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The previously proposed idea of parametrizing the equations-of-motion method [Int. J. Quantum Chem.,
18, 205 (1980)] has been worked out for the 7—n* transitions of linear polyenes. The excitation operator consists
of not only 1p-1h creation and annihilation operators but also 2p-2h creation and annihilation operators. [Bull.
Chem. Soc. Jpn., 61, 1103 (1988)]. The proposed scheme accounts for the effect of 6—o* mixings in contrast with
the traditional pi-electron theories. In the present work, the two-center Coulomb integrals are evaluated by 1/R,
and all the one-center integrals on the C atom are assumed to be the same. Values of the three parameters (a, b, {)
introduced in the scheme are so determined that the computed excitation energies of ethylene and s-trans-
butadiene fit the observed values. The scheme has been applied to a series of all-s-trans linear polyenes through
dodecahexaene. Some notable results are: (1) The o—o0* mixings play a significant role in lowering the
excitation energies of the allowed transition to 1'Bu; (2) the 2!'Ag state is of Ag~ type and almost free from this
effect; (3) double excitations (2p-2h states) are dominant in the 2!Ag state but practically negligible in the 11Bu
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state.

The basic idea of the equations-of-motion (EOM)
method employed here is to find an excitation operator
0.t which creates an excited state | A> by its action on
the ground state | 0>:

|[A>= 00> (and 0;| 0> = 0). (1)

The operater Oit is constructed as a linear combina-
tion of creation and annihilation operators of particle-
hole pairs and their products. The coefficients of the
linear combination are determined in such a way that
the excitation operator Oif satisfies an equation which
is formally the same as the equation of motion for a
boson creation operator:

[H, 0,7 |0> = ;0,1 0>. @)

Certain molecular integrals appearing in the tradi-
tional configuration interaction (CI) calculations for
the ground and excited states are eliminated in the
EOM calculations because Eq. 2 is set up directly for
the difference between the two states.?

In a previous publication,? we proposed a way to
parametrize the EOM for the m—7n* transition in
conjugated molecules. Emphasis was then laid on the
treatment of the effect of 6—o* mixings. This effect,
called the sigma-dynamical screening,® was expected
to make a significant contribution to lowering of the
singlet transition energies.2~¥ The traditional pi-
electron theories like the PPP method do not explicitly
account for this type fo sigma-electron screenings. In
the PPP calculations on conjugated hydrocarbons, the
one-center integral v, is set equal to 11 eV instead of
17 eV as evaluated by the Slater 2p orbital with the
effective nuclear charge Z¥=3.18.9 The discrepancy
was analyzed by Orloff and Sinanoglu® from the view
point of sigma-pi electron correlations.

# Present address: Yashiro High School, Koshoku,
Nagano-ken 387.

The proposed semiempirical scheme is constructed
on the EOM initially written for the STO-basis
“Hartree-Fock” orbitals. In the final form of the
scheme, however, the SCF orbitals are computed only
for pi-orbitals; sigma-electrons are assumed to be lo-
calized in separate bonds (C-C and C-H). Excitation
energies for o—o* are all set equal to an adjustable
parameter a which is expected to be around 1.
Hereafter, Hartree’s atomic units are employed unless
otherwise specified. The one-center integrals needed
in this scheme are all for the 2p orbitals of the C atom
and set equal to one parameter y,,=(93/256){ whose
value is expected to be around 0.6 (i.e. 17 eV) (or {=1.6)
as evaluated from the Slater orbitals. The two-center
integrals vy,, are all set equal to 1/R,, which is the
leading term in the expansion of 7y,, when the Slater
orbitals are used. The resonance integrals 8,4 are set to
be —bSps/Rpg, where Spq are the overlap integrals
evaluated with the Slater orbitals, and b is an
adjustable parameter which is expected to be around 1.
Values of these parameters (a, b, {) are determined in
such a way that the calculated transition energies fit
the observed values for the N—>T, V transitions of

-ethylene and butadiene.

