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The geometries and energies of the ground and excited states of pyridazine are calculated by an ab initio calculation which
includes electron correlation. It is found that electron correlation plays an essential role in determining the geometries of the
excited states. The optimized geometry of the T, state as well as that of the ground state are planar. On the other hand, the
force constant along the twisted mode of the N-N bond in the T, state is much smaller than that in the ground state. It is
suggested that this distorted potential produces a large Franck—Condon factor between the T, and S, states, which leads to a
very large radiationless decay rate constant of the Ty state. The location of the S, origin is discussed on the basis of the present

results.

1. Introduction

Properties of the excited states of diazines have
been subject of numerous experimental and theo-
retical studies. Pyridazine with two nitrogen atoms
adjacent to each other has spectroscopic proper-
ties very different from those of other diazines,
such as pyrazine and pyrimidine, but the detailed
nature of the excited states has not been well
understood. Here we first discuss some of the
relevant properties of the excited states of pyrida-
zine.

Phosphorescence of pyridazine has never been
observed under any conditions, which makes a
striking contrast to the strongly phosphorescent
characters of pyrazine and pyrimidine. This non-
phosphorescent character has attracted attention
of many investigators and suggestions have been
made concerning the possible reasons for the lack
of phosphorescence [1-7]. For instance, inefficient
S,-T, intersystem crossing (ISC) was thought to
be responsible for the non-phosphorescent char-

acter by several groups [1-3]. Another suggested
possible mechanism involves rapid back ISC from
T, to a forbidden S/ state below the fluorescent S,
state [8]. Recently, however, we have succeeded in
detecting the EPR signal of the T, state of
pyridazine by the time resolved EPR (TREPR)
technique with laser excitations and demonstrated
that the T, state possesses nearly pure *nw* char-
acter with an unusually short lifetime of =1 psin
rigid glass at 3.0 K [9]. This experiment shows that
the short lifetime is due to very rapid T,-S, ISC,
but neither to the T,-S} ISC suggested by Cohen
and Goodman [9] nor to photochemical processes.

The radiationless decay rate constant of >nm*
pyridazine is larger than those of *nm* pyrazine
and pyrimidine by a factor of 2 X 10* and it is
desirable to understand the mechanism of such a
fast decay. Since the T,-S, radiationless decay
strongly depends on the geometry of the T, state,
reliable knowledge about the structure of the T,
state is indispensable for understanding the mech-
anism. Unfortunately, our present knowledge
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about the geometries of the excited states of
pyridazine is very meager. The geometry of the T,
state was calculated by the PPP extended method
[10] and the INDO method [11], but the results
are mutually inconsistent. The N-N bond length
in the T, state obtained by the PPP method is
longer than that in the ground state, while the
INDO calculation indicates a shorter bond length
in the T, state.

An other question about the excited states is
related to the location of the S,(B,) state. Innes et
al. [12] suggested that the band at 373 cm ™! above
the S, origin in the absorption spectrum is the
origin of the S,(B,(nm*)) state. This assignment
was also supported by the more recent spectro-
scopic work of Ueda et al. [13]. However, ex-
istence of such nearly degenerate low-lying excited
states has never been justified by semi-empirical
MO calculations [14] and the validity of such an
assignment has not been established definitively.

In order to answer these unsolved questions we
have attempted to obtain information about the
geometries and the energies of the excited states of
pyridazine from ab initio calculations including
electron correlation. Geometry optimization was
performed at the Hartree—Fock (HF) level of ap-
proximation, and at a more elaborate level of
approximation which includes considerable
amounts of electron correlation. For the latter, we
used the symmetry-adapted-cluster (SAC) expan-
sion for the ground state and the SAC CI theory
for the excited states [15,16]. These methods are
based on a cluster expansion of the wavefunction
and are established as a reliable method for calcu-
lating geometries of ground and excited states [17].
They take account of the electron correlations in
the ground and excited states in a well balanced
way. These methods have been successfully ap-
plied to the valence and Rydberg excitations and
ionizations of CO,, NO, [16], ethylene [17], for-
maldehyde [18], NO radical [19], pyrrole, furan,
and cyclopentadiene [20]. Here we discuss the
geometries of the excited states and the mecha-
nism for the very fast T,-S, radiationless transi-
tion. The main conclusion is that electron correla-
tion is important in determining geometries of the
excited states.

