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Abstract

Photostability, fluorescence properties and triplet yield of [1,2,3]triazolo[4,5-d]pyridazine derivatives have been studied in various
solvents. The energy of the lowest singlet excited state significantly decreases in the series of1, 2, and3, and the latter compound emits
negligible fluorescence. All substances are photochemically very stable. No photodecomposition occurs from singlet excited state and the
triplet molecules do not react with alcohol showing that the lowest triplet state has��∗ character. Internal conversion is found to be the
dominant singlet excited state depopulating process. The short fluorescence lifetime of2 is attributed to the particularly rapid non-radiative
transition to the ground state. Both1 and2 readily form hydrogen-bonded complex with hexafluoroisopropanol. Light absorption does not
enhance the hydrogen bonding power, therefore; no fluorescence quenching but fluorescence yield enhancement is observed.
© 2002 Published by Elsevier Science B.V.
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1. Introduction

Substituted derivatives of 3(2H)-pyridazinone have re-
ceived a widespread interest because a lot of them ex-
hibit pharmaceutical, herbicidal or pesticidal activity[1].
Despite the large number of patents and papers dealing
with the synthesis and application of these substances,
their photophysical properties have not been studied.
[1,2,3]Triazolo[4,5-d]pyridazines are precursors for the
synthesis of new insensitive, energetic materials[2]. Pho-
tolysis of 1-aryl-1H-1,2,3-triazoles can be employed to
prepare indol derivatives via photocyclization accompanied
by denitrogenation[3].

A unique valence bond isomerization has recently been
found which provides a simple synthetic pathway to the tria-
zolopyridazinone derivatives[4]. As extension of this study,
the main goal of the present paper is to reveal the photosta-
bility and the photophysical properties of these compounds
and determine the major factors governing the rate of their
various excited state deactivation processes. Special atten-
tion is devoted to the effect of hydrogen bonding. The for-
mulas of the investigated substances are presented inFig. 1.
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2. Experimental details

5-Methyl-7-phenyl-2,5-dihydro-[1,2,3]triazolo[4,5-d]py-
ridazin-4-one (1), (5-methyl-7-phenyl-2,5-dihydro-[1,2,3]-
triazolo[4,5-d]pyridazin-4-ylidene)-pyridin-2-yl-amine (2)
and [2-(4-chloro-phenyl)-5-methyl-7-phenyl-2,5-dihydro-
[1,2,3]triazolo[4,5-d]pyridazin-4-ylidene]-pyridin-2-yl-am-
ine (3) were synthesised as described previously[4].
Solvents (Aldrich, HPLC grade), perylene (Aldrich) and
1,1,1,3,3,3-hexafluoro-2-propanol (Aldrich) were used as
received. The UV-Vis absorption spectra were obtained
with a Hewlett-Packard 8452 diode-array spectrophotome-
ter. Corrected fluorescence spectra were recorded on a
home-built spectrofluorimeter equipped with a Princeton
Applied Research type 1140 A/B photon-counting system.
Fluorescence quantum yields were determined relative to
that of quinine sulfate in a 1N H2SO4 solution, for which
a reference yield of 0.546 was used[5]. Fluorescence life-
times were measured with time-correlated single-photon
counting technique. If the samples did not absorb at 400 nm,
an Applied Photophysics SP-3 apparatus with a hydrogen
lamp was used. Otherwise, 400 nm light of a Picoquant
diode laser (pulse duration 60 ps FWHM) excited the solu-
tion and the fluorescence decay was detected with a Hama-
matsu H5783 photosensor module which was connected to
a Picoquant Timeharp 100 electronics. Data were analysed
by a non-linear least-squares deconvolution method. The
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Fig. 1. Formulas of the investigated compounds.

fluorescence decays could be well described with a single
exponential function. Triplet–triplet absorption was stud-
ied with the XeCl excimer laser flash photolysis apparatus
described in our previous paper[6].

