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The excited states of the organic dye anions of Uranine and Eosin Y are invesitigated by the semi-empirical

SCF-MO-CI calculations.

The two-center core integral values of the C-Br bond (—0.20 V) were determined.

Agreement between the calculated and observed spectra was satisfactory. The first intense bands of these dye
anions can be assigned to the HOMO—>LUMO transition band arising from the local excitation of xanthene ring.
The second bands are interpreted as the overlap of the two transition bands for the xanthene ring and for the

residual z-systems.

Because of the interest in the metachromatic changes
exhibited by many dye ions,'~% we have made experi-
mental studies on the solvato-chromic effects of several
xanthene dyes.®’ We analyzed the solvent effects on
the Eosin Y spectra using the modified McRae’s
theory,” and determined separately the values of the
dispersion shift and the hydrogen bond shift.®) In
addition, an attempt was made to estimate the elec-
trostatic shifts for Eosin Y anion by means of Hiickel
MO perturbation theory.” It was concluded that
quantitative knowledge about the electronic transitions
of the solute dye ions is needed to obtain a deeper
understanding of the solvato-chromic effects. For
xanthene dyes including Uranine and Eosin Y, how-
ever, very little is known about the nature of the elec-
tronic transitions.

The main aim of this invesitigation is to gain in-
formation about the electronic transitions of Uranine
and Eosin Y anions. For this purpose, the lower
excited states of the anions of Uranine (URANZ?-)
and Eosin Y (EOSY?2-) were invesitigated using semi-
empirical SCF-MO-CI calculations.

Theoretical

Methods and Models. The Pariser-Parr-pople
type of SCF-MO calculations!®!) with limited D-CI
were employed. In these calculations, singly-excited
configurations higher than the ground configuration
by 10eV, and doubly-excited configurations higher
than the ground configuration by 18—25eV, were
taken into account. The equal charge sharing models
(see Fig. 1), in which a formal negative charge is
equally shared between the two oxygen atoms O (24)
and O(25), were considered for each of the anions.
The attached benzene ring with a carboxy group
cannot rotate freely around the C(14)-C(15) linkage,
because of its steric hindrance.'® We determined the
dihedral angle to be 6=73° from the sum of the van
der Waals radi of C(3) and C(23).1® The molecular
geometry used were assumed as follows: All bond
angles equal to 120° and C(14)-C(15)=1.51,"9 C(21)-
C(22)=1.24, C(21)-C(23)=1.24,1% C(5)-0O(24)=1.26,
C(10)-0O(25)=1.26,19 C(3)-Br(26)=1.89,1718) C(6)-
O(7)=1.39, and aromatic C-C bond lengths equal
to 1.39 A.

Parametrization. One-center-core and repulsion
integrals W’s, v,,’s were evaluated from the valence
state ionization potentials and electron affinities. Two-
center-core integrals, f,’s were calculated by the

R=Br; EOSYZ‘

R=H:URAN?

Fig. 1. Nuclear skelton and coordinate of an equal

charge sharing model of URAN?- and EOSY?- anions.

Dihedral angle 6 is measured clockwise from the plane
of the xanthene ring.

Wolfsberg-Helmholtz’s formula.'® Taking account of
the rotation of the benzene ring, the two-center core
integral for the C(14)-C(15) bond was formulated by
Eq. 1;

K
Bras = *2‘S14,15(0=0°){W14+ W5} cos 6, (1)

where, 0 is the dihedral angle, Sy, ,; the overlap in-
tegral between C(14) and C(15), and K a constant
taken to be 0.96 when B, in benzene is —2.39 eV.
For the carbonyl and carboxy oxygen, W,-1/2 is taken
as the arithmetic mean of W, and Wy); Wy is
determined by a method identical with that previously
reported by Nishimoto and Forster.2®) The two-center-
repulsion integrals y,, were evaluated by the Nishimoto-
Mataga’s formula.?) In the present calculations, the
Br atom is assumed to participate in the pi-electronic
system with a 4p lone electron-pair.

However, we have no available parameters for the
atom, so we determined that parameter by following
procedure. A one-center-core integral Wy, 1is esti-
mated from the second ionization potential of the
free Br atom.??) The one-center-repulsion integral,
and the effective nuclear charge, Z,., were
The two-

yBrBr’ 3
evaluated by Morita-Dewer’s formula.2?)
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TaBLE 1. PARAMETERS
Core  W,,.[eV® (rr|rryleVD) Q.0 VARE A4,/
C+ 11.22 10.06 1.00 3.25 1.358
O+ 17.70 15.23 1.00 4.08 0.9453
O2+ 33.90 18.93 2.00 5.65 0.7606
O-1/2 17.70 15.23 1.00 4.08 0.9453
(1) 17.70 15.23 1.00 4.08 0.9453
Br2+ 21.60 13.80 2.00 4.21 1.043
a) W,,: Valence-state ionization potential. b) (rr|rr):
One-center repulsion integral. c¢) Q,: Core charges on
atom r. d) Z:f: Effective nuclear charge. e) A4,:

