather less
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severely . However, it seems plain that the choice
of parameters is very important, crucially effecting
the predicted optical transitions. Thus the whole
procedure does appear very sensitive to parameters,

and the optimum set is unigue .

(d) The Benzyl Radical, C7H7' .

(1) Geometry.

The geometry adopted for this radical in all the
calculations whose results are presented here, was that used
by Ladik et al.,(196). The length of all Carbon-Carbon bonds
was taken as 1.40 R , and inter-bond angles were assumed to
be 120° . The atomic numbering system utilized‘is shown below.

5 6
1.4

120°

(ii) Parameters.

The valence state ionization potentials and electron
affinities were assigned their usual values of 11.42 and 0.58 ev.,
respectively. Within the ring, all resonance integrals had the
value -2.39 ev., while the 1-7 ihtegral was taken as -2.151 ev.,
.9 of the ring integrals. The lMataga-Nishimoto approximation was
used for the two-centre Coulomb integrals,(124). Data set A uses

the normal Mataga-Nishimoto integrals, Data B , 1.5 of these values.
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With these parameters both the ground state and excited states
of the Benzyl radical were investigated, with both the spin-
polarized program, and Roothaan's open-shell procedure .

(iii) Results.

Doublet Ground State.

First we present results obtained with the spin-

polarized program.

Table 31.
Quantity Data A. Data B.
unann ann unann ann
o7y 3422 1041 .1361 .0434
O~2 -.4201 -.2148 ~-.1815 -.1187
o3 . 3621 .1097 .0940 .0303
oad] -.3911 | -.1929 | -.1598 | -.0947
ot -.8352 | -.7010 | -.8014 | -.7720
T-Energy | -177.901 | -177.507! -224.910| -224.916
(2 1.1551 .8804 .7903 . 7510
A1 1131 .0274
A2 .2076 .0559
A3 .2234 .0791

Note:(a) The quantities O~ are spin densities. A ; are the
corresponding orbital coéfficients. The results before

annihilation are labelled 'unann' , those after 'ann'
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(b) The difference in results before and after the use of a
single annihilator. This confirms the need for such
a btechnique , especially in view of the particularly
poor expectation value of 32 for the wave function
found with Data Set A .

(¢) The high [li values for the corresponding orbitals of
Data A , these indicate a poor expectation value for 82.
Since the 451 are quite large, the projection routine
is not completely successful in removing all unwanted
multiplicities from the wave function.

(d) These results may be compared directly with those of

Ladik, et al.,(196), and Berthier,(129).

Table 32.
Spin Density Berthier, (129) Ladik, (196)
unann ann Data A Data B
o711 ©.1541 .1033 . 340 .140
o2 -.2380 -.2000 -.414 -.186
0’3 .1333 .0899 .356 .102
O 4 -.2492 -.2077 -.386 -.162
o -.6952 -.6735 -.840 -.810

Ladik's Data A and DataB correspond to the data similarly
labelled in this discussion. The use of 1.5 times the
Mataga-Nishimoto integrals in Data B corresponds to the use

of Slater tyrpe 2pZ rbitals in calculating the two centre
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integrals.
(e) Various experimental results are available for the spin-

densities in this radical. These are shown in the following

table.
Table 33.

Spin Density| Tolkachev,(197) Mai?dik’éizé)
a1 - 144 . 064
o2 -.244+.022 -.201 | -.187
&3 - .068 .064
O 4 -.244+,022 -.240 | -.223
o7 - 733+.044 -.639 | -.59

As may be seen the results obtained using Data Set A are
in quite good agreement with these experimental values.
Variations in the experimental spin-densities assigned

to the various centres arises from the different possible
interpretations of the experimental data. Ladik's data
attempts to bracket the likely value within maximum

and minimum limits.

Now the results obtained for the doublet ground state
with Roothaan's procedure are given, and compared directly with
the theoretical values found by Berthier,(129). The study of
Benzyl by Berthier was performed without the assumption of

zero differential overlap.
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Table 34.
| _ Data A Data B Berthier

i Do Dc Do p° Ro Rc

ii ii ii ii i1 ii
1 .0000 . 5000 .0000 . 5002 . 0000 .4812
2 .0505 4748 .0704 L4646 .103%5 4558
3 . 0000 .5000 .0000 . 5003% .0000 .4088
4 .0283 . 4859 0420 L4787 .0848 4565
T .8707 . 0646 8172 .0914 . 7082 .1530

Energy -177.656 ~224.850 -

Note:(a) The matrices D° and D° are open and closed-shell density
matrices, denoted rR® and R® in Berthier's notation.
The diagonal elements of n° give the atomic spin-densities

directly , this matrix is twice the open-shell density

0

matrix discussed in Chapter II . 2*D§i + Dii

s gives
the 1T -electron charge at centre i .

(b) The total state energies compared with those found
with the spin-polarized program. They are very similar.

(c) Experimental spin densities are not adequately

predicted with this procedure of Roothaan. The spin- .

polarized method seems much more successful

The Benzyl Quartet State, 4B

2—
In terms of an orbital occupation diasgram, this state

can be represented as;
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2 ps

)

+ ¢H

+ 3
% b,
+5- &

The wave functions corresponding to these orbital populations
were calculated in the spih-polarized and Roothaan approximations.
First the spin-polarized results are shown, compared to Berthier's

theoretical results,

Table 35.
Ov1 1265 .0717 .0756 .0437 .0654 .0527
o2 ~.2536 | -.2334 | -.2356 | -.2249 | -.2408 | -.2370
o3 -.2279 | -.2032 | -.1957 | -.1836 | -.1917 | -.1868
o4 .1155 L0636 .0458 .0229 .0341 .0249
o7 -.2791 | -.2620 | -.2587 | -.2493 | -.2344 | -.2299
T-Energy | -175.076 |-174.963| -221.028] -221.029 - -
AE 2.82 2.54 3.88 3.89 - -
{s® 4.0392| 3.7747 3.8336| 3.7519] - -
Al 21905 .0887 '} -
D2 .1970 .1152 -

Note:(a) Spin-density for this quartet state is defined by
o
Lx ( P, - P;i ) , as discussed by Berthier,(129).
(b) N\ E is the state energy relative to the doublet ground

state obtained with the same parameters.
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Now the results of the application of Roothaan's procedure

are given.

Table 36.
Data A Data B Berthier
1 9. pe. p°. nS, RO, RC.
ii ii ii ii ii il
1 0000 .5000 0000 5000 .0008 L4870
2 6122 .193%9 .6270 .1865 L6710 .1606
3 .4983‘ .2509 .4994 . 2504 .5001 2481
4 0311 4844 .0358 .4822 0514 .4804
7 L7453 | 1274 .7106 | .1447 | .6056 | .2152
T-Energy -174.326 -220.744 -
AE 3,33 4.11 3,98

Note:(a) The close correspondence of the results obtained here
with those of Berthier.

(b) The total state energies, and the excitation energy,

2

B. - 4p

5 o Berthier obtained %.98 ev., with the use of

a configuration interaction technique .
(¢) All atomic "l -charges are unity, as the radical is

alternant.

Bxcited Doublet StatesLEA2 .

The first of these may be described by the orbital diagram;

B

q‘;_vd

3
¢
¢
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The SCF results for this state when treated with the Roothaan

program are shown below.

Table 37.

_ Data A Data B Berthierxr

* ?i, D;;__. De. n°, RS, RS,

1 .0000 | .5196 | .0000 | .5019 | .0000 | .51i28

2 2231 | 3547 | .2434 | .3567 | .2287 | .3406

3 2769 | .2637 | .2566 | .2428 | .2713 | .2400

4 -0000 | .5856 | .0000 | .6321 | .0000 | .6432

7 0000 | .6578 | .0000 | .6666 | .0000 | .6827
Ti- Energy -173.688 -221.110 -

AE 5.97 3.74 -

A second doublet is possible;

!
<

|

I
]
~J

SLPpr

;%
?;

iy

The results for this state are shown on the next page in Table 384,

meanwhile the following observations apply to this table as well

as Table 37 .

Note:(a) These two states are degenerate in the Roothasn

approximation, neglecting differential overlap.

Although these states have the same resultant spin-

densities, the diagonal closed-shell density matrix

elements are not identical . After a configuration

interaction procedure

Berthier obtains two excited
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doublets ,2.76 ev., aﬁd y3.81 ev., which are in
accord with experimental data.

