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Abstract

Photophysical and photochemical properties for 4,6-diphenyl-3-cyanopyridin-2(1H) thione (CPPT) and 4-phenyl-6-toly-3-cyanopyridin-
2(1H)-thione (CMPT) have been investigated by various spectroscopic methods including transient absorption. With changing the solvent
polarity, CPPT and CMPT exhibited the thione-thiol tautomeric equilibria. Laser flash photolysis studies in polar solvents and protic solvents
have revealed that triplet state formation was predominantly observed by the thione tautomer, which was supported by the characteristic
self-quenching in the rate constants of(2.99–5.68) × 109 dm3 mol−1. In nonopolar and less polar solvents, on the other hand, the thio
radical was observed by photoinduced homolytic S–H bond cleavage of the thiol form. Absorption and fluorescence spectra indicate the
considerable shifts with the solvent polarity in each form in addition to the equilibria. From the fluorescence lifetimes, the tautomeric forms
can also be discriminated. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Pyridinethiones are a family of compounds that have been
studied extensively [1–11] due to their application as bio-
logically active compounds. They show antifungal, antibac-
terial, and anticancer properties [12–15] and were recently
shown to cause DNA photodamage [16,17] and to induce
photooxidation of purines [18].

Pyridinethiones are fundamentally tautomeric systems
[1,19,20]. Several investigations showed that the position
of this tautomeric equilibrium is influenced by the nature of
environments [21–23]. Tautomerism of heteroaromatic com-
pounds is thought to play a significant role in a number of
biochemical processes such as proton transport, enzymatic
catalysis, and spontaneous or induced mutagenesis [24–28].

In the present paper, we have investigated the photo-
physical and photochemical properties and reactivities of
4,6-diphenyl-3-cyanopyridin-2(1H)-thione (CPPT) and 4
phenyl-6-toly-3-cyanopyridin-2(1H)-thione (CMPT), which
are in tautomeic equlibria in their thiol forms as shown in
Scheme 1.

Steady-state and time-resolved absorption and fluoresc-
ence spectroscopies were employed to investigate the photo-
chemical properties of these molecules in various solvents.

∗ Corresponding author.

2. Experimental

2.1. Materials

4,6-Disubstituted-3-cyanopyridin-2(1H)-thiones were sy-
nthesized according to the procedure described in the lit-
erature [23,29] and were purified by recrystallization from
ethanol. Disulfide of CPPT was prepared from the corre-
sponding thione, through oxidation with equimolar amounts
of H2O2 in ethanol [30] at room temperature. The purity
of the compounds was checked by melting point and single
spot on TLC.

All solvents used were analytical or spectroscopic-grade
of highest available purity and supplied by Merck, BDH or
Aldrich.

2.2. Apparatus and methods

The absorption and fluorescence spectra were recorded
on a Shimadzu 240 UV–VIS spectrophotometer and a
Shimadzu RF-540 spectrofluorometer, respectively. Fluo-
rescence quantum yields were measured in various sol-
vents relative to 7-amino-4-methylcoumarin (Φ f = 0.79
in ethanol) [31], introducing the usual corrections for the
instrumental spectral response and the solvent refractive
index. All quantum yields obtained are the average of three
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Scheme 1.

independent measurements. The maximum absorbance was
less than 0.1 in order to minimize errors due to inner filter
effects.

The fluorescence lifetimes were measured with time-
correlated single photon counting fluorimeter (Edinburgh
Instruments, Model OB900); the half width of the instru-
ment response was 1.0 ns.

Laser flash photolysis apparatus was a standard design
with Nd:YAG laser of 6 ns duration [32]. Solution was
photolyzed with FHG light (266 nm). The time profiles
were followed by a photomultiplier system in the visible
region. The laser photolysis was performed for deaerated
and O2-saturated solutions obtained by Ar and O2 gas
bubbling, respectively, in a rectangular quartz cell with a
10 mm optical path at 23◦C.

