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Abstract

The azoles 2-(2hydroxyphenyl)oxazole (HPO) and 24Rydroxyphenyl)-4-methylthiazole (HPT) have been synthesised and studied
in order to compare their photophysical characteristics. Their absorption and emission properties are reported in non-polar, alcoholic al
aqueous media. Ground and excited std€edpta were determined by spectroscopy and a model is proposed to explain the behaviour
of HPT and HPO as a function of the pH. Excitation spectra and quantum chemical calculations suggest an equilibrium of ground stat
conformers. The calculations also predict a small energy barrier for rotation in the first excited singlet state for the proton transferre
tautomers. The resulting twisted structure of the tautomer form possesses a biradicaloid nature, and is near-degenerate in energy with
first excited triplet state. ©2000 Elsevier Science S.A. All rights reserved.

Keywords:Fluorescence; Proton transfer; Ab initio calculations

1. Introduction 2-(2-hydroxyphenyl)benzimidazole HPBI [13-16] and
2-(2-hydroxy-8-methylphenyl)benzotriazole (trade name
Amongst the large range of systems undergoing Tinuvin-P/TIN-P) [16-18].
excited-state intramolecular proton transfer (ESIPT) [1-3], The azoles HPBO, HPBT and HBPI exhibit dual emis-
compounds of the azole type form an important class of sion in polar solvents. It has been shown that different
their own. The earliest studies by Passerini [4,5] and Co- species coexist in the ground state [8,12,15,17] and only
hen and Flavian [6] on 2-(zhydroxyphenyl)benzoxazole the closed enol conformer (denoted Otls:-see Scheme 1
(HPBO) and 2-(2hydroxyphenyl)benzothiazole (HPBT) for molecules studied in this work) gives the Stokes shifted
have since been much extended [7-12]. Comparative emission after undergoing ESIPT. Other conformers are re-
studies have been reported, including also the relatedsponsible for the normal emission: an opesenol species
(OHo-<is which is hydrogen-bonded to a solvent molecule)
Trresponding author. Present address: School of Chemical Sci- and trans-conformers, with a hydrogen bond involving
ences, Dublin City University, Glasnevin, Dublin 9, Ireland. Fax: the second heteroatom (O or S, see structure @fts

+353-01-704-5503. Scheme 1) or the solvent (OHmnNS).
E-mail ~ addresses: denis.legourrierec@dcu.ie  (D. LeGoungc), The differences in the photophysical properties of HPBO
vlad@ipoc.rnd.runnet.ru (V.A. Kharlanov). and HPBT have been rationalised by several authors [19,20].
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fir Synchrotronstrahlung mbH; ESIPT, excited-state intramolecu- conformer in the case of HPBO. These authors proposed
lar proton transfer; HPBI, 2-(zhydroxyphenyl)benzimidazole; HPBO,  that the linkage joining the benzazole moiety and the phenol
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2-(2-hydroxy-5-methylphenyl)benzotriazole lower electronegativity of the sulfur, compared with that of
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O/H""SOI"e”t H-0 polar, alcoholic and aqueous environments. The photophys-
N N ical characteristics are discussed according to the nature
[ \>_© [ \>_© == NH-cis of the heteroatom and involving a rotational mechanisms.
X X Quantum chemical calculations are used to help predict pos-
OHo-cis OHc-cis sible conformers.
[N\ [N\ X=0:HPO 2. Materials and methods
X X X=S:HPT
0. H-0 2.1. Materials
H----Solvent
OHo-trans OHc-trans

2.1.1. 2-(2-Hydroxyphenyl)oxazole (HPO)

Scheme 1. Possible OH-forms of HPO and HPT (the 4-methyl substituent ~ The Pomeranz—Fritsch synthesis of isoquinolines involves
for HPT is not shown). the intramolecular cyclisation of (2-nitrobenzalamino)
acetaldehyde diethyl acetal [25]. The yield is generally high

oxygen. For the azole system in HPBT, this means a betterVith €lectron releasing groups (e.g. methoxy or methyl
delocalisation of the p electrons, a higher nitrogen basicity substituents) but no isoquinoline is obtained with electron

[21,22], and less chance of hydrogen bonding involving the withdrawing groups (e.g. nitro substituents). In this case,
second heteroatom as in rotamer Otrams [2]. the products are oxazoles. This method was used to pre-