(b) A configuration interaction technigue is needed to
to split the degenerate states obtained here, and

predict the optical transitioms after the fashion of

Berthier.
Table 38.
Data A Data B Berthier
i 2% D%, %, %, RO, RS,
11 11 11 11 11 131
1 .0000 | .4803 | .0000 | .4984 | .0000 | .4278
2 22231 | .4221 | .2436 | .3995 | .2321 | .4184
3 2768 | 4594 | .2564 | .5009 | .2679 | .4925
4 .0000 | .4145 | .0000 | .3677 | .0000 | .3272
7 .0000 | .3422 | .0000 | .3333 | .0000 | .4233
Ti- Energy ~173.688 -221.110 -
A E 3.97 3.74 -

From all these results we are able to draw several conclusions.,
First as regards spin-densities, it seems clear that the use of
1.5 times the Mataga-Nishimoto two centre integrals by Ladik,
et al.,(196) , in predicting spin-densities was only necessitated
by their failure to use a spin projection technique . With the
use of the single annihilator method,the improved wave functions
give quite satisfactory results with the normal unaltered integrals.
In fact the spin-polarized results are in good agreement with

experiment,
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The situation concerning the optical excited states
igs not so clear, and the results given here seem in variahce

4y

with those of Berthier. The quartet state, 5

s is of much
lower energy in the spin-polarized approximation than in
Roothaan's open-gshell method. Perhaps this can be attributed
to the increased spin correlation allowed by the former, or

inadeguacies in the energies obtained after the use of a

single annihilator.

(e) Naphthalene.

(i) Geometry.
All Carbon-Carbon bonds were assigned a length
of 1.40 R , with inter-bond angles of 120°. The atomic numbering

system utilized is shown below;

9 1
8 7o ;2
.
7 5\/3
6 4

(ii) Parameters.

In this alternant hydrocarbon , all Carbon cores
were given valence state ionization potentials of 11.42 ev.,
and electron affinities of 0.58 ev. . Carbon-Carbon bonds were
assigned resonahce integrals of -2.39 ev., and the Mataga-
Nishimoto approximation was used to supply the two centre Coulombd

integrals.
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(iii) Results.
The following results were obtained with the
closed-~shell SCF program , with configuration interaction

for excited states.

Ground state bond-orders.

These may all be obtained from the following matrix elements,

utilizing the molecular symmetry.
P12 = .T410 P23 = ,.5870 P45 = ,53%99
P5910 = .5416

All charges are unity as the molecule is an alternant hydrocarbon.

Single electron excited states.

The singly excited molecular states are given both before

and after configuration interaction, (see Fig. 28 ).

Table 39.
Naphthalene:No CI.

Transition| AT X 3Cs AE,
3,6 6.04 279. .001 4.63
3,7 6.86 331. .001 5.87
5,8 7.94 59. .558 6.46
4,6 5.02 330, .916 4.01
4,7 6.36 243. .660 4.32
4,8 6.86 331. .001 5.87
5,6 4.61 239 517 2.56
5,7 . 5.02 150. 916 | 4.01
5,8 6.04 99. .001 4.63




- 405 -
Table 40.

Naphthalene: With CI.

Pransition [§ES oL &T < Sym. £§Et Sym.
1 4.25 - - 133u 2.16 | B,

2 4.46 | 237. 254 | ‘B, 3.40 3Blg

3 5.79 | 330. | 2.113| By | 3.77 | 7By,

4 5.84 | - - By, | 425 | sy

5, 6.19 - - 1Alg 4.34 | B,

6 6.25 | 99. .001 lBlg 5.54 3Alg

7 6.42 | 63. 698 ‘B, 5.85 3Blg

8 7.54 | 151. .002 lAlg 6.19 3A1g

9 8.02 | 240. .984 132u 6.8% 332u
Note:(a) Typical alternant hydrocarbon spectra, first singlet

(b)

and triplet are unique , followed by degenerate singlet
and triplet transitions which can only be separated
with a configuration interaction procedure

The transitions to states 1B and 1B may be predicted

3u 2u

as polarized in the X and Y directions respectively

from symmetry considerations,

TY
p

QANE

This is confirmed by the transition dipole angles, st s

for the allowed transitions of these symmetries.
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(¢) The lower energy singlets and triplets may be
directly compared with experimental results,(195),
(198),(199).

First the singlets are given.

Table 41,
Experimental Theoretical

AEs j:s AEs Jcs Sym.
1. %
3.99 - 4.25 - B
. 1 *
4.35 - 4.46 .25 32u
1. e
5.62 1.7 5.79 2.11 B3u

'._ l
6.51 .20 6.42 .70 E2u
1. e
7.41 .6 8.02 .98 B2u

® This assignment is very uncertain, there is a

1

A state at 7.54 ev. .

lg
* Confirmed by polarization studies of McClure,(200).

e Agrees with conclusions of Craig, et al.,(201).

As may be seen, the overall prediction is gquite
satisfactory , especially as no parameter variation

has been attempted to further improve the results.

For the triplet states less experimental data

is available. This is shown in the following table.
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Table 42.
Experimental Theoretical

L)Et AE, Sym.

2.64 2.16 332u

3.72 377 *B.,

4.49 ° 4.25 ’B5

4.34 ’B,.

5.62 ® 5.54 BAlg
3

5.85 B,

6.27 ® 6.19 3Alg

* Tentative , estimated by Kasha and Nauman ,(198).

e Lstimated position , Kleven and Platt ,(199).

@ These are from triplet-triplet data obtained by Orloff,
(149), who also assigns the 6.27 ev. state a symmetry

of 3A

lg °

Once again the fit of experimental results by the theoretical
values is reasonable, within the limits of the rather
inadequate data available. The first triplet, however, is

not predicted very accurately . Attempts were made to

improve on this with the two open-shell programs.

Naphthalene First Triplet.

The results of the application of the spin-polarized SCF

treatment are given in Table 43.
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(b)
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Table 43.

Quantity unann ann
o1 .5183 4644
o2 .0905 . 0870
o5 -.2171 -.1025

M- Energy -299.876 | -299.887
AE 2.09 2.07
(%> 2.1213 2.0057
Al .0000
A2 .0040
AN .1240
AV .1241

Spin density is here defined as , P, - Pfi =) .

The poor value obtained for the first triplet excitation
energy, which has an experimental value of 2.64 , (202).
The actual calculated first triplet has very similar
energy to that obtained by the configuration interaction
procedure just discussed.

With twe centre integrals 1.5 times their Mataga-~Nishimoto

values , that is nearer their Slater orbital equivalents,

the first triplet is found at 2.76 ev. . This value is
very satisfactory from the prediction point of view , but
the use of such a high multiple of the Coulomb integrals

seems very questicnable in the semi-empirical
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approximation . As we have seen in the case of the
Benzyl radical, and for the CS-SCF-CI excited“states
of Naphthalene , the normal Mataga-Nishimoto integrals
are perfectly adequate.Additional confirmation of this

arises from the treatment of the Naphthalene positive

and negative iomns.

Now the results of a calculation using Roothaan's open-shell

technique on the first triplet are given.

Table 44.
Spin Densities Energy ZXEt

L4065 | .0935| .0000 | -299.566 2.39

Note:(a) The close similarity with the previous results,Table 43.
(b) The improved value for the first triplet excifation
energy.
The bond-orders obtained with the two different methods may also

be compared

Table 45.

Bond-order Spin-polarigzed Roothaan's
element unann ann open-shell
Pl2 4352 4368 4567
P25 . 8162 .8156 . 7990
P45 5657 <5744 .5700
PlO.S <4424 -4487 -4905
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All the triplet charge densities are unity .
These results closely resemble those obtained by Amos,(165),
and Amos and Synder,(168),(170) . This is to be expected as an

identical method with similar input data was used

(f) The Naphthalene Ioms,C, Hg.

(i) Geometry.

This was assumed identical to that of the ground

state molecule given in section (e) .
(ii) Parameters.

In this study of the Naphthalene ions no attempt
was made to allow for the differential ionization of the
atomic Carbon cores , as was in the investigation of C4H‘3 .
The chief objective was the prediction of the spin-densities
in the ions , which have been experimentally measured by means
of ESR . All parameters used for the ions were identical with
those applied to the molecule in previous section.

(iii) Results.

The ions were treated with both the spin-polarized
and open-shell Roothaan methods , and the results of both
approximations are shown together in Table 46 on the next
page. The following notes apply to this table;

Note:(a) The entry in the table AE gives the energy of the
state relative to the CS-SCF ground state. Thus the AE

for the negative ion are less than zero, implying



- 411 -

Table 47.
Naphthalene - Naphthalene +
Quantity Spin-Polarized | Roothaan| Spin-Polarized |Roothaan
Unann ann 0s unann ann 0s
o~ 1 .2889 .2260 .1908 .2894 .2261 .1908
a2 .0107 .0399 .0592 .0103 .0397 .0591
o5 -.0994 | -.0316 .0000 | -.0997 | -.0317 . 0000
P, 1.1637 | 1.1642 | 1.1686 .8364 .8358 .8313
Py 1.0962 | 1.0969 | 1.0913 .9018 .9030 . 9084
Py, <9763 9717 .9802 | 1.0237 | 1.0223 | 1.0200
Py, .5980 .6010 .6087 .5979 .6009 .6080
Py .6857 .6868 .6806 .6858 .6869 .6809
P45 «5525 5560 -5534 «5525 - 5556 «5531
P10,5 . 5066 . 5086 .5185 .5065 . 5085 .5183
T-Energy | -304.553| -304.591} -304.415| -292.555| -292.568| -292.414
AE -2.599| -~2.636] -2.461 9.399 9.3%86 9.540
<52) .8141 . 7530 . 7500 .8145 . 7530 . 7500
Al .0000 - .0041 -
A .0040 - .0572 -
D3 .0570 - .0750 -
Ay .0748 - .0855 -
A .0852 - B, _

lower energy states than those obtained for the molecule.