2. Calculation

Geometry optimization was performed using
the STO-3G minimal basis set with the GAMESS
program [22]. The HF method is used for the
ground state geometry and the open-shell re-
stricted HF method is used for the B, and °A,
states. The optimized geometries were determined
within the restriction of C,, (planar) and C,
(non-planar) symmetries.

The energies of the ground and excited states
were calculated by the SAC and SAC CI methods,
respectively [15,16]. The reference MOs were
calculated with the GAMESS program by using
the STO-3G and 4-31G double-zeta basis sets. We
did not include a Rydberg-type basis set and the
diffuse dm-type AOs which are important for the
description of relatively higher excited states
[17-20]. Though our basis sets are quite restricted,
the calculation should provide reliable results for
the geometries of the low-lying states, because
diffuse AOs are not considered to be important in
determining their geometry.

The set of active MOs consists of 15 occupied
orbitals and all the virtual orbitals in the calcula-
tion at the STO-3G level. In the calculation at the
4-31G level, we used 12 occupied and 30 virtual
orbitals for the active MOs. To reduce the size of
calculations, we selected the linked operators as in
ref. [15]. The thresholds A, and A, were 3.0 X 10>
and 7.0 X 10™°, respectively, and the dimensions
of the matrices involved were about 2000 in the
4-31G case. In the STO-3G case, A, and A, were
1.0 X 10™%, and the dimensions of the calculation
were about 1000.

3. Results and discussion
3.1. The geometry of the ground state

The optimized geometry of the ground state
(Qo) at the HF level is shown in fig. 1. The
geometry obtained with the restriction of C,, sym-
metry is the same as that with C, symmetry. The
calculated bond lengths and the bond angles are
given in table 1 together with the experimental
values. With this geometry, the SAC and SAC CI
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Fig. 1. The optimized geometries of (a) the ground state (Qg),
(b) the 3A,(nm*) state and (c) the >B;(n*) state at the HF
level of approximation with the restriction of C,, symmetry
(Q,). In the cases (b) and (c), the differences from Q, are
exaggerated. Molecular axes and atomic number are also shown.

calculations were performed at the 4-31G level to
obtain the wavefunctions and energies of the
ground and excited states. The calculated energies
are shown in table 2 with the experimental results.

3.2. The geometry of the *A,(nm*) state

The geometry obtained with the HF approxi-
mation is shown schematically in fig. 1. The bond
distances and angles are listed in table 1. The
optimized geometry with the C, symmetry is the
same as that with the C,, symmetry. The geome-
try is similar to that of the ground state except for
the decreased N-N bond length. This decrease
can be explained by excitation of an electron from

Table 1
The bond lengths and angles of pyridazine

So (calc)  S,P(exp) ‘A,(nw*) 3B (nm*)

(Cyy sym.)

s (A) 1.363 1.330 1.236 1.291
rs (A) 1.347 1.341 1.380 1.416
r3s (A) 1.397 1393 | 1.461 1.336
rs6 (A) 1371 1.377 1.337 1.465
ry; (A) 1.086 1.064 1.076 1.085
rso (A) 1.082 1.064 1.082 1081
2137 (deg) 115.1 1117 © 1190 116.1

£359 (deg) 1202 122.7 117.4 120.6

? Ref. [21].

Table 2
The vertical transition energies (cm™~!) of pyridazine for the
geometry optimized in S,

State Energy (calc.) Energy (obs.) *
3B,(nm*) 28422 22487(0-0)

1B, (nm*) 34540 26600(0-0)
3B, (mm*) 35687

A, (nm*) 37698

1A, (nm*) 41090

@ Ref. [12].

the n_ antibonding orbital to the m, orbital
possessing a bonding character in the N-N bond
region (fig. 2).

3.3. Geometry of the °B,(nm*) state

The optimized geometry of the T,(B,(nm*))
state is somewhat complicated. At the HF level
under the assumption of planar geometry (C,,
symmetry) the N-N bond length in the optimized
structure becomes = 0.06 A shorter than that in
the ground state. This geometry is referred to Q,.
When the symmetry restriction is relaxed to C,,
the N-N bond becomes now longer than that in
the ground state and is twisted dramatically. This
geometry is denoted Q, (fig. 3). The energies of
the ground and T,(B,(nm*)) states calculated at
the HF level with the 4-31G basis for this geome-
try are —262.11798 and —262.14303 au, respec-
tively. This means that the energy of the ground
state is higher than that of the T, state in this
non-planar geometry and that potential crossing
between the T, and S states occurs (fig. 4).