Low-lying excited states of conjugated molecules are
usually well described as linear combinations of singly
excited configurations. However, the 2!Ag state of
linear polyenes is the well-known exception where
doubly excited configurations are thought to be more
important.” Thus, in the present study, we employ
the (1p-1h) plus (2p-2h) EOM® which may also be
termed as the 2nd higher RPA.'™® The proposed
scheme is applied to all-trans linear polyenes through
dodecahexaene.

The EOM method employed in the present work is
closely related to the propagator methods. A recent
review article? gives ample references on these
methods.
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1. Summary of the (1p-1h)+(2p-2h) EOM®

The following form is assumed for the excitation
operator:

OASM) = 32, A Ymy(AS)Crmy'(SM) — Zmy(AS)Cmy(SM)}
+ z(m'y,ms){Y(z)(m'y.n&)(ls)n’"‘/-"ﬁ)t(SM)
—Z® ry,ne)(AS) my,ner(SM)}.  (3)

In this expression, Cmy'(SM) and Cpy (SM)are the crea-
tion and annihilation operator of particle-hole (1p-
1h) pairs (m, ¥),!® and I'imy, n97(SM) and T'imy, n8(SM)
are the creation and annihilation operators of 2p-
2h states (m7y, nd).1»® They produce excited states
with spin symmetry (S, M) by their action on the
closed-shell ground state |0>. Hereafter, m and n refer
to unoccupied (particle state) orbitals, and vy and 6 to
occupied (hole state) orbitals. They are assumed to be
the Hartree~-Fock (HF) orbitals. The I'imy.n8t listed in
Table 1 are “orthonormal” in a sense that the 2p-2h
states created by these operators acting on the
Hartree-Fock ground state |HF> are orthonormal.

With this excitation operator Of(1), Eq. 2 approx-
imately leads® to
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In this matrix equation,
Ymy = EmvYmy; Emy = EmyZmy, (5)
8my = (1 + Pyy = Pmm)!’2, (6)
J{my.na(s) = amnays(sm - Ey)
+ {—[(mn | ¥6) + 8mnT s — 6y6Tmn)
+ (850)2(my | n8)}/ (gmvgns),  (7a)

Fmy,ns(S) = {_("l)s[(ma [nY) = Smy,ne]

+ (850)2(my | n8)}/(gmv &ns), (7b)

Sm‘y.ms == 2,,,,[(7"5 |pF)CPM,'l1(0) + (n‘y |P#)Cpu.m6(0)]» (83)

Twmn = (1/2)2ysmv.nv; T'yg = — (1/2)2psp‘y,p6, (8b)
Prn = (1/2)8,,,2520,1C mv,pu(S)Cru.pu(S), (9a)
Pys= — (1/2) B 14, X5=0,1C"97.pu(S)Co8,pu(S), (9b)

where
C’(0) = [3C(0) + C(1))/4; C’(1) = [C(0) + 3C(1)]/4  (10)
and

Cmy,ns(S) = — [_(_l)s(m‘s! ny)

+ (850)2(my | n8))/ (em + & — & — &).  (11)

Hereafter, p and g refer to unoccupied orbitals and u

_,ca/ _ f; ,q/°(:).2> ~ g e ; and v to occupied orbitals. In these expressions, & is
;f en o o0, o ' ye the HF orbital energy and (ij| kl) is the two-electron
0 — o@D 0 — 0@ 70 molecular integral:
(7| k1) =f[i(l)j(l)](l/hz)[k(2)l(2)] dv,dv;,. (12)
Py In Eq. 4,
_ 4 -
= o |ye .4 L0e,) = o0, (13a)
70
Mo(l‘z)m"y': (m‘y,n&)(s) = Ao(l'z)m"y': (mv,nb)(s)/gm")"» (l3b)
Table 1. The “Orthonormal” 2p-2h Creation Operators I'imy,ng (SM)
S=M=0
Timy,my" = Cmy'(00)Crmy'(00)
Tmy,ny'= \/2€m7*(00)cn‘r*(00) (m#n)
Timy,me)t = V/2Cmy1(00)Crmst(00) (y#9)
Ty, n8),' = Cmy'(00)Crs'(00) + Cpms'(00)C ' (00) (m#n,y#06)
Ty, n00" = (1/+/3)[Cmy'(00)Crs'(00) — Cims"(00)Cir(00)] (m#*n,y#39)
S=1, M=0
Timy,nint = (1/V/2)[ Cmy'(10)Cy1(00) — Cry'(10)Cmy '(00) ] (m#n)
Liny,ms)" = (1/1/2)[Cmy"(10)Crms'(00) — Crms'(10)Crmy'(00)] (y#9)
Timy,nent = (1/2)[Cmy'(10)Crst(00) — Crs'(10)Crmy'(00)]
+ [Crms"(10)CryT(00) — Cry'(10)Crms'(00)] (m#n,y#9)
Timy,ns)e’ = (1/2)[Cmyt(10)Crs'(00) — Crst(10)Cimy'(00)
— Cms'(10)Cny'(00) + Cry'(10)Cmst(00)] (m#*n,y739)
Liny,n0s" = (1//2)[Cmy"(10)Crs"(00) + Cns'(10)Crmy1(00)] (m#n,y#39)
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and 4°®.2 and 4°@.2 are defined by