Clearly these AE

represent the approximate electron

affinities of the molecule, with the positive A E's of
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the + ion corresponding to the molecular ionization
potentials.

The spin-densities of the»two ions evaluated in these
separate SCF procedures are very similar. In fact they
should be identical as shown by McLachlan,(203), due to
the pairing properties of alternant hydrocarbon ion
orbitals. Any deviation from equivalence in the results
found is due entirely to loss of numerical significance
in the wexecution of the computer program. This equivalence
has been experimentally confirmed by De Boer and
Weissman, (176), however the two spectra have been shown
to be not exactly identical by Carrington,(204) .

The theoretically calculated spin-densities may be
compared with the experimental gquantities , and the

calculated results of other workers.

Table 47.

Experimental result Theoretical result

oY1 | ©%2f O'5 o1 7o T5

Reference

McLachlan | .203 .076 ] -.058 . 222 0471 -.037

(205) 211 | .055| -.032"
Carrington| .218 | .081 | -.098 - - -
(204)
Amos - - - .269 | .021| -.081
(165) .243 | .032| -.055%

* Variable};’s used,[g(R ) . & Projected results.
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(d) The charge densities of the two ions are different,
even though the spin distributions are identical.

The results given here may be compared with those of

other investigations.

" Table 48.
. -+ .
Reference Theoretical ClOHB Theoretical ClOHB
P11 Poo Py P11 Poo Pss
(107) . 83508 . 8924 1.0536 1.17%32 { 1.1075 «3385
(165) .821 .899 | 1.061 - - -

(e) The corresponding orbital eigenvectors of these ions

as obtained with the spin-polarized program were

compared with those published by Amos and Synder,(168),

as a check for the program. Amos and Synder used virtually
correspondence

the same input parameters, and the

between the two sets of eigenvectors was very close.

(g) The Allyl Radical.

(1) Geometry.

The radical was assumed planar, with Carbon-Carbon

bond-lengths of 1.4 g , and an inter-bond angle of 120° .
2

20
1 5
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(ii) Parameters.

These were all assigned their typical hydrocarbon
values. The valence state ionization potential and electron
affinity were given the values 11.42 and .58 ev., respectively .
All resonance integrals between bonded atome were given the
value of -2.39 ev., the Mataga-Nishimoto approximation was used
for the Coulomb integrals . This particular investigation was
directed at a calculation of spin-densities, to compare with the
experimental results.

(iii) Results.

These were all obtained in the spin-polarized

approximation.
Table 49.

Quantity unann ann
0”1 L7292 .5696
0’2 -.4584 -.1392
P, .6285 .6758
T[- Energy -52.152 | -52.086
{s?> .9601 .7500

Ay .2358

Note:(a) The spin densities are in fair agreement with the

experimental results ,C}/i = .58 , CY% = -.16 , obtained

by Fessenden and Schuler , (206).
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(b) The following theoretical results have been found

in similar investigations.

Table 50.
Reference o1 Q/\Q
McLachlan, (205) «594 -.187
Brickstock, (207) - 626 -.252

(h) The Nucleotide Bases.

(i) Introduction.

The five nucleotide bases, Uracil, Adenine, Thymine,
Guanine and Cytosine , have great biological importance, (167).
Hence thelr electronic structure has been investigated by
several authors, using various semi-empirical methods, (167),(166),
(208 - 212). In this section results obtained for both the
ground state and excited molecular states of these bases are
given. The same set of parameters was utilized for all calculations,
80 numerical results ﬁay be directly compared and the degree
of equivalence in the approximations studied. The parameters
given here could be used asa starting point for the investigation
of other groups of hetero-atomic conjugated molecules, the set
belng re-optimized as necessary .

(ii) Geometry.

The molecular gecmetries of the five bases were
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taken froma paper by Spencer,(213). The atomic indexing system
is shown in Fig. 29 .

(iii) Parameters.

The valence state ionization potentials of the
constituent atoms of the nucleotide bases are now listed.

Their values were taken from references (118) and (117) .

N = =
/C IC = 11.42 EC 0.58
\ —— = P = .
/’N H IN 29.16 EN 14.49
X = = 0.
‘/N IN = 13.83 EN 0.48
N = =
//C-O Io = 17.28 Eo = 2.70
-——C=-_'H3 IH = 13.60 EH = 0.75
3 3
The set of resonance integrals used is shown below;
Bo.g = -2:39 ev. (2 ¢-H,~ 2'*f3c-c

Boo- ﬁc-c B c-x = '8*‘50-0

[3 C-N = 1'2*/3c-c
These values differ slightly from those of Ladik and Appel,(210),
giving an increased correspondence between the first two
experimental singlet excitations of the bases and those found
in the CS-SCPF-CI approximation.
The Mataga-Nishimoto approximstion was used for all two centre
Coulomb integrals.

(iv) Results.

Ground-states : The 9T -electron charge distributions of the

ground state bases are shown in Table 51 .



Uracil
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‘Ground state TT-electron distributions in the Nucleotide bases.

Cytosine

Atow™| Uracil| Thymine Guanine | Adenine
1 1.8825| 1.8826 | 1.1494 1.86824 | 1.1444
2 '.6997 .7002 .7319 8760 | .9097

"3 |1.8882] 1.8875 |1.8732 | 1.1709 | 1.1361
4 | -9158] .9096 | .9187 .9401 | .9549
5 1.0336| 1.03998 | 1.0496 1.0478 | 1.0356
6 .7466 .7404 | .8616 | .7403 | .9098-
7 1 1.4261 | 1.4249 |1.4668 | 1.1066 | 1.1284 f
8 |1.4135]1.4106 |1.9489 | .9615 | .9459
9 -9343 1.8678 | 1.8797

10 1.0703 1.9486 | 1.9556
11 1.4581

# For atomic

indexing see Fig. 29.
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From this table the similarities in the electronic distributions
within the Pyrimidine bases,( Uracil, Thymine, Cytosine), and
the Purine bases,(Guanine, Adenine ), are evident. These
T -densities may be compared with the distributions found
in other investigations,(166),(167),(214).
From these ground state “JI -electron distributions the
“f’ -contribution to the total dipole moment of each molecule
was calculated , and compared with the theoretical results obtained

by Pullman,(215),(216) .

Table 52.

Base M (D) M (D), Pullman.
Uracil 3.64 3,3
Adenine 1.06 2.7
Thymine 3.62 2.8
Cytosine 4.84 5.3
Guanine 5.06 5.7

Note:(a) Varying degrees of correspondence between the results
obtained here and those found by Pullman, who also calculated
the total molecular dipole moments of the bases by
including the O’ -core contribution, Fﬁﬁ;fkﬂ'+'rko’ .

With a parameter set specifically designed for the
accurate prediction of dipole moments, Pullman obtained
moments which were in substantial agreement with experimental

values. These parameters were calibrated in Hlckel
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approximations of simple hetero-atomic molecules.
The data used here was oriented towards a reproduction
of the singlet spectra , not the dipole moment of
the bages.
(b) The same sequence is predicted for the magnitude of the

molecular ‘ﬁ“-dipoles of the bases by both sets of results.

Excited States: The singlet excitations calculated with the

CS-8CF-CI program are shown in Table 53 , and compared to the
experimental spectra of the bases,(210),in the same Table .
Examining this table an average deviation of .30 ev. between
the theoretical and experimental values of the first two singlets
of each base is found. This represents a marked improvement over
Ladik's mean deviation of .5 ev. ,(210). In .every instance ,
except for Adenine, each individual calculated transition is

a better fit of the experimental value than that obtained by
Ladik and Appel,(QlO).These results may also be compared with
those found by Nesbet,(209). Finally it may be noted that as

is usual for SCF-CI excited singlet states, the intensity
predictions of the transitions are rather unsatisfactory .

The first triplet states of the five bases were
investigated with both the spin-polarized and Roothiaan open-shell
SCF programs. The total [l -energies of these states are shown
together with the C3-SCF ground state energy in Table 54.

The need for the use of an annihilator to improve the expectation
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Table 53.

‘Excited Singlets of the Nucleotide Bases.

ﬁase AEth fth | AEexp fexp
5‘14 '676 4081 018
5.68 | .062
Uracil A ;
6.05 .226 6.11 .30
- 6.93 .011
5.09 ] .712 4.67 .18
5.64 .076 ] a3t
Thymine -
6.02 .202 5.94
6.71 .015
4.41 3718 | 4.61 .13
oytosine | 00t | 993
' 6.53 | .904 | 6.26 .72
6.74 |..080
4.11 | 477 | 4.49 | .20
henine | 2:13 | -273 | 5.03 27
5.88 . .136
6.07 .213
5.00 .003 {-4.75 .28
Adenine 5.35 467 5.99 .54
' 6.61 415
6.78 |- .267




Table 54.

The first excited triplets of the Nucleotide bases.

'-'422-.