3. Results and discussion

3.1. Absorption and fluorescence spectra

Fig. 2 presents the absorption and the fluorescence spec-
tra in toluene and ethanol, whereas the maxima of the bands

Fig. 2. Absorption and fluorescence spectra of: (a)1; (b) 2; and (c)3 in
toluene (heavy line) and ethanol (thin line).

are given inTable 1. The first absorption band of all three
compounds exhibits hypsochromic shift going from toluene
to ethanol. Vibration structure in the first band appears only
for 2, where not only the location of the maximum but also
the shape of the absorption spectrum is solvent dependent.
Introduction of the 4-chloro-phenyl moiety into the triazine
ring of compound2 results in loss of the vibration struc-
ture in the lowest energy band and absorbance enhancement
in the second band (Fig. 2b). The fluorescence spectra for
1 are mirror symmetrical with the long-wavelength band of
the absorption spectra but the large Stokes shift as well as
the opposite displacement in the fluorescence and absorp-
tion spectra with increasing solvent polarity indicates sig-
nificant change in the molecular structures upon excitation.
The considerable Stokes shift is typical of carbonyl com-
pounds; alkanones and cycloalkanones exhibit analogous be-
haviour. The spectra for2 show blue-shift and much smaller
gap appears between the fluorescence and absorption max-
ima. Compound3 is so weakly fluorescent that negligible
emission was observed in its solutions. Therefore, detailed
studies were carried out only with1 and 2. The S1 ener-
gies obtained from the location of the intersection of the
normalised absorption and fluorescence spectra are given in
the fourth column ofTable 1. It is seen that for2 the low-
est excited singlet state energy (E(S1)) rises with increasing
ET(30) solvent polarity parameter. However, in the case of
1, the change inE(S1) seems to correlate with the dielectric
constant of the media.

3.2. Effect of hydrogen bonding

In order to reveal whether hydrogen bonding inter-
action influences the photophysical properties, we used
1,1,1,3,3,3-hexafluoro-2-propanol (HFIPA) additive, which
has high hydrogen bond donating power. The low acidity
of HFIPA (pKa = 9.3 in water [7]) ensures that it is not
able to protonate1, 2 and 3. Studies were carried out in
toluene because the strongest hydrogen bonding is expected
in apolar media. Addition of HFIPA leads to characteristic
change in the absorption spectra as it is shown inFig. 3.
Slight alteration appears for1, whereas hypsochromic shift
and change in the relative intensity of the vibrational struc-
ture of the absorption band are observed for2. The clear
isosbestic point at 382 nm in the latter case demonstrates
that 1:1 hydrogen-bonded complex formed. The inserts
in Fig. 3 present the variation of the absorbance in the
function of the HFIPA concentration. The equilibrium con-
stant of hydrogen-bonding (K) can be determined using the
following relationship:

Aλ = A0
λ(1 + (εC/εF)λK[HFIPA])

(1 + K[HFIPA])
(1)

where (εC/εF)λ is the ratio of the molar absorption coeffi-
cients for the complexed and free compound at a particular
wavelength (λ), A0

λ and Aλ denote the absorbances in the
presence and the absence of HFIPA, respectively. Non-linear
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Table 1
Photophysical parameters of [1,2,3]-triazolo [4,5-d] pyridazine derivates and their hydrogen bond complexes with HFIPA in various solvents at 295K

Solvent εa ET(30)b

(kJ mol−1)
E(S1)
(kJ mol−1)

λabs

(nm)
λF

(nm)
Φ ISC τF

(ns)
ΦF

(10−2)
Φ IC kISC

(108 s−1)
kIC

(108 s−1)
kF

(107 s−1)

1
Toluene 2.38 142 354 299 388 0.23 1.2 3.1 0.74 1.9 6.2 2.6
Acetonitrile 37.5 193 349 299 405 0.34 2.0 4.2 0.62 1.7 3.1 2.1
Ethanol 24.55 217 353 296 405 0.21 1.9 3.3 0.76 1.1 4.0 1.7