Steady-state photolysis was carried out with a Xe-Hg lamp
(150 W); the wavelength region of light was selected by
using cut-off filters.

3. Results and discussion

3.1. Steady-state absorption and fluorescence studies

The absorption spectra of CMPT in various solvents
are shown in Fig. 1A. In polar protic ethanol, the shortest
absorption maximum (lmax) was observed at 400 nm, while

Table 1
Spectroscopic data of CPPT and CMPT in various solvents at 298 K

Solvent CPPT CMPT

λA
max (nm) λF

max (nm) 1v (103 cm−1) λA
max (nm) λF

max (nm) 1v (103 cm−1)

Ethanol 407 465 3.06 400 462 3.35
Propanol 431 493 2.92 418 490 3.50
Butanol 441 506 2.92 430 503 3.37
Acetonitrile 434 495 2.84 430 488 2.77
DMFa 439 505 2.98 438 502 2.91
Ethyl acetate 430 502 3.33 441 522 3.51
Diethyl ether 451 518 2.86 440 524 3.65
Dioxane 446 512 2.89 442 506 2.86
CCl4 450 510 2.61 446 508 2.73
Cyclohexaneb 452 510 2.51 488 504 2.48

a Dimethylformamide.
b 1% dioxane solution of cyclohexane due to very low solubility in cyclohexane.

Fig. 1. (A) Absorption spectra of CMPT (4×10−5 M) in various sol-
vents with 1.0 cm of optical path and (B) absorption spectra of CPPT in
ethanol-CCl4 mixture.

the longestlmax was observed at 448 nm in non polar cy-
clohexane. In polar aprotic solvents such as acetonitrile
and dimethylformamide, thelmax stays in the intermediate
region. A similar tendency was observed for CPPT. The
lmax values are summarized in Table 1.
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The steady-state absorption spectra of CPPT in ethanol-
CCl4 solvent mixtures are shown in Fig. 1B. A single broad
band at 407 nm in pure ethanol shifts to a longer wavelength
with increasing content of aprotic, nonpolar solvent CCl4
in ethanol, andlmax shifts up to 450 nm in pure CCl4. An
isosbestic point is located at about 428 nm, suggesting that
two equilibrium mixtures are responsible for these spectral
changes. This can be understood in terms of tautomeric equi-
librium between thione-forms (PT) and thiol-forms (PSH),
due to the migration of the hydrogen atom between nitro-
gen and sulfur atoms according to Scheme 1 [33,34]. Since
the lmax of each component seems to be quite sensitive to
the solvent polarity as shown in Fig. 1A (or Table 1), the
lmax shifts gradually with the change of the composition of
ethanol-CCl4. Some specific solute-solvent interaction such
as hydrogen bonding may also play role in the spectral shift.

Fig. 2A displays the relative shift of the absorption
and fluorescence maxima,1v, for CPPT versus the mole
fraction of ethanol in CCl4. As shown below ethanol shows

Fig. 2. (A) Plot of the relative fluorescence and absorption shifts,1v, for CPPT vs. mole fraction of ethanol in CCl4 and (B) plot of the relative
fluorescence shift,vf , vs. the relative absorption shift,va, for CPPT at different ethanol/CCl4 composition.

deviation from linearity due to intramolecular hydrogen
bonding formation with solute. It can be observed that
the relative shift of the absorption spectra with solvent
composition is parallel to that of the fluorescence spectra,
indicating that similar prototropic equilibria occurs in the
ground and singlet excited states.

A plot of the relative fluorescence shift,vf , versus the rel-
ative absorption shift,va, for CPPT in mixed ethanol/CCl4
solvents with different compositions is shown in Fig. 2B. A
good linear straight line with slope equal to 0.83 and corre-
lation coefficients equal to 0.997 is obtained, supporting our
conclusion that similar prototropic equilibria occurs in the
ground and excited states. In all cases, a linear Beer–Lambert
plot was obtained in the measured ground-state concentra-
tion range (0.05–1.0 mM).