A°WD s my,n)(S) = <HFI[CM'V'(SO),H»r('nv,n&f(so)]'HF>,
(14a)

A°@ D gt omy,ne)(S)
= <HF|[Tm'y, ws(S0), H, T imy,na)'(SO)] |[HF >, (14b)

where |HF> is the HF ground state (i.e. the
noncorrelated part of |0>.) Referring to Table 1, we
can readily obtain these elements from their primitive
ones

A°WD sy ns(S)
= <HF|[Cny/(S0), H, Cmy*(SO)Cns*(00)] | HF >

= \/2{8,y[(mm’|nd) — (nm’|m8)/2]

+ 8sy/[Bso(nm’ |my) — (mm’ |ny)/2]

= Smm[(vY’ [n8) — (8v'Iny)/2]

—8um'[8:(8’ |m7y) — (v¥'[m8)/2]}; (15)

A°@ Dy 1ty na(S)

= <HF |[(Cm'y*+(S0)Cp5+(00))1,
H,Cmy*(S0)Crs*(00)] | HF >

= {(em + & — &y — &5)[(Omm’Onn’Oyy'Bss

— Omm’Onn'08v'85'/2 — Opm’Omn'Oy'8s57/2)

+ (850)8nm*Omn 05,85 ]

+ (Bmm'Ban’ = SrmSmn’/2)(vy" |86”)

+ ((850)BrmOmn’ — Smm'Sun’/2)(8y" | ¥8")

+ (84v8s — 88v'8,5:/2)(mm’ |nn’)

+ ((8s0)08v8,5' — Bvyy'855/2)(mn’ |Inm’)}

+ {[8mmBy2(n’8" |n8) — (8mmByer(n’y’ |n8)

+ 8mn'8yy (M’ 8" |18) + BumByy’(n’8’ |Mm8)

+ SmmSay ('8’ |ny)) + (1/2)(8mmBos(n’y’ |ny)

+ BunByy ('8’ |m8) + SumSyar(n’y’ | M)

+ BunBay (8’ |ny))] + (8eo)[2(Bum'Bsy(n 8 | my)

+ Bmnbys(m’y’ |n8) + Bun'bosr(m’y’ |my))

— (8’85 (m’ 8’ |my) + Sum'Ser(n’y’ |m7y)

+ B Bser(m’y’ |ny) + Eu'Sywr(m’y’ |mé))1}

+ ([~ (BmmBssr(nn’|yY’) + SunByy (mm’|58)

+ BumByy(nn’|88’) + Sundsi(mm’ | ¥Y"))

+ (1/2)(8mmByp(nn’ |8Y') + (Smn'yy(nm’ |88

+ 8um'Byy/(mn”|887) + Smm'Ssy(nn’ | ¥8’)

+ 8un'Bsy(mm’|y8’) + um'Sos’(mn’|yY’)

+ Smndas(nm’ | vy’) + Sundys(mm’|8v"))]

+ (Bs0)[— (Bam'Byar(mn’ |87") + BpnBay(nm’| &)

+ SumBsy(mn’ | y8’) + Smun'dye(nm’|8v’))1}. (16)