1-HFIPA complex
Toluene 2.38 142 352 300 405 0.35 2.0 3.9 0.61 1.8 3.1 2.0

2
Toluene 2.38 142 286 410c 428 0.07 0.34 2.4 0.91 2.1 27 7.1
Acetonitrile 37.5 193 291 402 423 0.05 0.33 2.7 0.92 1.5 28 8.2
Ethanol 24.55 217 293 382 419 0.06 0.44 4.1 0.90 1.4 20 9.3

2-HFIPA complex
Toluene 2.38 142 287 409 426 d 0.69 5.9 0.94 d 14 8.6

a Dielectric constant of the solvent[18].
b Solvent polarity parameter[18].
c Shoulder at low energy.
d Too small to measure.

least squares fit of this function to the absorbances gives the
value of the two unknown parameters,K and (εC/εF)λ. The
line in the insert exhibits the best fit, which provides 57± 6
and 215±9 M−1 for the hydrogen bonding equilibrium con-
stant of1 and2, respectively.

As it is seen inFig. 4, addition of HFIPA to the solution of
1 leads to only slight fluorescence intensity enhancement and

Fig. 3. Effect of hydrogen bonding on the absorption spectra of: (a)1 and
(b) 2 in toluene. Inserts display the absorbance change in the function of
HFIPA concentration at 336 and 410 nm for1 and 2, respectively.

red-shift of the fluorescence maximum. However, in the case
of 2, the fluorescence becomes more intense. The inserts
display the variation of fluorescence quantum yield in the
function of the HFIPA concentration. It is well known that
fluorescence yield is in general a complicated function of
the hydrogen bonding additive concentration[8], however,
several authors have demonstrated that an equation of the
following type can reproduce usually quite well the variation

Fig. 4. Effect of hydrogen bonding on the fluorescence spectra of: (a)1
and (b)2 in toluene. Inserts give the change of the fluorescence yield in
the function of HFIPA concentration.
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of the fluorescence yield[8]:

ΦF = Φ0
F(1 + a[HFIPA])

(1 + b[HFIPA])
(2)

whereΦF andΦ0
F denotes the fluorescence yield in the pres-

ence and the absence of HFIPA, respectively,a and b are
constants characteristic of the system. The inserts inFig. 4
show that the experimental results can be described well
with Eq. (2). Theb parameters of the best fit are 47± 6 and
219± 10 M−1 for 1 and 2, respectively. The good agree-
ment of these values with the equilibrium constants derived
from absorption spectroscopic studies implies that the rate
constants of hydrogen bond formation and decomposition
are small compared with the decay constant of free and
hydrogen-bonded excited molecules, respectively. In this
case,b parameter represents the equilibrium constant of hy-
drogen bonding in the ground state.

3.3. Quantum chemical calculations

To reveal the electron distribution of the studied com-
pounds in the ground and the excited states, quantum chem-
ical calculations were carried out using semi-empirical and
Hückel MO methods. The relative change in the energy of
the lowest singlet excited state (E(S1)) in the series of the
three studied compounds is described best by the Hückel MO

Fig. 5. Result of molecule orbital calculations with Hückel method.

method. Therefore, the results of these calculations are pre-
sented inFig. 5. The AM-1 method gave slightly smaller dif-
ference between theE(S1) of 1 and2 than the experimentally
found value but the conclusions based on the semi-empirical
and the Hückel MO calculations agreed well. In the ground
state the largest negative charge density is located on the
oxygen of the carbonyl group and the nitrogen of the Schiff
base moiety for compound1, 2, and3, respectively. Conse-
quently, this part of the molecules seems to have the most
pronounced hydrogen bond acceptor character. The results
of the calculations clearly suggest that the excitation signif-
icantly decreases the electron density on these atoms and
electron displacement occurs towards the triazine ring.Fig. 5
indicates that the charge shift upon excitation is larger for2
and3 compared to1.