Base €S - SCF - Spin ~ Polarized Roothaan | CS-SCF
ase
- ground-state

| ¥o ¢.I. |wWith ¢.I.| Un Ann an | {S> | ¢S)ann | SCF ~ |
jracil | -362.652 | -363.228 | -363.276 | -363.244 | 2.12034 |2.0000Q |-363.187 | -364.561
Thymine | -466.424 | ~466.908 | -467.092 | -467.053 | 2.12389 |2.00044 |-466.991 | -468.343
Cytosine | -351.049 | -351.737 | -351.874 | -351.801 2.18293 [ 2.00186 |{-351.497 | -353%.248
Guanine | -584.653 | -585.054 | -585.553 | -585.123 | 2.47550 |2 12267 |-584.843 | -586.829
Adenine | -452.016 | -452.723 | -452.721 | -452.479 | 2.36290 |2.06404 | -452.622 -455.436
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I3

value of the spin-polarized wave functions with the spin operator,
82 , is made apparent by reference to this table. Lven after the
application of an annihilator to the SCF wave function, the
spin-polarized function of Guanine does not well represent a

pure spin state. Configuration Interaction has its usual drastic
effect on the CS-SCF results obtained initially with the
virtual orbitals. This implies that the use of virtual orbitals
in the representation of the molecular excited states is a
particularly poor approximation. It will be noted that the spin-
polarized method gives lower energy triplet states than Roothaan's
method, except in the case of Adenine . This is to be expected,

as the former method does not impose spin pairing in the closed
’Tr:electron shell. Unfortunately no direct experimental values
for these triplet states have been measured to date . There is
some evidence for a Uracil triplet at 2.1 -2.2 ev.,(212),

which agrees most closely with the CS-SCF results for the base,
taking the energy found before configuration interaction.

All the other approximations give energies of ~ 1.3 ev., except
when a restricted four component CI is used, giving 2. ev. .

The SCF charge and spin-densities for the triplet states
are given in Tables 55 and 56 . From these tables it may be seen
that the charge densities of the bases seem reasonably
independent of the method applied to find the wave function of the
first triplet state. The effect of the single annihilator on the

impure spin-polarized wave function's charge density is generally
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Pable 55.

Priplet Tl -electron charge densities of the Nucleotide bases.

Cytosine

Atom Uracil Thyminé Guanine Adenine
spo  {(spo) | ROS spo  |(spo), | Ros |} sPO  |(SPO)_ | ROS sp0 | (sPo) | ROS spo |(spo) | ROS

1 |1.8975 1.8978 {1.8956 |1.8970] 1.8972| 1.8950|1.0542 1.0547 {1.0454 | 1.9140 1.9139 |1.9112 | 1.1332] 1.1348 | 1.1456
2 6939 .6937 | .6929 | .6943| .6942| .6934 .8200 .8101 | .7277 | .9842 .9814 49369 | .9580| .9565 | .8945
3 11.8894]1.8895 |1.8919 1.8896) 1.8897 1.8920] 1.9001] 1.8994 |[1.9004 | 1.1224] 1.1251 i.1317 1.1025{ 1.1009 | 1.1363
4 1.0356 ;.0346 ~;.0243_ 1.0359! 1.0355] 1.0246{1.0536 1.0543 {1.0402 | 1.0115% 1.0115 {1.0326 { .9761} ..9736 9020

5 ‘-9428 4-9409 9490 | .9511| .9495| .9575|1.003 1.0038 | .9754 | .9559| .9554 | .9319 | .9609| .9603 | 1.0379

| 6 9149 .9109 .9681 .9071 .9023 -9769{1.0028 1.0028 | .9893 | .8557] .8480 | .8788 | .9140| .9117 .9044
T |1.4315 1.4315 {1.4353 |1.4306| 1.4306 | 1.4341 1.2092_1.2186‘ 1.3639 | 1.0928 1.0960 1.1166 1.1116f 1.1142 | 1 6590
8 ; 1;1951 1.2012 {1.1230 [1.1962| 1.2023 1.1273{1.9562 1.9563 |1.9577 | .9369| .9325 | .8833 - +9670 ‘ .9651’ 1.0445
s S 9352 .9351| .9332 N 11.9217]1.9217 | 1.9104 | 1.9278} 1.9280 | 1.9221
10 1,q631 11,0630 | 1.0659 1.9568) 1.9568 | 1.9507 '1.9489 1.9401 | 1.9537

11 | 1:2482 1.2576 | 1.3161 |




Triplet -V -electron 'spin densities of the Nucleotide bases.

Table'is;

bom Uracil Thymine Cytosine Guanine Adonine
| spo (SPO)ann ROS SPO '(SPO)ann ROS SPO (SPo)ann ROS SPO (SPo)ann ROS SPO (SPO')aIm ROS
1 ~;0062 -.0006 | .0107{ -.0071 -,0011 L0102 | 6247 .5396 | .57701 .0208 .0239 L0431 | -.1877 =~.0768 . 0001
2 ‘-.0041 -.0012 .ooo7‘-.0085 -.0033 | .0008 |-.3660 -.1617 | .0214| .5697 .4624 | .3375| .582d .4788| .0452 -
3 0456 .0448 .0429| .0450 ;0443 0429 | .0393 .0446 | .0505| -.3491 -.1562 | .0351 | -.41514 =-.1891 '.0045
4| .903% .8928 .8146| .9031| .8937 .8232 7190 .7460 | L8269 | .6773 .5790 | .5161| .676Q . .5699 0860
54. 5959 .4980 _41_452 5694 .4760 | .1435 | .0220, .0516 -1938 5397 4330 | .3273 | .6343  .340T7| .C2l2 |
6 | ~.2458 ~.0853 |.1563 | -.2519| -.0901 | .1465 | .2263 .1949 | .1164 | -.3159 -.1300 | .1058 | 301§ .2003| .0518
71 .0028 .0031 |[.0013| .0076[ .0057 | .0014 | .6666] .5721 .2067 -.3954 -.1805 ;0074 ~.3099 -.1325| .8062
8 .T108 .6484 .8283 | 7058 .6416 ;8194 0151 .0129 | .0073| .5489 .4005 | .1110| .641Q ;5461 »9401
9 <0466 ~.0201 .0012 05211 .oa19 | o264 | .o055] .oa66 0405
10 ,083%0| .0552 | .0111 ;0289 .0241 | L0217 | .0224 .0161] .0045
11 .6238. .5019 | .4687 |
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quite small . With the spin-densities, the contrast between the
methods is more marked. Annihilation has an appreciable effect
on the spin-polarized orbital spin-densities. Roothaan's

method cannot, of course, yield negative spin-densities.

(i) The Nucleotide Base-Pairs, G-C and A-T .

(i) Introduction.

.The Hydrogen-bonded base—pairs,Guanine-Cytosine,(G-C),
and Adenine-Thymine,(A-T), occur as the basic units of the
double-stranded helical model of DNA proposed by Watson and
Crick,(217). These base-pairs are planar,and the Hydrogen-bonds
linking them determine the relative positions of the component
bases. These Hydrogen-bonds are found to be nearly linear,(213),
and serve to connhect the two TT -electron systems of the
interacting bases,(216),(166),(167) . The Tl -electron interaction
between these Dbases may be investigated with the CS-S5CF-CI
approximation, and some results obtained by this method, and
many more found in the Hlckel approximation have already been
reported,(211),(216),(209),(218).

The results presented here show the effects of the
inter-base interactions on the wave functions of the base-pairs
and the degree of -V -electron re-distribution caused by the
pairing. Single electron optical transitions are also discussed.

(ii) Parameters.

The geometries of the base-pairs were obtained from
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a paper by Spencer,(21%), and the atomic numbering system

d is sh below; :
employe is owniie ow3; %1q %
O---H—N

= . \\7F27§§715

N 1
3K s N—H--N12 Nk
i

L.

™ ANYZ 2 N ANTI, S
SR
Guanine-Cytosine.
19 20
10 4—p-_ _p!® C==H,

?.
N :
8 l A 6\1,\11,__}4—-!\/11 1
N
I\ {N/Z/ O//i?_ 13
9 3 17

Adenine-Thymine.

The valence state ionization potentials and electron affinities
of the atoms in the base-pairs were given the same values as in
the discussion of the nucleotide bases, section (h) . The set

of resonance integrals used here was slightly different from
that given in (h), the set corresponding to series (a) of
reference (210).

Delocalization of the |1 -electrons through the Hydrogen-
bonds of each base-pair was treated in the manner of Pullmann
and Ladik,(166),(219). A resonance integral,/g X7 = '15/%>c’
(/i = -2.39 ev. ), was assigned to the Hydrogen-bond X-—H----Y ,

-

In addition the appropriate diagonal elements of the Fock matrix,

Fyy end Fyy , were altered by -42/§ and +.2/§ respectively

Cc=-c -
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1 = o ) R
2 Fly = Fyy + 22 CNL)

XX

All two centre integrals were obtained with the Mataga-Nishimoto

at each SCF iteration,( F!, = F - .2#?
XX c

approximation.
(iii) Results.