In solving Eq. 4, we split it into two equations. By
doing so, the order of the matrix to be diagonalized is
reduced to half. They are written as follows:

o +F wou?d [? + x ]

woan 4022 | |yo 4+ z@

o —F w2
@1 A°@.2
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_ v+ 7
w? [Y<2)+Z‘2)]; (17a)
& +F A°WD ([ —F  A°W2
AL B Aoa.z)] W7o, Aoa.z)}

v-—x) _ ,v—-x
yo—zo | =9 |y _za|. (17b)

Note that the eigenvalues in these equations are w?2.
The transition dipole moment is given by

D= — <0[(r)op|d> = (8s0)V/2Z,, { #mv (20)

+ 2 my(A0)}(gmy d°my), (18)

where

d®my Efm(r)r‘y(r)d*‘r. (19)

Note that terms of Y@ and Z®@ vanish in deriving the
last expression of Eq. 18.9 The oscillator strength is
written

h = (2/3)@a| Dy |2 (20)

It is important to note that the result in Eq. 18 has
been derived on the assumption of the normalization
condition <A| A>=1 or equivalently

Zmy{l ~?/mv()~s)|2—| 2’,,,7(13)]2}
+ D np | Y Pimy.ne)(AS) |2 — |ZBmy, n(AS) |2} = 1. (21)

Thus, Di is indirectly affected by Y@ and Z® through
this normalization condition. Normalization of the
eigenvectors of the reduced Egs. 17a,b must be handled
with great care so that they satisfy Eq. 21.19

2. Effective EOM for the 7 — n* Transitions

Previously?:d an effective . EOM for the n—n*
transitions was derived by partitioning the (1p-1h)
EOM into the Il=(z*n) and Y=(o*, o) parts. The
assumption of the zero differential overlaps between
pi- and sigma-orbitals leads? to

J&’a‘o,ﬂ*ﬂ(s) = ﬂa‘o,n‘n(s) = (5:0)2(0*0In*ﬂ)/(gv‘ognm).(22)

We shall later let govs=1. It was then shown? that the
effect of the 3} part on the EOM for the IT part was to
reduce the integral (mvy|né) in » and #, Eq. 7, as
follows:

(my|nd) — (my|nd)” = (my|né) — az—iT Gmy,ns > (23)

[
where
Grmy,ns = 4 Dowo (Mmy | 0*0)(nd|o*0). (24)

Henceforth, m and n refer to the n*-orbitals, and y and
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0 to the m-orbitals. In deriving Eq. 23, we have set all
the diagonal elements .#o*s,0% equal to one adjustable
parameter a which is expected to be around 1 (in
Hartree a.u.). In order to calculate G in Eq. 24, we
construct sigma-orbitals by linear combinations of sp?
hydrids for carbon and 1ls orbitals for hydrogen.
Employing the approximation of complete neglect of
differential overlaps between sigma-AQO’s and the
approximation that all the charge densities of sigma-
AO’s be 1 and the bond orders be 1 for bonded sigma-
AO’s and 0 otherwise, we have

sigma-bonds

=, [mynlné|n], (25)

Gm‘y.no =

where, for a sigma-bond (n) formed by sigma-AQO’s u
and v,

[my|nl[ndln] = [(my|uw) — (my|vo)][(nd|uw) — (nélvv)].
(26)

In dealing with the 2p-2h states, we shall consider
only those of pi-electrons and ignore any 2p-2h states
in which sigma-electrons are involved. Then, our
effective EOM for pi-electrons takes the same form as
Eq. 4 or 17 with m and n referring to the n*-orbitals
and v and § to the zm-orbitals. Only the difference is
that the integral (mvy|n8) in Eq. 7 should be replaced
by (m<y|nd)” given in Eq. 23. In computing the S, T,
and p in Eqgs. 8a—9b, however, note that the
summations of p and g run over both n* and ¢*, and
the summations of 4 and » run over both 7 and o.
Therefore, if these summations are restricted to
running over only 7- and n*-orbitals in the effective
EOM for the n—7* transitions, one must add to these S,
T, and p the following correction terms S’, T’, and p’,
respectively, due to correlations with sigma-elec-
trons. As is shown in Appendix A, they are written as