Excitation of CPPT at 434 nm in acetonitrile leads to an
emission spectrum with a maximum at 495 nm, Fig. 3. The
fluorescence emission band overlaps the fluorescence exci-
tation (or absorption) band showing a normal Stokes shift.
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Fig. 3. (A) Absorption (- - -), fluorescence atλex = 434 nm (–) and
fluorescence excitation spectra (– –) at 500 nm of CPPT (5× 10−5 M) in
acetonitrile.

The data in Table 1 show that the fluorescence maxima for
CPPT (or CPPSH) and CMPT (or CMPSH). The fluores-
cence maxima generally display blue shift with increasing
the polarity of alcoholic solvents and with increasing the
polarity of polar aprotic solvents (CH3CN and DMF). The
shifts of the fluorescence peak are almost parallel to those
of absorption maxima. The Stokes shifts shown in Table 1
in non polar solvents are slightly small than those in polar
solvents.

Shifts of the absorption and fluorescence spectra of CPPT
(or CMPT) can be analyzed in relation to solvatochromic
scales introduced by Biolet–Kawaski (BK) [35]. Fig. 4A
shows the absorption and fluorescence maxima of CPPT in
various solvents as a function of BK. The linear dependence
of the maximum absorption is parallel to that of the max-
imum fluorescence (ethanol deviate from the straight line).
The dependence of the maximum fluorescence,vf , on the
maximum absorption,va, of CCPT shows a good linearity
with slope equal to 0.81 and correlation coefficients equal
to 0.960 (Fig. 4B). This argument demonstrates that there is
negligibly small difference between the ground and excited
states geometry and also suggests that similar prototropic
equilibria occur in the ground and excited states.

3.2. Transient absorption spectra

In Ar-saturated ethanol, time-dependent transient absorp-
tion spectra observed by the 266 nm laser excitation of CPPT
are shown in Fig. 5. The spectrum immediately after the laser
excitation has maxima at 370 and 530 nm. Similar behav-
ior was obtained for CMPT. The transients decayed quickly
within 2.5ms (Fig. 5). The decay rates of the both transient
bands were effectively accelerated by addition of O2 into
the solution, suggesting that the both transient bands are
due to the triplet–triplet (T–T) transition of3(CPPT)∗ and
3(CMPT)∗. 3(CPPT)∗ and3(CMPT)∗ are formed from the

Fig. 4. (A) Fluorescence and absorption maximum in wavenumber for
the CPPT as a function of BK and (B) plot of the fluorescence maximum
vs. absorption maximum for CPPT in various solvents.

Fig. 5. Transient spectra recorded by laser photolysis of CPPT
(1.0 × 10−4 M) with 266 nm light: (d) 0.25ms and (O) 2.5ms, in
Ar-saturated ethanol. Inset: decay profiles, in (a) Ar-saturated; (b)
air-saturated and (c) O2-saturation.
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Scheme 2.

excited singlet states via intersystem crossing as shown in
Scheme 2.

Each decay curve obeys the first-order kinetics in the
absence and presence of O2, from which the first-order
rate constant was evaluated (k1st) as shown in the inset of
Fig. 5. Thek1st value increases with the O2-concentration;
the pseudo-first-order plot gives the second-order rate con-
stant (kO2) for the quenching reaction of3(PT)∗ with O2;
they are summarized in Table 2.

3(PT)∗
kO2→PT+ 1O∗

2 (1)

The formation of singlet oxygen1O∗
2 was confirmed by con-

sumption of 1,3-diphenylisobenzofuran [36]. The oxygen
quenching of3(CPPT)∗ in ethanol is efficient and occurs
with rate constant (kO2 = 1.65×109 M−1 s−1) close to 3/10
kdiff . In the case of3(CMPT)∗, thekO2 = 3.28×109 M−1 s−1

in ethanol which is close to 6/10kdiff , wherekdiff is the
rate constant for diffusion controlled limit (kdiff = 5.6 ×
109 M−1 s−1 in ethanol). Thekdiff value was calculated from
Debye–Smoluckowski equation (kdiff = 8RT/3000η) [37].