In order to consider the effect of electron corre-
lation, the energies of the S, and T, states were
calculated by the SAC and SAC CI methods. The
energies are —262.33451 and —262.32625 au, re-
spectively, and the wavefunction of the T, state is
represented by

¥(T,) = 0.966(n_—m*) + 0.133(m -7,

where (a-b) represents the excited configuration
with the electron excitation from the a orbital to b
orbital. Note that the S, state now becomes lower
than the T, state, and the energy of the T, state is
higher than that in the planar structure as shown
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Fig. 2. Schematic representation of MOs which participate in
the low-lying excited states. The number is the order of the
MOs determined by the 4-31G SCF calculation. For conve-
nience the nomenclature in parentheses is as used in the text.

in fig. 4. This result suggests that the stable geom-
etry of the T, state is planar. However, from the
wavefunction (T,), we find that the HF approxi-
mation is poor at the twisted geometry because it
cannot include the nm*—mm* mixing.

In order to see the effect of electron correlation
on the N-N bond length, we draw a potential
curve along the coordinate to distort the molecule
from Q, to Q, by using the SAC and SAC CI
calculation at the STO-3G level. The potential
curve shown in fig. 5 indicates that the energies of
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Fig. 3. The optimized geometry of the 3B;(nw*) state at the
HF level of approximation with the restriction of C, symmetry

Q)

the ground state and the T, state are rather insen-
sitive to the N-N bond length. The optimized
geometry (Q,) for T, calculated by including elec-
tron correlation is only slightly different from Q,,
as shown in fig. 5. In order to check the planarity,
we calculate the energies for the non-planar geom-
etry with twisting from Q; by using the HF SCF,
SAC, and SAC CI techniques. The HF energy for
the non-planar geometry is lower than that for the
planar geometry, but this order is reversed when
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Fig. 4. The potential curve along the distortion coordinate
from Qg — Q, calculated with the 4-31G basis set at the HF
level (dotted curve) and by the SAC and SAC CI methods
(solid curve).
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Fig. 5. The potential curve along the distortion coordinate
Qo — Q; (fig. 1c) calculated with the STO-3G basis set by
using the SAC and SAC CI methods.

electron correlation is included in the calculation.
Thus we can conclude that the planar geometry is
more stable than the non-planar geometry regard-
less of the N-N bond length.

The above conclusion is consistent with the
experimental results. The sublevel decay rate con-
stants of the T, state measured by the TREPR
method [8] are highly selective (k,>k,, k,),
which is indicative of the planar structure of the
T, state. The S,—T, absorption spectrum measured
by Innes et al. [12] also supported the planarity of
the T, state.

3.4. The potential surface and the radiationless
transition

From fig. 4, we notice that the force constant
along the coordinate which distorts the molecule
from Q, to Q, in the *B, state (hereafter the mode
along this coordinate is called K mode) is much
smaller than that in the ground state. The small
force constant may be related to the cis—trans
isomerization of azo compounds. It is known ex-
perimentally that acyclic azo compounds such as
diimide isomerize in their lowest excited states
[23]. This isomerization can be explained theoreti-

Table 3
Coordinates of the >B,(nm*) state with the optimized C,,
geometry

X (A) Y (A) Z (A)
N1 —-0.3770 —0.6153 —0.0256
C3 —0.0106 —-0.3778 —1.2346
Cs 0.0530 —0.7416 —2.3849
H7 0.0095 —2.4560 —~1.1298
H9 0.1732 —1.2657 —3.3334

cally by the fact that the lowest excited nw* states
of such azo compounds are stabilized in the 90°
twisted structures [24]. Since the spin density of
the B, (nm*) state of pyridazine is localized on
the two nitrogen atoms, the character of the *B,
state must be similar to those of the acyclic azo
compounds (table 3). Therefore, the N-N bond
tends to be twisted in the T, state. However, the
delocalized electrons in the other orbitals tend to
keep the molecule planar. Combination of these
two effects may result in softness of the K mode.