S'myns = (1/2)[(a + &m — €6)1 + (@ + &n — &4)")Gmsny, (27)
T'mn = (1/2) 23S mann; T’y = — (1/2) D08 n0,n%5, (28)

Pmm = (1/2)2:Gma,mn/ (@ + &m — &)2; (29a)

vy = — (1/2)BaxGary,ary/ (@ + &ax — £4)2. . (29b)

When Eq. 4 or 17, with the replacement of Eq. 23, is
solved for pi-electrons, the normalization condition in
Eq. 21 is satisfied for the amplitudes of pi-electrons.
Then, the norm <A|2> becomes greater than 1 due to
contributions from the amplitudes of sigma-electrons.
As is shown in Appendix B, we have

Nz =<A|A>
=]+
4aw,;
(8s0) m 2"1"”12"2‘"2(G"l”'l-"2"”'2/ [g"l"'lg"z*”zl)
X AZapon(A) 2o (D HZ 2po(A) + 2”2"’2(1)}' (30)
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Thus, the transition dipole moment in Eq. 18 should
be written as

D; = (5:)N; 1 V2 2, AZ my(A0) +2'my(20) }(gmyd®my).  (31)
3. Parametrization

A parameter a has been already introduced as an
averaged energy for the o—0* excitations. In evaluat-
ing the two-electron integrals, we have been employ-
ing the zero-differential overlap (ZDO) approxima-
tion. For these integrals, we only have the following

types:

(7]k1) = 2,CHCHHCR,CDpY,p,

+ 2(: z;qc(i)pc( DyC®,C D Yy (32a)
#q

(i7|uquq) = CDOGC ey’ qu, + 3 (xq)COpCDpY puy,
(32b)

where i, j, k, and [ refer to 7 and/or n* MQO’s and wu, is
a sigma-AQ at atom q. The coefficients C™®, are of the
SCF pi-MO k. We set

Yo = V'puy = Yoo = (93/256)L; (33a)

Yra = V', = 1/Rpy (p#q), (33b)
where R, is the distance between atoms p and g.

Now, the SCF-MOQO’s for pi-electrons are obtained
according to the usual procedure.!? The coefficients
of the LCAO-MO’s and the orbital energies satisfy the
equations

2, FsCOy = CO,, (34)

where the Fock matrix elements are, in the ZDO
approximation,

Fr=Hy + (1/2Pnyn + 2y Pss Ves3 (35a)
Fre = Hys — (1/2)Prs vis (r#s), (35b)

and
P =23.CH,C0,. (36)

The diagonal elements H, of the core Hamiltonian
operator are approximated as

H, = U,,_‘ 23(¢,)')‘75, (37)

where the one-center terms U, are all the same (Up) for
carbon atoms. We set

U, = Up = —0.4101 (the negative of I.P. for C(2p)),
(38)

although any other value of Up suffices for the present
purpose as we need only the orbital coefficients and
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the orbital energy differences rather than the absolute
values of &. The off-diagonal core matrix elements H,;
are approximated to be the resonance integrals. Here
we employ Ohno’s proposal!? that

Brs = (¥rs — 2/Ry5)Srs. (39)

We therefore set

Hrs = Brs = —bSrs/Rr.h (4‘0)

where b is an adjustable parameter whose value is
expected to be around 1 and S;s is the overlap integral

Srs =[1+ p+(2/5)p% + (1/15)p3lexp(—p); p = {Rws.

(41)

Note that the simple replacement of <y, by 1/R;s in
Ohno’s formula corresponds to letting =1 in Eq. 40.

4. Application to Linear Polyenes

The effective EOM with adjustable parameters describ-
ed in the preceding sections is now applied to the
n—7* transitions of all-s-trans linear polyenes.

(i) Determination of the Values of a, b, and {. Val-
ues of the parameters a, b, and { are determined in such
a way that the computed transition energies fit the
observed values for the N—T, V transitions of ethylene
and butadience. The assignment of 4.6 eV to the N—»T
and 7.6eV to the N—V of ethylene is well estab-
lished.!® On the other hand, the ordering of the lowest
excited states of s-trans-butadiene has been a subject of
considerable controversy.”-13-2D In the present work,
we employ the assignment proposed by Doering in his
electron impact study,2® i.e., 5.9 eV for the optically
allowed 1Bu state and 5.8 eV for the 2'Ag state. The
value for the 1Bu state seems well established both in
UV spectral'® and electron impact?® studies.