A,=14.398/{rr|rry (A).

center-core integral, Bz, was regarded as a parameter.
Preliminary calculations were made by changing f¢g,,
from —0.1 to —1.0eV; an appropriate value of this
parameter was determined as fo5,=—0.2 €V. This
value is lower than that estimated for 3-bromophen-
anthrenquinone molecule by Kuboyama et al? A
major source of this difference is that in negative ions,
the pi-electrons are much more weakly bound and
the spatial distribution of the electrons is more dif-
fuse.25:26)

Subsequently the correct fgg, would be lower in
magnitude than that estimated from a Slater type
4p orbital. The parameters finally employed were
listed in Table 1.

Experimental

Uranine and Eosin Y obtained commercially were pu-
rified in the manner described previouly.®? Wako Junyaku,
Spectro grade, acetonitrile was used without further pu-
rification.

Visible and ultraviolet absorption spectra were measured

on a Shimadzu UV200-S spectrophotometer. All the meas-
urements were carried out at 25.0 °C.
Results and Discussion
Characteristics of Molecular Orbitals. The SCF-

MO energy levels considered in CI calculation are
illustrated in Fig. 2. One of interesting features found
in the energy-level diagrams is that the HOMO of
URANZ?- is localized on C=0, whereas that of EOSY?%-
is localized both on C=O and Br. This indicates
that in EOSY2- C=O and Br make dominant con-
tributions to the lower energy excitations arising from
the HOMO to the appropriate unoccupied MO’s.
Another feature found in the energy diagram for
EOSY2- is that the four new levels that originated
from the 4p Br orbitals are closely located just below
the HOMO level, so that the HOMO level is slightly
destabilized. This orbital energy destabilization pro-
duces a red shift in the lowest energy absorption band
of EOSY?2- in comparison with that of URAN?-,
Transition Energies and Oscillator Strengths. The
calculated and experimental transition energies and
oscillator strengths were shown in Table 2, where the
calculations without D-CI are also shown for the sake
of comparision. Agreement between the calculated
and experimental values is satisfactory, excepting the
oscillator strength for the lowest transitions of both
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Fig. 2. MO energy-level diagrams for URAN?- and
EOSY?-, together with the orbital character.
Symbol P and X designate the MO of phenyl and
xanthene groups, respectively.

dye anions. As is shown in the table, the D-CI pro-
cedure does not always reduce the value of oscillator
strengths, but it does enhance that value. This un-
expected result may be partly ascribable to the fact
that in our calculations, the number of doubly-excited
configurations is not sufficiently large.

MO Coefficient Diagrams. The ground and ex-
cited state functions ¥y (J=0, a,b,,..) are listed in
Table 3. In the table, the configurations whose weight
of mixing is larger than 2.09,, are given. On the
basis of the main terms of the ground state functions,
the MO coeflicient diagrams associated with the ex-
citations ¥;.m’s<¥¢ can be constructed from the
one electron molecular orbitals of ¢; and ¢, as is
shown in Figs. 3—4.

Electronic Spectra of URANZ-. The calculated
and observed spectrum of an acetonitrile solution of
URAN2- are shown in Fig. 5. In the absorption
spectrum of an acetonitrile solution of URANZ?-, we
can see four m—a* transition bands at 19.5, 32.5,
37.2, and 43.9x 103 cm~1. The additional tail at lower
energy side (22—23x 10% cm~1) may be ascribed to the
singly ionized species.?””? 'The first high intensity vis-
ible band (1) is assigned to the transition ¥,<¥,,
designated by line (@), which is mainly contributed
by a HOMO—-LUMO transition arising from the
local excitation of xanthene ring (Fig. 3). The second
weaker band (2), is regarded as the overlap of the
two different types of transitions ¥y<¥, and ¥,
¥,, denoted by (b) and (c): ¥p<¥, Originates from
the excitation of the attached benzene ring with car-
boxy group, whereas ¥ <%, originates from the ex-
citation of the xanthene ring (Fig. 3). The third
band (3) may be regarded as the superposition of
the two transitions (d) and (e), although this assignment
may not be unique, The predicted polarization direc-