Charge-densitiess:s The SCF T -electron distributions of the two

base-pairs are shown compared with those of the free constituent
bases in Table 57 . The charge~densities of the individual bases
were obtained with the same molecular parameters as were used
for the base-pairs.

As might have been anticipated, the Hydrogen-bonds only
markedly effect the'ﬂ"-electron charges of the atoms directly
involved or closely adjacent to the bonds. The totalvﬁ—-electron
distributions of the bases are very little effected by their
pairing with Hydrogen bonding.

Similarly , the SCF molecular orbitals of the base-pairs
preserve to a large degree the independence of the two sets of
T ~electrons in each base-pair. Inspite of the interactions of
the paired bases, the single electron states of the base-pairs
tend to be localized on one or other of the constituent bases.

The base-pair molecular orbitals are sufficiently localized to
to be directly comparable with the free base orbitals, and the
eigenvectors and eigenvalues are found very similar .

The correspondence of the base-pair and free base orbitals
is shown in Table 58 , where the orbital energies of the molecules

in the Dbase~pairs are compared both before and after pairing.
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Table 57.
Atomic T -Charges in G-C and A-T.

ston |Feized-veses Frgiabases Paif;d-bases Frziébases
1 1.8672 1.8865 1.2003 1.1498
2 18534 8697 $8835 + 9044
3 1.1981 1.1861 1.1560 1.1501
4 .9412 «9531 . 9408 . 9476
5 1.0615 1.0515 1.0387 1.0339
6 7374 .7623 .8801 .9058
7 1.1167 1.1174 1.1378 1.1397
8 . 9690 .9635 . 9445 . 9406
9 1.8614 1.8614 1.9765 1.8765
10 1.9316 1.9444 1.9421 1.9518
11 1.4568 1.4041 1.8840 1.8974
12 1.2346 1.1706 . 7339 . 7304
13 . 7278 . 7599 1.8966 1.8970
14 1.8797 1.8809 .9140 .9202
15 .9007 .9148 1.0469 1.0466
16 1.0518 1.0525 L7360 L7612
17 .8110 .8564 1.3774 1.3771
18 1.4705 1.4193 1.4056 1.3646
19 1.9297 1.9456 .9328 .9327
20 - — 1.0727 1.0729




The Orbital Energies of G-C and A-T.

- 430 -

Table 58.

G or C orbital

2

A or T orbital

et [Er Jelw et er T
1 1-17.0474 | -16.9115 C 275 -17.7198 | -17.8780 T
2 | -16.8222 | -17.2686 G .255( -16.6269 { -16.,7150 A
3 | -16.4640 | -16.6881 G 0341 -16.3247 { -16.5301 T
4 | -15.5301 1} -15.9602 C L0911} -15.1547 | =15.6331 A
51 -15.0484 | -15.7369 G L0871 -14.9573 | -15.0011 T
6 | -13.5820| ~13.4026 C 214 -14.0074 1 -13.9909 T
71~-13.%3848 | -13.5022 G 2281 -13.3964 | -13.5652 A
81 -12.41471%{ -12.53%29 G L4144 -12.8178 1 -12.9574 T
9| -12.2624 | -12.3932 C 467 -12.2093 | -12.3134 A

10 ] -11.7009 | -11.7920 G L0234 -11.0413 | -11.0066 T

11 { -10.3505 | -10.1594 C 010l -10.8626 | -10.8967 A

12 -9.2545. ~9.3826 G .002 -9.7063 -9.8464 A

13 -2.8998 -2.7905 C - -2.8325 -2.8097 T

14 -2.3108 -2.4740 G - -1.7373 -1.8624 A

15 -.9225 -.9518 G - -1.1962 -1.2602 T

16 -.7113 -.6401 C - -1.0839 -1.1186 A

17 -.2052 -+3499 G - .0449 .0378 T

18 1.1194 1.2422 C - .0766 -.0234 A

19 1.9325 1.8297 G - 1.8820 1.853%8 T

20 - - - - 2.1823 2.0982 A
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The classification of the orbitals as essentially lbcalized

on one or other of the molecules in the base-pairs was made
entirely as a result of a comparison of the eigenvectors
representing the molecular orbitals of the individual bases and
base-pairs . The quantity A2 noted for the occupied orbitals of
the pair G-C expresses the degree of delocalization of a
particular orbital between the two bases. A2 for orbital m

is defined by A°(m) = :Ej ci,i ; where 1 € i< 1l for a orbital
largely 1localized on Cy';osine, and 12 g i ( 19 for a Guanine
based orbital . Thus A2(m) is a direct measure of the degree

of delocalization of an electron in orbital ¢m onto the base

it is not mainly localized on . From the values of A2 shown,
there is clearly quite a degree of inter-molecular delocalization
induced in the occupied levels by the interactions of the

two coupled IV -electron systems in the base-pairs. For all the
unoccupied orbitals, A2(m) < 001,13 < m £19 .

Total jT-—Vnergies: These were calculated both with and without

the Hydrogen-bonds , in an attempt to deduce the stabilization
energy of the base-pairs in the Hydrogen-bonded situation .

The bonded state is denoted G-C , A-T , and the non-bonded, G+C ,

C - -1239.0001 ev. B0 L 1239.3799 ev.
Ef;T = =1208.3%3953 ev. Eﬁjm = -1208.6964 ev.

On the basis of these energies alone, the Hydrogen-bonded base-

pairs must be regarded as de-stabilized with respect to the
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non-bonded component Dbases held in the same conformation.

This is in direct conflict with Hilckel results obtained
oy Pullman ,(216), who allowed for the base-pair Hydrogen-bonds
in the same fashion . Pullman found that the Hydrogen-bonded
states were stabilized by several Kcals. in the Hlckel
approximation , and this has been confirmed by the results of a
Hlckel treatment not presented here . Hence we have a situation
where the Hlckel and the SCF approximations are in direct
contradiction . This is not surprising , as the two treatments
represent entirely different levels of appréximation.

The Hlickel method ignores all explicit consideration
of inter-electronic interaction , while the SCF treatment does
attempt to take some degree of electron correlation in account.
From SCF treatments of the base pairs both with .and without
Hydrogen-bonds , it has been shown that most of the inter-base
interaction results from the mutual perturbing influence of the
two essentially localized T -electron charge distributions
on each other . The Hydrogen-bond coupling of the twojTisystems
has comparatively little significance . Thus a Hlickel approximation
would seem entirely unsuitable for the investigation of these
base-pairs . The ~T{ -electron SCF approach seems inappropriate
also, since apart from the inadeqguacies in the description of
the Hydrogen-bonds , these bonds themselves represent a very small
proportion of the inter-base interactions at separations of

several R . Finally it seems important to comment that the total
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Tl -energies given must be regarded as suspect to a certain
degree due to computer round-off errors inherent in such a
protracted calculation .

Optical Excitations: These were found with the configuration

interaction procedure incorporated in the CS-SCF program.
The first four calculated singlet transitions of the base-pairs
are shown in Tables 59 and 60 , and they are compared with the

free base transitions found with the same parameters.

Table 59.
Base-pair transition Component base transition
G-C
Trans.| AR £ AE, fs Base
1 3.92 504 3.93 .528 G
2 4.42 | 479 4.33 | .389 ¢
3 4.55 - - - -
4 5.05 .308 5.04 .236 G

Table 60.

Base-ia%r transition |Component base transition
Trans.| AB £ . AE | § | Base

1 4.68 | .023 4.57 | .003 A

2 4.96 | .586 4.97 | .525 A

3 5..06 - - - -

4 5.45 | .685 S.42 ) .47 T
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Note:(a) The forbidden charge-transfer transitions y transition 3,
for both G-C and A-T . These transfers involve the
excitation of an electron from an orbital essentially
localized on one base to a molecular orbital localized
principally on the other. These transitions are hence
strongly forbidden , and have no analogue in the single
base transitions. All other transitions can be readily
identified with the single base excitations , the
excitation energies being very similar in the bonded and
non-bonded cases.

(b) The SCF treatment appears inadequate in predicting the
expected hypochromic effect for the base-pair transitions,
except for the first excitation in G-C . It is felt that
the whole question of hypochromism , which has been
extensively discussed elsewhere ,(166),(220),(210), is
not best treated by an approach such as this . In such
big molecules configuration interaction is an uncertain
procedure for determining excited states , as for reasoans
of practical execution ,only such a small number of the
total range of configurations can be included . In
addition the numerical problem of finding a 20-component
eigenvector accurately ,upon which the accuracy of the
transition dipole calculated depends, is not easily solved.

It would appear again, as in the .case of the prediction
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of the Hydrogen-bond stabilization , the semi-empirical
SCF treatment 1s not suited to the discussion of such

weak interactions.

Finally the base-pair triplets are tabulated,

Table 61.
. G-C A-T
Transition AE, AL,
1 1.82 2.21
2 1.93 2.73
5 3.43 3.61
4 3.51 5.95

These triplet transitions are very different from those
obtained for the constituent bases , being at appreciably higher
energies. This is an effect t0 be expected in larger molecules,
for as the electron delocalization increases , the exchange
integral, Kij s which separates the singlet and triplet transitions,
decreases . In these base-pairs an additional factor tends to
further reduce the singlet/triplet separations for the charge-
transfer type excitations . These transitions between molecular
orbitals essentially localized in different parts of the TT-system,
will have almost identical singlet and triplet energies. This
occurs because Kij tends to zero where the orbitals i and

belong to different weakly interacting T -clusters . The effect
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is additional to the reduction of Kij consequent on the

increase in molecular size.