3.4. Flash photolysis studies

Laser flash photolysis of1 and 2 in toluene gives a
short-lived species with absorption built up within the
duration of the laser pulse. The transient decays on the mi-
crosecond time scale with lifetime 200 and 60�s for 1 and
2, respectively. The absorption spectra, recorded after the
complete decay of the fluorescence in toluene, are presented
in Fig. 6. These spectra are assigned to triplet–triplet absorp-
tion based on the following arguments: (i) in the presence
of oxygen the transients were quenched; (ii) addition of
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Fig. 6. Triplet–triplet absorption spectrum of: (a)1 and (b)2 in toluene.

perylene shortened the decay time of the transient and con-
comitant formation of triplet perylene was observed (vide
infra). For compound2, significant bleaching can be ob-
served in the 360–410 nm spectral range, which corresponds
to the strong band in the ground state absorption spectrum.
In the case of1, the ground state absorbs at higher energy,
thus, bleaching in the triplet–triplet absorption spectrum
appears below 320 nm. No significant difference is found in
the triplet lifetime in ethanol and non-hydroxylic solvents
and no long-lived absorption, which could be attributed
to ketyl radical, appears after the complete decay of the
triplet. These facts indicate that no hydrogen abstraction
takes place with alcohols and the lowest triplet state of both
1 and2 has��∗ character.

Addition of increasing amount (5×10−5 to 2×10−4 M) of
perylene gradually shortened the triplet lifetime of the stud-
ied compounds and the growing in of the well-established
absorption of triplet perylene at 490 nm was observed[9].
The rate of the energy transfer was diffusion controlled
(kq > 3×109 M−1 s−1) indicating that the triplet energy for
1 and2 is higher than that of perylene (148 kJ mol−1) [9].
The efficient triplet sensitization of perylene was exploited
to determine the triplet yield (Φ ISC) from the triplet pery-
lene absorbance at 490 nm in the solution of1 and 2 (A)
relative to that in the reference solution (Aref) which had
matched optical density at the laser wavelength (308 nm).

ΦISC = (ΦISC)ref

(
A

Aref

)
(3)

Fluorenone in toluene was chosen as a reference as it has
a well-established triplet yield ((ΦISC)ref = 0.93) [10]. Be-
cause of the low molar absorption coefficient of perylene
in the ground state at 308 nm and the very low triplet yield
(ΦISC = 0.014) [9], almost negligible amount of triplet

perylene formed via direct excitation. The very small tran-
sient absorption arising from the direct excitation of pery-
lene was measured in the absence of sensitizer and it was
subtracted from the signals obtained in solutions containing
sensitizer. The 2× 10−4 M perylene concentration ensured
that more than 98% of the triplet energy donors transferred
their energy to perylene. The solvent dependence of triplet
yields determined by this technique showed good agree-
ment with the results of the other method where the initial
triplet–triplet absorbance of the investigated compound was
compared in various solvents.

The triplet yield of3 was 0.02 in toluene and negligible
triplet–triplet absorption was observed in more polar sol-
vents. As this compound barely emits fluorescence, we can
conclude that internal conversion is so rapid that no other
energy dissipation pathways of the singlet excited state is
able to compete with it.

3.5. Yield and rate constant of deactivation processes

Table 1summarises the photophysical properties of1, 2
and their hydrogen-bonded complex measured in the pres-
ence of 0.03 M HFIPA. As no photochemical reaction was
observed, the internal conversion yield (Φ IC) was derived
from the measured fluorescence (ΦF) and triplet yields
(Φ ISC):

ΦIC = 1 − ΦF − ΦISC (4)

The solvents were chosen to include apolar, polar aprotic
and polar hydrogen bonding media. It is evident from the
data in Table 1 that internal conversion is the dominant
process from the singlet excited state in all cases. Triplet
yields and fluorescence lifetimes are considerably larger for
1 compared to2. The change of the molecular structure and
solvent scarcely affects the fluorescence yield.