852 Koichi Hirano [Vol. 56, No. 3
TaBLE 2. TRANSITION ENERGIES (A E(103cm™1)), OSCILLATOR STRENGTHS ( f) AND POLARIZATION(¢°)
URAN?-
S-CI D-CI Obsd
Transition .
AE S ov AE S oV AE S
a 22.3 1.642 1.6 22.3 1.655 1.7 19.5 0.251
b 30.9 0.065 —72 31.1 0.065 —172
c 33.0 0.172 —87 33.2 0.172 —87 32.5 0.081
d 36.1 0.361 —83 36.3 0.363 —83
e 38.1 0.136 56 37.3 0.132 71 37.2 0.092
S 48.2 0.096 —31 48.4 0.097 31 43.9 0.670
EOSY?-
S-CI D-Cl1 Obsd
Transition —
AE fo v AE fa @v AE S
a 20.6 1.130 0.73 20.2 1.360 1.6 18.9 0.427
19.39
b 20.9 0.300 3.2 »
c 21.9 0.070 —0.14 22.0 0.069 —7.9
d 23.1 0.079 —8.0 23.2 0.082 —6.1
e 30.9 0.064 —72 31.3 0.065 —72 31.2 0.144
S 32.8 0.132 —88 32.9 0.118 —88
g 34.2 0.113 —90 33.9 0.132 —85
h 36.2 0.165 90 36.3 0.146 85 38.2 0.294
i 44.1 0.141 86 41.2 0.765

a) Oscillator strength greater than 0.05. b) The polarization vector is projected along the z-axis and angle ¢

was taken in a right-handed sense against the x-axis.
solvent effects.®

c) For gaseous EOSY?- determined from the spectral

TABLE 3. GROUND AND EXCITED WAVE FUNCTIONS OF URAN2- anp EOSY?2-

URAN2?-

EOSY?-

W,=0.999F o» + ...
¥Uo=0.985¥"y4 15+ -+

U, =0.9880 1516+
¥,.=0.880715-0;5—0.272F 4,1+ -+

Ug=0.8370 14016 +0.345% 1 1o —0.275% o ot -
U,=—0.6617 14 10+0.646% ;s —0.255% 4 1o+ -
VU;=0.901 515 +0.3620 14 19+ -
U,=0.862U_,1—0.395% ¢y — -

Uy=0.999%¢+---

Ua=0.951T 15 110+0.206% 1,19+ -

U,=0.9810 15 1o+0.137F 14 po+ -+

Uy=0.9917 5 o+

we=0.989w'15->20+ o

U =0.8290 1, 19 —0.3200 15y + -

U, =0.7830 11 —0.453% 1510 —0.3420 oo+ -

Up=—0.5680 1q_rps—0.5100 15_rgp+0. 2800 14— pp — 0. 2557 15rpp+ -

U, =0.8530 19— 0.2540 1, o+ -
U ;=0.585% 103y — 0. 499 g3 +0. 3518 1 py + -

a) G: Ground configuration.

tion of transition (4) is along the x-axis and those
of (b) and (¢) are along the y-axis. This agree well
with the prediction based on the fluorescence polari-
zation measurements.28)

Electronic  Spectra of EOSY?-. The absorption
spectra of acetonitrile solution of EOSY?- and URAN?-
generally resemble (Figs. 5, 6): There are four 7n—
n* transition bands at 18.9, 31.2, 38.2, and 41.2 x 103
cm~! (Fig. 6). The first intense band (1) shows a
small red shift in comparision with the corresponding
band of URAN?-. This is interpreted in terms of
orbital destabilization due to the substituent effect
with bromine. This band is assigned to the transition
¥,«<¥, mainly contributed by a HOMO-LUMO
transition, arizing from the local excitation of the
xanthene ring. A chracteristic feature of this transi-
tion is that on going from ¥, to ¥,, a substantial

amount of charge transfer from the carbonyl oxygen
(—0.127¢) and from the bromine substituents (—0.229¢)
into the xanthene ring, especially the central carbon
atom C(14), the latter being primary (Fig. 4). The
second weaker band (2) is regarded as the overlap
of the transitions ¥e.«<¥%, and ¥;<¥, denoted by
(¢) and (f). Transition ¥.«<¥, has almost the same
nature as that of ¥,«¥, for URAN2- which has
been already been described. Transition ¥,<¥,,
however, is somewhat different in nature from that
of ¥.«¥, for URAN2?-: On going frem ¥, to ¥y,
the charge tend to move away from the xanthene
ring to the carbonyl oxygen (Fig. 4). The third band
(3) may be assigned to the superposition of the tran-
sitions (g) and (%), however, the fourth band (4) cannot
be assigned to the calculated transitions.

Neither the transition energies nor the oscillator
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Fig. 3. Schematic representation of MO coefficients for
URAN?- associated with three lowest excitations.
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Fig. 4. Schematic representation of MO coefficients for
EOSY?- associated with three lowest excitations.

strengths were affected by changes of the dihedral
angle 8. This is consistent with the transitional char-
acteristics of these dye anions.
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Fig. 5. Absorption spectrum of URANZ- in acetonitrile
solution at 25.0 °C; 1.14x 10-5 mol dm—3.
The vertical lines represent the calculated transition
energies and oscillator strengths greater than 0.05.
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Fig. 6. Absorption spectrum of EOSY?- in acetonitrile
solution at 25 °C; 1.49x 10-5 mol dm3.
The vertical lines represent the calculated transition
energies and oscillator strengths greater than 0.05.
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