These four values are used to determine values of the
three parameters a, b, and { in the vicinity of a=1, b=1,
and {=1.6. An optimized set of values has been
obtained as a=1.10, b=1.05, and {=1.65. With these
parameter values, we obtain 4.21 eV, 6.65 eV for the T,
V states of ethylene, and 5.72 eV, 5.83 eV for the 1Bu,
21Ag states of butadiene, respectively.

(ii) Computational Details. Input data of molec-
ular geometries are as follows. The planar shape with
the Con symmetry (Dzn for ethylene) is assumed for all
the polyene molecules. For ethylene, s-trans-butadi-
ene, and s-trans-hexatriene, the following experimen-
tal data?? are used: R(C=C)=1.337 A, R(C-H)=1.103 A,
and ZHCH=116.2° for ethylene, R(C=C)=1.3405 A,
R(C-C)=1.463 A, R(C-H)=1.090 A (averaged), and
/CCC=123.3° for butadiene, and R(C=C)=1.337 A at
both ends and 1.367 A at center, R(C-C)=1.457 A,
LCCC=121.7° (outer), and 124.4° (inner) for hexatri-
ene. The angular conformation of the CHz group at
both ends of butadiene and hexatriene is assumed to be
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the same as that of ethylene. All the ZCCH’s, except at
both ends, are assumed to be the same, and R(C-H)=
1.09 A is assumed for all the C-H bonds. For longer
polyenes, we set R(C=C)=1.367 A (but 1.337 A at both
ends), R(C-C)=1.457 A, R(C-H)=1.09 A and ZHCH=
ZCCH=4CCC=120°.

With these molecular geometries and a given set of
parameters a, b, and {, the SCF-MOQO’s for pi-electrons
are obtained by solving the secular equations of Eq. 34.
Then, the matrices &/, #, «°®2, and 4°@.2 are con-
structed including the S’, T, and p’ described in
Section 2, and Eq. 17a or 17b is solved for w. For each
singlet transition, the molecular integrals (mvy|n8) of
« and # are replaced by the reduced quantities
(m<y|nd)” with the previously obtained eigenvalue of
w, and Eq. 17a or 17b with these new .~ and #is solved
to give final results for the singlet transition. As
mentioned above, great care is needed in normaliza-
tion of the eigenvectors in this case.1?

(iii) Results. The transition energies computed with
the parameter values (a=1.10, b=1.05, and {=1.65) are
listed in Table 2. The weight of (2p-2h) components,
i.e. the value of the second term in Eq. 21, is also given
in parentheses for each transition. For the allowed
transitions, 1!'Ag—1!Bu, the oscillator strengths are
given in square brackets. Due to the correction of Eq.
23, i.e. the sigma-dynamical screening effect, the transi-
tion energy for the 1'Bu state was reduced by 1.56 eV
for ethylene, 1.16 eV for butadiene, 1.05 eV for hexa-
triene, 1.03 eV for octatetraene, 1.00 eV for decapen-
taene, and 1.00 eV for dodecahexaene. Such reduction
was negligibly small for the 21Ag states: 0.02 eV for
butadiene, 0.01 eV for hexatriene, 0.003 eV for octatet-
raene, and so forth. All of these 2!Ag states were of Ag-
type. The observed values for !Bu listed in Table 2 are
all taken from Table 2 of Ref. 7. They agree very well
with those more recently given by Leopold et al.,?? i.e.,
5.74eV for butadiene, 4.93 eV for hexatriene, and
4.41 eV for octatetraene. Ramasesha and Soos?%) gave
values of the oscillator strength per site by their
“exact” PPP calculations. They are 0.169 for
hexatriene, 0.164 for octatetraene, and 0.159 for
decapentaene, which may be compared with our
values 0.193, 0.184, and 0.180, respectively. The
oscillator strength f is plotted against the number of
double bonds in Fig. 1. The f value of the s-trans
linear polyene with 11 double bonds is that of -
carotene which was deduced from its absorption
intensities in various organic solvents?® using the
dielectric theory proposed by Shibuya.2® The transi-
tion energies for 13Bu, 13Ag, 1'Bu, and 2!Ag are plotted
in Fig. 2.