In CCl4, the transient absorption spectra observed by the
laser excitation of CPPT (or CPPSH) are shown in Fig. 6A,
which are quite different from those in ethanol. The broad
transient absorption band was observed in the visible region
with peak around 430 nm. The decay rate in Ar-saturated
solution was quite slow compared with that of3(CPPT)∗
in Fig. 5. In the presence of O2, the decay rates were also
accelerated. However, the decay rates were slower than those
of 3(PT)∗ in Fig. 5. This suggests that the transient species
produced by the photolysis in CCl4 and cyclohexane are thio
radicals generated by a photoinduced homolytic S–H bond
cleavage of CPPSH [38–40] as in Eq. (2).

(2)

Table 2
Triplet state properties of CPPT and CMPT in various solvents at 298 Ka

Data CPPT CMPT

Ethanol CH3CN CCl4 Ethanol CH3CN CCl4

kO2 (M−1 s−1) 1.65 × 109 1.49 × 109 2.66 × 108 3.28 × 109 2.10 × 109 3.8 × 108

ksq (M−1 s−1) 3.60 × 1010 5.68 × 109 2.70 × 1010 2.99 × 109

τ0
T (ms) 1.84 3.70 0.90 2.91

a The intrinsic lifetime (τ0
T) was estimated by extrapolation to infinite dilution in the plots ofkobs(1/τT) vs. [PT] for 3(CPPT)∗ or 3(CMPT)∗,

respectively.

Fig. 6. Transient absorption spectra observed by laser photolysis with
266 nm light in Ar-saturated CCl4, (A) CPPT (1× 10−4 M). In-
set: decay-time profiles in (a) Ar-saturated; (b) air-saturated, and (c)
O2-saturated solutions. (B) Disulfide of CPPT (1× 10−4 M). Inset:
decay-time profiles.

In Fig. 5B, the transient spectra observed by the laser exci-
tation of the disulfide of CPPT (CPPS–SPPC) in CCl4 are
shown. The transient spectra are quite similar to those from
CPPT (or CPPSH). From the photolysis of the disulfide,
most probably transient species is the thio radical (CPPS

•
),

formed by homolytic photodissociation at the S–S bond
of CPPS–SPPC according to Eq. (3). In general, the thio
radical is insensitive to O2, the decay rate of the thio radi-
cal was accelerated in the presence of O2. The presence of
an acceptor group (–CN) in theortho position of the thio
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Fig. 7. Transient absorption spectra observed after laser photolysis of
CPPT (1.0 × 10−4 M) with 266 nm light in Ar-saturated acetonitrile.
Inset: decay-time profiles in (a) Ar-saturated, (b) air-saturated, and (c)
O2-saturated solutions.

radical group may be responsible for the reactivity of the
thio radical to O2.

CPPS–SPPC
hv(355 nm)→ 2CPPS

•
(3)

In acetonitrile, which shows the intermediate shifts of ab-
sorption and fluorescence peaks (Table 1), the transient ab-
sorption bands observed by the laser excitation of CPPT are
shown in Fig. 7. The transient absorption bands at 520 and
350 nm are quite similar to those in ethanol. Thus, they are
attributed to3(CPPT)∗. Similar transient spectra were ob-
served for CMPT in other polar solvents such as dimethylfor-
mamide and ethyl acetate, indicating that CPPT and CMPT
in intermediate solvents such as dimethylformamide and
ethyl acetate are predominantly present as thione-form.