From these various results found for the base-pairs,
several conclusions may be drawn . First , the constituent
molecules in the base-pairs retain a high degree of autonomy ,
this isg indicated by the "ﬂ‘—electron distributions and the
optical transitions . This independence of the bases is somewhat
in variance with the degree of delocalization found in the SCF
orbital eigenvectors,( see A2 in Table 58 ). It is, however, the
most tightly bound electrons which have the greatest degree of
delocalization . The higher energy electrons which are directly
involved in the optical transitions are more localized.

The se&ond major point to arise from this work is the
inadequacy of the MO-SCF description for weakly interacting

“TV -systems , and this is not easily solved without a more

'ab initio' approach to the whole electronic problem.

(j) The Helical Polynucleotides,Poly(G-C),Poly(A-T), and

Poly(U) .

(i) Introduction,

The band structures of the periodic DNA models,
Poly(G-C) and Poly(A-T) have been investigated in the semi-
empirical Pople-Pariser-Parr SCF crystal orbital approximation.

The theoretical background to this calculation of the SCF Bloch
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wave functions of one-dimensional polymers with simple
translational symmetry was discussed in Chapter II , section (20).
A computer program for performing such calculations was given

in Chapter IIT .

The results found utilizing this delocalized self-
consistent model are of general interest in the description of
polymeric systems . Here, however, investigation was directed
specifically at determining the 7T.-electron energy-band structures
of simple anologues of natural DNA , constructed from the base-
pairs G-C and A-T . The periodic polynucleotide chains in the
models were given the same geometry as the chains in the Watson-
Crick stereo-model of DNA B ,(217) y With a translational
distance of 3.36 £ bvetween unit cells, and an inter cell rotation
of 36° .

In addition to these stacked base-pairs, the homopoly-
nucleotide Poly(U) was studied, both in the SCF crystal orbital
scheme , and by the successive stacking of up to five base
residues to form a short polymer. This treatment of up to five
Uracil molecules in the same conformational relationships as
five unit cells in DNA was performed with a modified version of
the CS-SCF program .

Finally it should be observed that natural DNA is an
aperiodic solid, so the results given here may be of only limited
value in the interpretation of the properties of the natural

product .
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(ii) Parameters.

The parameters necessary for the polymer-SCF
program fall into two groups, intermolecular and intramolecular
quantities .

The intramolecular parameters of thé base-pairs,
the valence state ilonization potentials and electron affinities,
resonance integrals and interatomic distances, were given the
same values as in the previous section, where the free base-pairs
were considered . The Hydrogen-bonds linking the constituent
molecules in the base-palrs were allowed for in the same manner
as previously discussed . The intra-base parameters used for
Poly(U) were identical to those given in reference ,(210).

The small inter-base resonance integrals, s

C
were the same as those which have been applied in previous Huéiel
band calculations of periodic DNA models ,(184),(185) .
These- resonance integrals between neighbouring stacked base-pairs
were estimated on the basis of the overlap integrals between the
orbitals of the superimposed bases of the model DNA chain,(166),
(221) . The smaller integrals between the two components of a
base-pair were neglected.

The two centre Coulomb integrals both within the
base-pairs and between the base-pairs in the neighbouring unit
cells were approximated with the formula of Mataga and Nishimoto,

(124) . The inter unit-cell atomic distance matrix required for

this, Rgt, was obtained from the geometry of the B form of DNa, (222).
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(iii) Results.

Poly(A-T) and Poly(G-C).

The wave functions of the systems Poly(G—C)
and Poly(A-T) reached the required degree of self-consistency
in both cases after six iterations of the polymer-SCF program.
Eleven K values were taken in the range O to 27 ,( see page 275 ),
with two of these values representing the limits of X , K= O ,
and X = 2w . This number of intervals at which the band energy
was derived gave a reasonable compromise between computational
accuracy and program execution time. In a test of the program
using 11 and 22 K-values for Poly(U) , substantially the same
results were produced in both calculations. This is in line with
the experience of Ladik, et al.,(22%) .

In Tables 62 and 63 the band structures obtained for
Poly(A-T) and Poly(G-C) are given . The band widths and limiting
energies are shown , together with the K values of the band
maximum and minimum . The last column of +the Tables lists the
corresponding orbital energies of a single A-T and G-C pair
respectively , calculated with the CS-SCF program and the same
intramolecular parameters .

Figs %30 and 31 give the comparison of the occupied
levels of the free nucleotide bases , the base-pairs , and the
polymer Ybands in A-T and G-C respectively .

From the X dependence of the energies of the different

bands , with Eb(K) evaluated at 11 K values in the range ,
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.. Table 62.

The band structure of;pply(

A-T) in eV-s

‘Maxihum Minimum Band A-T base pair‘

BK) K E(K) | X | width levels

1 | -17.491( = _18.024| 0 |0.532 ~17.720
2 -16.292 L -16.618 | 0 |0.326 -16.627
3 | -16.142 x | -16.469| o |0.327 -16.325
4 | -14.985|3/5% | -15.186| O |0.201 |  -15.155
5 _14,586 x -14.961{ 0 | 0.375 -14:957
6 -13.955 n | -14.037| O |0.081 | -14.007

5 | -13.968 x | -13.330| 0 |0.362 -13.396
8 -12.686 x -12.839{ 0 |0.153 -12.818
9 -11.894 0 -12.10Y| = |0.213 -12.209
10 1018 x | -11.060] 0 |0.042 -11.041
11 -10.498 T -10.690( O [0.192 -10.863

12 | -9.316 0 | -9.615 = |0.299 - 9.706

13 | - 2.767 o | -2.843| = |0.076 - 2.833
14 | - 1.465 o | -1.567| = |0.102 - 1.737
15 -1.175 7 - 1.222) 0 }0.047 -~ 1.196
16 | - 0.793 o | ~0.869| = |0.076 = 0.084
17 | - 0.102 = 0.096 | 0 10.006 0.045
18 0.321 0 0.296 | = |0.024 0.0717
19 1.787] o 1.718| = |0.008 1.882
20 2.471 " T 2.410| 0 [0.060 2.182
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- Lable 63. e
The band structure of poly(G-C) in eV-s
" Band | Maximum | ¥inimum ! Band Molecule
B(K) K- B(X) K | width , G-C level
1 ;16,764 n |-17.262 0 | 0.498 i ~17.042
2 | -16.447 | x |-17.061 | o | 0.614  -16.882
-3 -16.130 x| -16.425 0 { 0.295 ;7—16.464
4 -15.107 n |[~15.639 0 | 0.533 ;‘-15.530
5 | 14.647 |« |-14.160 | 0 | 0.113  -15.088
6 | -13.436 x |-13.546 | 0 | 0.110 | -13.582
1 ; -13.158 % [-13.210 0 | 0.052 ; -13.385 |
8 i -12.296 | 4/5% [-12.408 0 | 0.112 | -12.415 é
9 '2 211.993 x |-12.141 o o148 | -12.265 |
10 % -11.392 0 |-11.551 n' 0.159 | -11.701
11 % -10.257 x |-10.348 0 | 0.091 | -10.351
12 | - 8.900 | 0 |-9.188 | = |0.288 | - 9.255
113 | - 2.821 0 - 2.915 n 0.694 - 2.900
14 - 2.076 r |- 2.170 0 | 0.093 | - 2.311 i
15 | -0.721 | 3/5% |-0.755 | = |0.035 | - 0.523 é
16 | - o0.622 0 [-0.675 | 3/5% | 0.053 | - 0.711 i
17 0.026 | 0 | 0.086 x| 0.112 | - 0.205 |
18 1.183 ® | 1.169 0 | 0.014 1.119 é
19| 2.8 x| 2152 | o0 |0.0%0 | 1.9%2 |
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7

0 £ XL27, a Fourier fit for the individual band structures

was constructed . The Fourier coefficients ,

g = v d
@)O - A;\:T Eg(k) K
° 2T

' dK
g = = E s (K cor(mK)
| €,n T ), e ¢
were calculated , with 1 £ ng 5 . These coefficients are shown
in Tables 64 and 65 for Poly(A-T) and Poly(G-C) respectively .

In all cases, the smooth curve obtained by substituting these

Fourier coefficients in the expression,

<
Ee(0 = E¢, 20 €4, con(nK)
r Yz_:'l '

fitted the computed Eb(K) values very well . This comparison
of the Fourier synthesis and the eleven points was achieved
with the use of the College's IBM Calcomp ineremental plotter ,
thus all graph plotting was automatic . A sample of the output
1llustrating the degree of correspondence obtained is shown in
Fig 32 , the continuous curve represents the Fourier synthesis,
and the points the calculated values of Eb(K) . The band shown
is the highest occupied in Poly(A—T) y Band 12 .