To get a deeper insight into the factors controlling the
competition among the deactivation pathways of the sin-
glet excited molecules, the rate constants for fluorescence
emission (kF), intersystem crossing (kISC) and internal
conversion (kIC) were derived using the expressions given
below:

kISC = ΦISC

τF
(5)

kIC = 1 − ΦISC − ΦF

τF
(6)

kF = ΦF

τF
(7)

The results are summarised in the last three columns of
Table 1. It is clearly seen thatkISC values for1 and 2 are
very similar and slightly diminish with increasing solvent
polarity. The same tendency appears for the radiative rate
constant of1; on the other hand,kF enhancement is found
in more polar media for2. The opposite solvent effect onkF
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can be rationalised in terms of the Strickler–Berg equation
[11]:

kr = 2.88× 10−9n2(ν̄−3)−1
av

∫
ε d ln ν̄ (8)

wheren is the refractive index of the solvent,(ν̄−3)−1
av de-

notes an average over the fluorescence spectrum and the
integral extends over the first absorption band. As the re-
lationship predicts thatkF increases approximately as the
cube of the emission energy, the solvent dependence ofkF
is determined mainly by the displacement of the fluores-
cence maximum. Therefore,kF becomes larger when the
fluorescence band of2 moves to higher energy, whereas the
red-shift of the fluorescence spectrum of1 with increasing
solvent polarity leads to lowerkF values.

It is seen inTable 1that the short fluorescence lifetime
of 2 is due to the rapid internal conversion. The signifi-
cantly higherkIC of this compound is in accord with the
prediction of the energy gap law which suggest an expo-
nential dependence of the deactivation rate on the energy
difference between the excited and the ground states. As
the energy of the lowest singlet excited state of2 is about
60 kJ mol−1 lower than that of1, the radiationless relax-
ation to the ground state is markedly accelerated for the
former compound. Although, ring opening followed by re-
action back to the original compound after crossing to the
ground state potential surface could lead to efficient energy
dissipation, no evidence has been found for this process.
The fast internal conversion is probably the consequence of
vibronic coupling between close-lyingn�∗ and��∗ singlet
excited states, which is called as proximity effect[12]. E.C.
Lim demonstrated that the proximity effect plays a key
role in the photophysics of many nitrogen heterocyclic and
aromatic carbonyl compounds[13].

The data inTable 1demonstrate that hydrogen bonding
has little impact on the energy and the relaxation kinetics of
the singlet excited molecules. The increase of the fluores-
cence lifetime and yield on hydrogen bonding is attributed
to the deceleration of the internal conversion in the complex.
This effect is opposite to that found for anthraquinone[14]
and fluorenone derivatives[15], where efficient energy dis-
sipation occurs via the hydrogen bond. Systematic studies
on the excited hydrogen-bonded complexes of 2-substituted
fluorenones revealed that the electron-density around the
carbonyl oxygen controls the radiationless deactivation[16]
and correlation was found between the excited state dipole
moment and the rate of the hydrogen bonding induced in-
ternal conversion. It was demonstrated that the interaction
with alcohols in the excited state results in efficient inter-
nal conversion only if the hydrogen bonding strength in the
excited state is significantly higher than in the ground state
[16,17]. These previous results are corroborated by the lack
of hydrogen bonding induced quenching for1 and2. In these
compounds, hydrogen bonding does not stabilise the excited
state relative to the ground state becauseE(S1) barely dif-
fers for the free and the complexed molecules (Table 1).

Theoretical calculations showed that no dipole moment en-
hancement takes place upon light absorption thus, hydrogen
bonding can not be stronger in the excited state and the pho-
tophysical properties of the free and the hydrogen-bonded
molecules are fairly similar.
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