5. Discussion

The numerical results presented in the preceding
Section appear fairly reasonable as a whole. As is seen
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Table 2. Computed Transition Energies (in eV) to the Low-Lying
Valence States of All-s-Trans Linear Polyenes
3Bu 3Ag 1Bu 21Ag
(obsd) (obsd) (obsd)® (obsd)?
Butadiene 3.44 3.2v 4.61 4.95 5.72 5.91 5.83
(0.05) (0.01) (0.007) (0.73)
[0.85]
Hexatriene 2.88 2.79 4.04 4.29 4.93 4.93 4.89
(0.08) (0.06) (0.02) (0.77)
[1.16]
Octatetraene 2.58 2.19 3.48 3.6 4.42 4.40 421 3.97
(0.11) (0.08) (0.02) (0.79)
[1.47]
Decapentaene 2.41 3.11 4.08 4.02 3.86 3.48
(0.13) (0.10) (0.03) (0.81)
[1.80]
Dodecahexaene 2.32 2.85 3.83 3.65 3.67 291
(0.14) (0.12) (0.029) (0.82)
[2.137]

Values in parentheses are the weights of (2p-2h) components, and values in square brackets are the oscillator strengths.
a) All taken from the review article of Hudson et al.? b) From Doering.?®¥ c) R. McDiarmid, A. Sabljic, and J. P.
Doering, J. Am. Chem. Soc., 107, 826 (1985). d) M. ‘Allan, L. Neuhaus, and E. Haselbach, Helv. Chim. Acta, 67,

1776 (1984).
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Fig. 1. The oscillator strength (f) of the 1!Bu transi-

tion of all-s-trans linear polyenes against the number
of double bonds. The empirical value of B-carotene
was deduced from its absorption intensities in var-
ious organic solvents?® using the dielectric theory .20

in Fig. 1, the plot of the calculated oscillator strengths
well extrapolates to the “empirical” value of B-caro-
tene. The computed transition energies of the allowed
1Bu states are all in excellent agreement with experi-
ment. The 21Ag states, which mostly lie below the
allowed 1Bu states, were found to be essentially domi-
nated by the 2p-2h states. This agrees with the widely
accepted notion.”? Figure 2 indicates that these transi-
tion energies converge to certain finite values as the

number of double bonds increases.

We have tried to see whether a pure pi-electron EOM
scheme is possibly constructed. This means that not
only the sigma-dynamical screening Eq. 23 is omitted
but also the correction terms S’, 77, and p’ are ignored.
In this case we would have only two parameters b and
{. This, however, was not successful: The EOM
became instable for the triplet transitions. The
inclusion of the correction terms S’ and 7’ was
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Fig. 2. Calculated transition energies for the four
lowest excited valence states (13Bu, 13Ag, 1!Bu, 2!Ag)
of all-s-trans linear polyenes against the number of

double bonds.

essential. Parametrization at the RPA level would also
fail, as the RPA fails for the triplet transitions already
in its non-empirical treatment.?

Great interest in polyacetylene (CH), as an electron-
ic material has stimulated some recent investigations
of the low-lying excitations in linear polyenes.24:27-29
Gutsev et al.2? employed the Discrete Variational Xa
method, but all the other investigators?4:22-29 employ-
ed schemes in the framework of the PPP approxima-
tion. Hemley et al.3® employed an extended PPP-CI
theory to analyze the absorption spectra of the
1A;—11B, transition of jet-cooled hexatriene.23

Application of the present scheme to nonlinear
conjugated hydrocarbons is straightforward,and such
a study is currently in progress.