From the results in Tables 62 and 6% it is clear that
the occupied bands in Poly(A-T) and Poly(G-C) have appreciable

widths. This justifies the delocalized treatment of the7V-electrons
of the stacked nucleotide bases.,

The forbidden band width between_the highest filled
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Table 64. o
efficients for the bands of poly(A-—T)

B?d Ed)o 6{2)1 E(fe £ @’3‘ ; g(f’l, . | E@ls
1 | -17.756 | -0.266 | -0.002 | 0.000 | 0.000 | 0.000
2 | -16.452 | -0.165 | -0.003 | -0.000 | 0.000 |-0.00Q
3 | -16.312 | -0.163 0.006' | -0.000 | 0.000 |-0.000
4 | -15.043 20.087 | ©0.05 | —0.012 0.005 0.008
5 -14.823 | -0.196 0.054 0.013 -0.005 Lo.oos
6 | -13.994 | -0.041 | -0.003 | -0.000 0.000 | -0.000
1 -13.164 | -0.180 0.015 -0.001 -0.000 0,000
8 1§ -12.7717 | -0.072 0.013 | -0.004 0.001- | -0.001
9 | -11.978 | 0.102 | -0.022 0.004 | -0.001 0.001
10 | -11.039 | -0.021 | -0.000 0.000 0.000 | 0.000
11 | -10.595 | -0.096 0.001 0.000 | -0.000 0.000
12 | -9.461 | 0.149 | -0.005 | 0.000 | 0.000 |-0.000
15 | - 2.804 | 0.03% | -0.001 0000 0.000 —o,ooo'_
4 | -1.515 | 0.051 ~0.001 0.000 | -0.000 | 0.000
15 | -1.199 | -0.023 0.000 0.000 | 0.000 0.000
16 | -0.830 | 0.038 | -0.002 | -0.000 | .0.000 0.000
17 0.099 | -0.003 | -0.000 | -0.000 0.000 | -0.000
18 0.307 | o0.012 0.001 | -0.000 | -0.000 0.000
19 1783 0004 | To.000 | =0 000 T =o0-060 o000
20 2.440 | -0.030 0.000 | -0.000 | -0.000 0.000

~




- 446 -

- Fourier-coefficients for the bands of poly(G-C)
Bend €4 €2, |€2. |Fes |fa. |E¢s
1 |-17.002 | -0.248 | -0.012 | -0.001 0.000 0.000
o2 -16.761 | -0.310 - 0.008 0.003 -0.001 0.000
3 | -16.289 | -0.145 0.011 | -0.003 | 0.001 | -0.000
4 | -15.3718 | -0.266 0.006 0.000 | -0.000 0.000
5 | -14.696 | -0.057 | -0.008 0.001 —oﬁooo 0.000
6 | -13.487 | -0.055 | -0.004 0.000 0.000 | -0.000
7 |-13.190 | -0.026 | 0.006 | -0.000 | -0.000 0.000
8 |-12.333 | -0.054 | -0.022 0.001 0.001 | -0.000
9 |-12.095 | -0.072 | 0.029 | -0.002 | -0.001 | -0.000
10 | -11.460 0,078 | -0.011 0.002 | -0.000 0.000
‘11 | -10.303 | -0.046 0.001 0.000 0.000 0.000
12 | -9.042 0.144 | -0.002 0.000 | 0.000 0.000 -
13 | - 2.866 0.047 -0.002 | 0.000 0.000 0.000
14 | -2.124 | -0.047 0.001 | -0.000 | 0.000 |-0.000
15 | - 0.733 0.007 -0.015 0.002 0.001 ~0.001
16 | - 0.655 0.022 0.013 | -0.002 | -G.001 0.001
1T | - 0.031 0.056 0.001 »-otooo' -0.000 | -0.000
18 1.176 | -0.007 0.000 | -6.000 | -0.000 0.000
19 2.167 -0.015 | -0.000 -o.ood -o;ooo -0.000
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2.

The highest occupied band in Poly(A-T).
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and the lowest empty bands in Poly(A-T) is 6.5 ev., and in
Poly(G-C) it is 6. ev. . This gap, however, does not correspond
directly to the excitation energy of an electron from the filled
band into an empty one . In the treatment of molecular excitations
it was seen how additional electron interaction integrals, the
Coulémh term, Jij sy and the exchange integral, Kij , are needed

in the calculation of the transition energy for the excitation

of an electron from orbital i to J . With the use of such integrals
reasonable predictions of experimental values are possible .

For a polymer, clearly both Jij and Kij tend to zero, as the
excited electron and the remaining hole are delocalized over the
whole of the polymer in the Bloch approximation. The correlation
between the hole and the electron is ignored , and it may perhaps
be accounted for with the aid of Wannier exciton theory,(S).

The 5CF band widths obtained here may be compared with
those found in the Hiickel approximation , and it is found that
the widths are mostly of the same order ,(185) .

Pinally it may be noted in Table 66 that the charge
distribution of the ¥V -electrons on each monomer of the poly -
nucleotide chain is not appreciably altered from that of the
free base-pair.

| Poly(U).
This homopolynucleotide was studied from two viewpoints.

First the crystal orbital approximation was used to calculate
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Table 66.

“W -electron charge distributions on Poly(G-C) and Poly(A-T).

Atom | Poly(G-C) gzii 2a%e™l Poly(a-T) §Z§§ Lases
1 1.8730 1.8672 1.1997 1.200%
2 L8617 .8534 .8768 .8835
3 1.2034 1.1981 1.1588 1.1560
4 .9465 L9412 .9386 .9408
5 1.0517 1.0615 1.0364 1.0387
6 .7358 7374 .8832 .8801
7 1.1182 1.1167 1.1382 1.1378
8 .9671 19690 <9491 <9445
9 1.8624 1.8614 1.8777 1.8765

10 1.9269 1.9316 1.9416 1.9421
11 1.4500 1.4568 1.8848 1.8840
12 1.2229 1.2346 .7326 .7339
13 . 7260 .7278 1.8983 1.8966
14 1.8778 1.8797 .9226 .9140
15 .9030 .9007 1.0410 1.0469
16 1.0587 1.0518 L7346 L7360
17 .8170 .8110 1.3794 1.3774
18 1.4699 1.4705 1.4017 1.4056
19 1.9280 1.9297 .9333 .9328
20 1.0716 1.0727
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the band structure as for Poly(G-C) and Poly{(A-T),this was the
"infinite polymer'" trestment . In the second approach , polymers
of Uracil consisting of from two to five base residues were
examined by treating these "limited polymers' as just one big
molecule. In both cases the geometrical relationship between the
stacked bases was modelled on the stereochemical structure of
natural DNA B , with a translation of 3%.36 E and a rotation of
36° between neighbouring bases .

The"infinite polymer" was treated with the polymer-SCF
program , while the "limited polymer" wave functions were found
with a specially modified version of the CS~3CF program .

The results obtained for an infinite helical chain of Uracil bases
are shown in Tables 67 and 68 . The first of these Tables shows
the band widths and 1limits , and compares the bands with the
molecular orbital energies. Table 68 gives the coefficients of the
Fourier synthesis , which was again very successful in fitting
the calculated points. Here only the coefficients up to =3 were
required . The results should be comgpared with Hiickel results
obtained by Ladik,(184), and also some SCF data published,(223).
After these results for infinite polymers,we turn to
the consideration of the polymer analogues , constructed by
stacking several Uracil bases together . These small polymers

were treated as one large molecule , thus , as for the infinite

polymers , complete electron delocalization was allowed .
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Table 67.

The Tr-electron band structure of Poly(U).

Band Maximum Minimum Band Molecular
b E (K) | K E, (K) width energy
1 -17.6182 | T |-18.1870 .5688 | -17.8171
2 -16.4226 T {-16.6669 L2443 | -16.4761
3 ~14.2060 | ZT |-14.2385 0325 | -14.1911
4 -12.9263 T |-13.0235 .0972 | -12.9289
5 -11.0654 T |-11.1077 .0423 | -11.0483
6 -2.6783 0 -2.7544 L0761 -2.6838
7 -1.1999 T | -1-2604 L0605 -1.2049
8 L4226 o 4050 | 7 .0176 <4516

Table 68.

Fourier coefficients for the Poly(U) bands .

Band

b gbm ghﬂ gbﬂ ng
1 -17.9021 | -.2844 |-.0005 .0001
2 -16.5482 | -.1219 .0035 |-.0002
3 -14.2172 | -.0159 |-.0055 .0001
4 -12.9781 | -.0485 .0033 .0000
5 -11.0866 | -.0212 .0001 .0000
6 -2.7157 .0381 | -.0007 .0000
7 -1.2304 -.0302 .0002 . 0000
8 4141 .0088 | -.0003 .0000
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It was of interest to examine to what extent this freedom of
TT--electron exchange between the bases was utilized by the
SCF single electron wave functions . Here, unlike the case in
the crystal orbital approximation with Bloch wave functions,
excessive delocalization was not imposed by the théoretical
treatment applied.