The kO2 value evaluated for3(CPPT)∗ in acetonitrile
(1.49 × 109 M−1 s−1) is also quite similar to that in
ethanol (1.65 × 109 M−1 s−1), which is a typical solvent
for thione-form. ThekO2 value is approximately six times
larger than that of the thio radical (2.66 × 108 M−1 s−1)
in CCl4. In deaerated acetonitirle, the decay rates depend
on the CPPT concentration as shown in Fig. 8. The decay
rates (kT = 1/τT) increase with the ground-state concen-
tration of CPPT, which indicates the self-quenching (ksq)
takes place according to Eq. (4). The self-quenching rate
constant (ksq) and the triplet lifetime (τ0

T), which are de-
fined as intrinsic, can be evaluated from the slope and the

Table 3
Solvent effects on the fluorescence characteristics of CMPT at 298 K

Solvent τ (ns) (amplitude,A) Φ f kr × (106 s−1) knr × (108 s−1)

τ1 (A1%) τ2 (A2%)

Acetonitrile 6.33 (71.02) 1.48 (28.98) 0.036 5.19 0.99
Ethanol 6.03 (74.04) 1.26 (25.96) 0.026 4.31 1.61
CCl4 – 1.22 (100) 0.021 17.21 8.02

Fig. 8. Self-quenching of3(CMPT)∗ at 350 nm in Ar-saturated acetonitrile.
Inset shows pseudo first-order-plot.

intercept of linear plot, based on Eq. (5), as shown in the
insert of Fig. 8. Theksq value for CMPT was evaluated as
to be 2.99× 109 mol−1 dm3 s−1. For CPPT, theksq value of
5.68×109 mol−1 dm3 s−1 was estimated. Such largeksq and
relatively short lifetime values are typical characteristics of
thione triplets [4,9]. The estimated data are listed in Table 3.

3(PT)∗PT
ksq→PT+ PT (4)

1

τT
= 1

τ0
T

+ ksq[PT] (5)

3.3. Steady-state photolysis

Steady-state photolysis of CPPSH and CMPSH in
non-polar solvents produced the corresponding disulfide
as shown in Fig. 9A. The absorption band in the longest
wavelength (450 nm) was decreased with irradiation time,
accompanying with the increase in the absorption band at
335 nm, although it seems to be the shift of the band at
300 nm of CPPSH. The final spectrum of CPPSH was sim-
ilar to that of pure disulfide in the same solvent (inset of
Fig. 9A).

In acetonitrile (Fig. 9B) the decrease of the absorption
band of CPPT at 434 nm was quite slow, indicating that the
conversion from the thione to the corresponding disulfide
is slow process. The final formation of the disulfide in ace-
tonitirle suggests that the low tautomeric equilibrium con-
centration of the thiol-form is photodissociated to give the
disulfide slowly (inset in Fig. 9B). In ethanol, the decrease
of the absorption band of CPPT at 407 nm was quite slow,
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Fig. 9. (A) Steady-state photolysis of CPPT (8.3×10−5 M) with light longer than 330 nm and optical path of 1 cm in: (A) CCl4; (B) acetonitrile and (C)
ethanol. The inset show the absorption spectra of disulfide CPPS-SPPC.

indicating that contribution of the thiol-form to the tautomeic
is low (Fig. 9C).

An evidence for these conclusions is the observed rate
constant value for thiol-disulfide transformation in CCl4
is 2.78 × 10−4 s−1. This value is larger than the corre-
sponding rate constants for thione-disulfide in acetonitrile
(1.86× 10−4 s−1) and ethanol (1.44× 10−4 s−1). The trend
of increasing the efficiency of the steady state photolysis
is consistent with the solvent shift of the longer absorption
wavelength.