Appendix A: The Correction Terms §’, T’, and p’
From Eq. 8a, we have

S'my,ns = — oy [ (M8|0*0)Cova,ny(0) + (n7y|0*0)Covo, ms(0) ],
(A1)

where m and n refer to the n*-orbitals and y and 6 to the
n-orbitals. Note that in the summation of Eq. 8a, the terms
for (p,u)=(n*, o) and (o*, 7) vanish due to the symmetry or to
the ZDO approximation between the pi- and sigma-orbitals.
Using Eq. 11, we have

Corny(0) = — 2(o*a|ny)/ (& — &4+ a), (A-2)

and a similar expression for Co%,ms(0). In deriving Eq. A. 2,
we have let all the e»—e&=a according to the approxima-
tion introduced in Section 2, and (e*v|n)=0 due to the ZDO
approximation. Substituting these expressions in Eq. A. 1

and using the G defined by Eq. 24, we obtain

S’ myns = (1/2)[ (&m — €5+ @)1 + (&n — &+ @)~ ]Gt ny-
(A.3)

To derive T, first note that Smo,ne=Se*v.c+6=0 due to the ZDO
approximation. Then, from Eq. 8b together with the result
Eq. A. 3, we have

T'mn = (1/2)Z, S mapn; T'vs = —(1/2)3, ,S'ary,xes.  (A-4)

The derivation of p’ is more complicated. Substituting
Eq. 10 together with Eq. 11 into Eq. 9a, we obtain

pmm = (1/2)3,,,[3(pu|mv)? — 2(pu|my)(py|mp)

+ (pv|muR)/ (& + &m — & — &2 (A.5)
where m refers to the n*-orbitals, but p to both n* and o¥,
and u and v to both 7 and 6. We note that the terms in the
summation of Eq. A. 5 vanish due to the ZDO approxima-
tion if both # and v are o. Similarly, the terms with uv=on or
mo are nonvanishing only if p=c*. Therefore,

O'mm = (1/2)8, 3., 4(0*0 |mR)2/ (En — & + Eox — Eo)2.
(A.6)

Letting all the g+—¢&-=a, we obtain Eq. 29a. The expression
of p’vvin Eq. 29b is derived in a similar manner.

Appendix B: The Normalization Constant N;,! in Eq. 30

Originally the normalization condition <A|A>=1 was
assumed as in Eq. 21. For the effective EOM for pi-electrons,
however, the summations in Eq. 21 run over the 1p-1h and
2p-2h states of pi-electrons only. Thus, N?>=<A|A> differs
from 1 and becomes greater than 1 due to the contribution
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from the terms of sigma-electrons. In our model, the mixing
of o—o* is considered only at the level of 1p-1h states.
Therefore,

N2=1=3_ 1 Zold)|2—| & oolA)|2)

o*a

(B.1)

=[ 75(A) — =] [ 7=(4)
Zs(A) |

As was shown earlier,?

[ Z3() -

Zs(A)
(#z2—w;) e 1[ #Fen ~zn| [ Zn(d) (B.2)
—Frzz —(Fsxtw)| |[—Fe=n — Fun| | 2nl) |

Letting #zz—0 and using Eq. 22, we have

‘?z(l) — —(‘MEE —au)"l Mzn {yn(l) +2/n(l)} (B 3)
3(A) (s 1) wen {Zn(d) +2n(d)}]. '
So that,
N2z — 1= [(zz— o)1 ¥en{ Zn(d) + Znd)}|?
= (%22t @)t Fen{¥n(d) +2n(d)}|?
_ 1
= [ (a — wl) (a + © )2]21:1*1: Zuz‘zzza‘a
{5/"1"'1()‘) +2”'1“"1(A')} A upno00 (S)
X 7 gv0, aypny(S){ ¥ npnfA) +2 non )} (B-4)

In deriving the last expression, we have let .+ o*,0*s=a and all
the off-diagonal elements of «:x be 0. Now, referring to
Egs. 22 and 24 and letting go*+s=1, we obtain

_4“_
(a2 — wi2)?

(Gul‘ul,xz‘nz/ [gﬂl‘ﬂ,gﬂz'ﬂz] {g/xl*nl(/l) +2:r,‘xl(l)}

Nz — 1= (&) DI 2 .

X AL mgong(A) + Z ngong(A)} . (B+5)

Computations were carried out using facilities of the
Computer Centers both at Shinshu University and the
University of Tokyo. This work was supported by a
Grant-in-Aid for Scientific Research from the Ministry
of Education.
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