Due to the large size of the effective eigenvalue
problem obtained by treating a system of up to five Uracil bases
as a single moleculeA, only ten SCF iterations were allowed in
all cases , which usually meant convergence of at least .01 ev.
in the orbital energy values between sgccessive iterations .

The maximum and minimum orbifal energies found for a
given 1T -electron "band" ;obtained by the splitting of identical
electron states in the formation of the short polymers, are
shown in Table 69 together with the band widths for the polymers
of five or less Uracil residues . The reason it is possible +to
assign a particular orbital energy as belonging to a particular
"band" , 1s that within the limited polymers the individual base
units retain a high degree of autonomy . Individual orbital
electron distributions as represented by the appropriate eigen-
vectors tend to be strongly localized on one or other of the bases.
The electrons do not delocalize any further than their nearest
neighbours , and manage to retain their molecular identities.

This limited degree of delocalization which the TV -electrons

have is further reflected by the optical transitions which are
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Table 69

Band width in analogues of Poly(U) .

U U U*U*U UXU*T*T U*U*U*U*T
B E: | AKE( E< |ARE; E; | ARI Bt | AE¢
-17.817|-17.997| .281 | =18.069! .41%|-18.109] .484] -18.114 ] .542

-17.715 -17.656 -17.626 -17.571
-16.4761-16.579] .143 | -16.621| .235|-16.638].281|~16.635|.317

-16.435 -16.386 -16.3%56 -16.318

~14.191| -14.247 .088 | ~14.272| .160}{-14.262|.178} -14.281.231

-14.160 -14.112 -14.084 -14.050

-12.929}-12.979| .066 | -12.989| .083|-13.008}.129| -13.001|.160

-12.913 -12.906 -12.879 ~12.841

-11.048{-11.141] .162 | =11,170{.251| -11.159}.273} -11.178}.326

-10.978 -10.919 ~-10.886 ~10.852

-2.684| -2.774] .162 | -2.804|.252] -2.796|.276] -2.817}.329

-2.612 -2.552 -2.520 f2'487

-1.205] -1.294}.152 -1.263].115} -1.254|.129] -1.246{.131

~1.142 -1.149 -1.125 -1.115
452 .3481 .182 .318{.271 .330] .291 .3051.348
.530 . 589 .621 .653

Note:(a) The various polymers are denoted,U,U*¥U,U*¥U*U, and so on.
(b) The limiting energies of the 'bands',li; are above each
other . A E.is the pseudo-band width.
(c) Compare these bands with those in Table 67 .
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shown in Table 70 . The molecular sizes precluded any form of
configuration interaction so the virtual levels were used in

a straight forward manner to obtain the excitation energies.

The electronic transitions could be directly identified with
individual transitions occuming in one or other of the base

ﬁnits , and could thus be compared with the free base itransitions.
The transitions in the polymers were labelled as a result of
comparison with the free base excitations. All the "allowed"
transitions were very similar to the free base excitations, and
hence could be interpreted as transitions between single electron
states strongly localized on individual molecules of the polymer.
A1l charge-transfer transitions appeared as "forbidden" excitations,
as the degree of electron delocalization was so low in the

higher occupied orbitals and the virtual levels. These transitions
are not shown in Table 70 .

Thus it would appear that even in a polymer,the inter-
base interactions of theTl-systems of the Uracil monomers are
unable to induce sufficient delocalization in the optiecal states
to give transitions appreciably different to those of the free
base . A model with "localized excitations" appears applicable,
and the treatment of optical excitations as electronic transitions
between energy bands with no electron/hole correlation seems

incorrect .
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Table 70.
~ Blectronic transitions in stacks of up to five Uracil bases.

Transition 5,6 {Transition 5,7|Transition 4,6| Transition 4;7
| AB | fs AL AL $ ABG|BE | §s | AB BB 5s | ARy

5.67]|.926|2.23|6.39|.065|6.09|6.88].044]6.14|8.25].532]5.08

5.66(.894|2.31|6.24{.768/6.00{6.93{.045|6.37|8.30{1.46/5.84

5.7011.3212.2916.56].064{6.25{7.19}.207]|6.50{8.48}.524}5.70

5.66].858/2.41|6.36|.041|6.15|7.2%].195!6,76{8.58{1.05/6.59

5.70(1.26[2.48|6.531.643]|6.31{T.42{.033|7.038.72|.160]7.42

5.701.899{2.30(6.61}.060{6.30|7.67].026{7.18{9.03}.374|7.01

5.67|.761{2.66[6.68].055|6.39

5.71|.756{2.65{6.70|.069!6.50

5.70|.887{2.35(6.82|.026|6.68

5.72|1.0112.94|7.00|.517|6.83

5.661.89412.3117.0%{.026{6.86!16.92|.035|6.41{8.79}.029!7.16

5.70{1.23/2.58|7.08|.375|6.95|7.41| .010{6.97{8.79{.307| 7.43

5.731.790/2.61{6.65{.05116.45{7.53| .158/ 7.10/9.10|.291]| 8.01

5.80(.407|3%.58(6.73| .078|6.49|7.72] .007| 7.49{9.04!.290|8.02

5.761 3741 3.56(6.23| .050/5.99{7.78| .026! 7.42|8.67|.451| 6.88

Note:(a) All

(b) ¥

excitations are given in evs.

is the number of monomers in the polymer.

\

(c¢) Results are missing for the polymer UXUXU*U due to

a computer program fault.
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From all this it must not be infered that no tw-electron
delocalization occurs between the residues in a polymer of
weakly interacting bases such as Poly(U) . As may be seen from
Table 70 , the excited singlets and tfiplets do tend to move
to higher energies, and there is evidence for a hypochromic
effect, especially in the lowest singlet , which is in agreement
with experimental observations,(166) .

Finally it must be remembered that a five residue>
polymer is a very poor approximation of an infinite one, none of
the effects discussed seem to have converged and the results
even for five bases stacked together may still be dominated by
end-effects . Unfortunately calculations on polymers with more

than five monomers were impossible for reasons of computer time.

(3) Comments on the Results.

Most of the individual results which have been
presented either speak for themselves, or have been discussed in
context . Some generalities may however be made, and several
conclusions drawn.

First we may reflect on the results obtained
for the polymeric systems of T -conjugated molecules .
Unfortunately here we can make no direct appeal to experimental
work to confirm our calculations . As we would have expected
intuitively , it is predicted that in these polymeric systems

of weakly interacting T -conjugated molecules , the constituent
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molecular units will retain a high degree of their individuality.
Some I ~electron delocalization does occur in the lower enérgy
molecular orbitals, but the use bf the Bloch crystal orbital
approximation may well over emphasize this. Confirmation of
this comes from the experimental observation that the spectrum
of the DNA chain closely corresponds to that of the superimposed
spectra of its nucleotide base constituents . The optical excited
states of the chain seem essentially localized . All these
comments hinge on the interpretstion put upon the results obtained
for the polymer analogues , constructed from several stacked
repeating base units.

In the assessment of the molecular results much expsrimental
data is readily available, and generally the theoretical values
seem in fair agreement with their observed counterparts.Considering
the assumptions of zero differential overlap and the TT-electron
separability , the Pople-Pariser-Parr method achieves outstandingly
successful results . The semi-empirical approach succeeds in
the accurate prediction of optical spectra and spin-densities
for a variety of molecules using the CS-SCF-CI , the spin-polarized
or the Roothaan methods . Even reasonable values of the molecular
lonization potential may be directly calculated. An excessive
degree of parameter variation is not required , and the normally
acceptable semi-empiric values of the resonance integrals and

two centre integrals give good results for a whole series of
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molecules . In one case where other workers have found it
necessary to depart from the semi-empirical two centre integrals
to reproduce experimental spin densities , it has been shown

that this was entirely due to their neglect to ensure that the
total molecular wave function was an eigenfunction of Sz, (196).

The excited triplet states of molecules seem to be poorly
predicted by all the techniques used. All methods did, however,
tend to give the same value , which was usually too low .
Singlet spectra were much easier to predict . It was found that
often apparently good results obtained with the CS~SCF-CI method
could be effectively ruined by increase in the number of
configurations taken in deriving the triplet state.

Before concluding we must acknowledge the degree of
equivalence in all these different molecular methods, as witnessed
by the similar results often obtained by applying various methods
to the same molecular state . The Roothaan and spin-polarized
open~shell proceduresg are very similar , since although the
latter does not impose from the outset spin-pairing on the electrons
in the closed-shell, it does so eventually in the spin projection
routine , used to obtain a "good" eigenfunction of 82 . In this
procedure effective gpin-pairing is re-introduced within the
closed-shell.

¥inally it may be seen that the molecular methods
discussed and applied in Chapters II ,III, and IV , represent

reasonably sound approachs , which in view of their sweeping
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assumptions and often gross neglections, give surprizingly

good results. More work is needed in improving the "rigour"
with which +the molecular problem is approached . A& more " ab
initie" +treatment is required sc that the empirical nature of
the approach may be replaced with a more deterministic one .

The polymer field needs much more investigation , concerning the
best mecdel to use, and how to treat excited states. The results
presented here are merely preliminaries to the whole electronic

problem of weakly interacting systems .
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