3.3.1. Fluorescence lifetime and quantum yield
The fluorescence decay times of CMPT are determined

in three different solvents: ethanol, acetonitrile, and CCl4
(Table 3). Fig. 10 shows the representative fluorescence de-
cay data of CMPT in ethanol. Improvement in the value of
chi-squared and the distribution of residuals was observed
when going from a single to a double exponential fit in
ethanol and acetonitrile, suggesting the existence of differ-
ent fluorescent species. The lifetime values (Table 3) are
calculated using the expression

I (t) =
n∑

i=1

Ai exp

(−t

τi

)
(6)

whereI(t) is the intensity of the fluorescence at timet, Ai the
pre-exponential factor for the fraction of the fluorescence
intensity,τ i the fluorescence lifetime of the emitting species
andn the total number of emitting species.

Table 3 provides representative data that illustrate the sen-
sitivity of both fluorescence quantum yieldsΦ f and lifetimes
τ1 andτ2 to the nature of the solvent. As can be seen from
Table 3, there is a slight decrease ofΦ f in going from pro-
tic (ethanol) and polar aprotic (acetonitrile) media to less

polar solvents such as CCl4. A more prominent difference
was observed in the lifetimeτ1 of the major process; in
ethanol and acetonitrile, the lifetimes of the major process
(6.03–6.33 ns) are quite longer than that in CCl4 (1.22 ns).
Also, the shorter value (τ2) in ethanol and acetonitrile is

Fig. 10. Excitation pulse profile, fluorescence decay and residuals plots
of CMPT in ethanol. The excitation and emission wavelengths are 400
and 462 nm, respectively.
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Fig. 11. Phosphorescence spectra observed for CPPT and CMPT at 77 K
in glassy ethanol.

close to those reported in CCl4. Hence, the longer lifetime
(≈6 ns) can be assigned to the thione form and the shorter
lifetime (≈1 ns) is due to the thiol form.

The radiative and nonradiative rate constants have been
calculated fromkr = Φ f /τ f andknr = (1−Φ f )/τ f , respec-
tively. In ethanol and acetonitrile, theknr values are found
to be about 17–37 times faster than the radiative ratekr, in
accordance with the considerably large intersystem cross-
ing for thiones [4,6]. In CCl4, theknr value is five to eight
times larger than those for thione-form; thekr value is three
time larger than those for thione-form. This also supports
the predominant presence of the thiol-form.

3.4. Phosphorescence emission

Fig. 11 shows the phosphorescence spectra of CPPT
and CMPT at 77 K (λex = 320 nm) in ethanol. The phos-
phorescence bands were observed at 525 and 620 nm for
3(CMPT)∗, where the phosphorescence bands of3(CPPT)∗
were observed at 513 and 620 nm. The triplet energies (ET1)
were estimated from the first phosphorescence peak to be
55.74 and 54.45 kcal/mol for3(CPPT)∗ and3(CMPT)∗, re-
spectively. The peak at 620 nm may be considered as double
of the excitation wavelength. In other solvents, the mea-
surements of the phosphorescence spectra were difficult,
because of poor transparency.

4. Conclusions

The strong solvent dependence of the tautomeric equilib-
rium of CPPT and CMPT and the distinct absorption prop-
erties of their thione and thiol forms allow the investigation
of the photochemistry of each tautomer. In nonpolar and less
polar solvents, laser flash photolysis of CPPSH and CMPSH
predominantly generate the thio radicals CPPS· and CMPS,
respectively, by homolytic fission of the S–H bond. The thiol
forms CPPSH and CMPSH gave relatively fast steady-state

photolysis to the corresponding disulfide CPPS–SPPC and
CMPS–SPMC.

In polar and protic solvents, the photochemical behavior
of the thione tautomer exhibiting properties such as slow
steady state photolysis to the corresponding disulfide, Their
triplet states3(CPPT)∗ and 3(CMPT)∗ exhibiting short
lifetime and efficient self quenching by the ground-state.
However, the excited-singlet state lifetime of the thiol
1(CMPSH)∗ is far shorter than that of the corresponding
thione tautomer1(CMPT)∗.
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