Reduction of the vibrational frequency of this
mode is considered to play an important role in
causing a very fast T,-S, decay. The main route of
the T,;-S, ISC involves the direct spin—orbit cou-
pling with one-center integrals. The radiationless
decay rate constant k™ is given by [25]

knr:AI(“leo|ﬂ>|2p(ET)F’

where 4 is a constant. p(E) is the density of the
ground vibronic states in the energy region of E
and F is the Franck—Condon (FC) factor between
the S, and T, states. Since the spin density of the
7* orbital is localized on the two nitrogen atoms,
the integral (n|H, |n*) is large, but it is not
sufficient to explain the observed very large k™.
Therefore, the FC factor must be very large to
explain the observed large k" Theoretically, when
the positions of the minima or the curvatures of
the potential surfaces of the two states are very
different (displaced or distorted oscillators, re-
spectively), the FC factor can be large [26]. In the
pyridazine case, however, the potential curve
calculated by including electron correlation (fig. 5)
shows that the N-N bond lengths as well as the
curvatures of the potential curves of the ground
and T, states along the N-N stretching mode are
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very similar. Therefore, the FC factor due to the
displaced and distorted oscillators along this mode
is not important. It is more likely that the dis-
torted oscillator along the K mode (fig. 4) is
responsible for the large FC factor. The FC factor
for the distorted oscillator is given by [26]

1X3X5%X - X(vr—1)

— _21/21'
F=(1-£)""% 2X4AX6X -+ Xp

2 _ [wk — "’2]2

(o, + w’k]2 , Vv:even,

where w, and w) are the frequencies of the K
mode in the ground and the excited state, respec-
tively. Then the large difference in the force con-
stant can bring in a very large FC factor.

The importance of the twisted mode localized
at the nitrogen atoms in providing a large FC
factor is supported by the fact that the other
ortho-diazaaromatic compounds such as 3,6-di-
chloropyridazine, phthalazine and 9,10-diazaphen-
anthrene all have very short-lived triplet states
[27]. The triplet lifetimes of these compounds are
of microsecond to submicrosecond order despite
the differences in molecular structure.

3.5. On the existence of a nearby S, state

In 1978 Innes et al. [12] proposed that the 373
cm™! band in the S,-S, absorption spectrum is
the electronic origin of the S,(B,(nw*)) state. This
proposition was also supported by Ueda et al. [13]
who studied the SVL fluorescence spectrum of
pyridazine. However, existence of the S,(B,(nm*))
state in the vicinity of the S, state is not predicted
by the present calculation. In fact, the present
calculation predicts the S,(A,(nm*)) and the sec-
ond !'B,(nm*) states to be 6600 and 21000 cm™!
above the S, origin, respectively. Even if we take
errors in the calculated results into consideration,
presence of the S,(B,(nm*)) state in the vicinity of
the origin of the S, state does not seem likely.
Although Rydberg states were not calculated in
the present study, the intensity and the low-lying
nature (26600 cm™') of the band exclude the
involvement of such states.

Innes et al. have considered the possibility that
this band is due to the overtone band K32 of the

out-of-plane vibration, but excluded this possibil-
ity mainly because the K2 band was not detected
in the fluorescence spectrum obtained by excita-
tion at the 373 cm ™! band [12]. When the K mode
of the excited state is very different from that of
the ground state as indicated by the result of the
present calculation, the intensity corresponding to
the K3 band might be diluted over many modes of
the ground state which compose the K mode
(K=16a+5+4+ ---). Such a mode mixing
should also lead to a complex S,-S; absorption
spectrum as observed. However, at present we are
unable to offer an entirely satisfactory explanation
for the origin of the 373 cm™! band.

Finally we mention the location of the T, state.
The temperature dependence of the zero field
splittings of the T, state measured by the TREPR
technique is very small indicating that the T, state
is not close to the T, state [9]. This is consistent
with the present result that the S, state is not close
to the S, state.

4. Summary

The geometries and energies of the ground and
excited states of pyridazine have been calculated
by ab initio calculations including electron corre-
lation. It is concluded that electron correlation
plays an essential role in determining the geome-
tries of the excited states of pyridazine. The opti-
mized geometry of the *B,(nm*) state is planar,
which is consistent with the results of S—T, ab-
sorption and the TREPR measurements. On the
basis of the present calculation it is proposed that
the main reason for the very fast T,-S, decay is
the increased FC factor due to the shallow poten-
tial for the out-of-plane distortion of the N-N
bond. The calculation also shows that the S, state
is not likely to be close to the S, origin, contrary
to the claim based on spectroscopic measure-
ments.
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