The majority of the studies to this date have concen- Pareé 2-(2-nitrophenyljoxazole from 2-nitro-benzaldehyde
trated on the benzazoles rather than the analogues with126]- Reduction of 2-(2nitrophenyl)oxazole was achieved
out the fused benzo ring. Two papers by Douhal and With 10% palladium on carbon (Pd/C) in methanol
co-workers deal with phenyl substituted derivatives of according to the procedure of Bavin [27] affording
2-(2-hydroxyphenylJoxazole (HPO). In a first publica- 2-(2’-am|no_phenyl)oxaz_ole WhICh was then diazotized [28].
tion [23], the 0-0 transition was reported at 29852¢m Decomposition of the diazonium salt afforded HPO.
under supersonic jet conditions, followed by a very fast
(>4.5x 102s71) ESIPT reaction. The second paper [24] 2.1.2. 2-(2-Aminophenyl)oxazole [27]
deals with rotational processes. On the basis of experi- A solution of 2-(2-nitrophenyl)oxazole [26] (24,
mental and theoretical results, it is concluded that two 0.01mol) in 95% ethanol (15ml) was warmed to°60
rotamers of type OHcis and OHctrans (see Scheme 1) whereupon 10% Pd/C (15mg, previously moistened with
coexist in the ground state, the former being more stable alcohol) was added. Hydrazine hydrate (ca. 1.3ml) was
and the only one able to undergo ESIPT. In the excited added to the stirred mixture over 10min. At this point,
state, the ESIPT reaction has a small or zero energy bar-an additional amount of Pd/C (15mg) was added and
rier and the keto tautomer once formed can underggd 180 the mixture was refluxed for 1h. The catalyst was re-
twist. To our knowledge, no work has been reported on moved by filtration through a thin layer of Cellté and
2-(2-hydroxyphenyl)-4-methylthiazole (HPT). the solution was concentrated at reduced pressure to give

In this paper, we present the results of a comparative study2-(2-aminophenyl)oxazole (1.25 g; 74%) as an oil which so-
involving the azoles HPO and HPT (Scheme 1). Their emis- lidified on cooling to give colourless crystals, m.p. 31232
sion and absorption properties are reported in non-polar, (lit. 32—-33C [25]). It was easily recognisable on TLC by its

,} (0]
| N
. H
Ao X 90 N
- = [ )=
OHc-cis —— [ == —_— — X
X = (0]
+H 0
NH-cis N NH-trans
[ N\
X 90
NH-90

Scheme 2. Possible NH-forms of HPO and HPT (the 4-methyl substituent for HPT is not shown).
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blue fluorescence. It was used within a few days but can be Subsequent recrystallisation from aqueous methanol gave
kept in a refrigerator, under nitrogen for long term storage. the pure material (0.2 g; 40%), m.p. 62=63

MS: m/z 160 (M"), 131, 104, 90, 77 NMR: 84 2.50 (3H, s, OCH), 6.83 (1H, s, 5-H), 6.93
(1H, m, B-H), 7.06 (1H, dd, 8H), 7.29 (1H, m, 4H), 7.62
(1H, dd, 6-H), 12.4 (1H, s, OH)

2.1.3. 2-(2-Hydroxyphenyl)oxazole (HPO) MS: m/z 191 (M), 163, 146, 118, 71

2-(2-Aminophenyl)oxazole (0.64g, 4 mmol) was dis-
solved in hot concentrated sulfuric acid (4 ml) and then
cooled below 15C. Ice (ca. 4 g) was added when the amine
bisulfate separated. A solution of sodium nitrite ( 0.35¢,
5.07 mmol) in ice water (4 ml) was added dropwise under
the surface of the ice cooled, stirred amine solution, at such
a rate that the temperature remained bel6G@.5After the
addition was complete, the mixture was stirred for an ad-
ditional 5min and then a few crystals of urea were added
to decompose the excess of sodium nitrite. The cot€)0
solution was treated with a solution of copper(ll) nitrate tri- )
hydrate (15 g) in water (140 ml) and copper(l) oxide (0.53g, Absorptlon. spectra were recorded on a HewletF—Packard
55mmol) was added to the vigorously stirred solution. HP8452A diode array spectrophotometer using 1cm
The mixture was extracted with diethyl ether, the extracts Path-length quartz cells. Corrected fluorescence spectra
were dried (NaSOy) and evaporated and the residue was (in spectroscopic grade solvents, Merck or Ald_rlch) were
purified by flash chromatography (10% ethyl acetate/light récorded on a SPEX Fluoromax spectrofluorimeter and
petroleum b.p. 60-8(). The resulting oil crystallised on ﬂupr_escence qu_antum yields were dgtermlned relative to
cooling and was recrystallised from aqueous ethanol to 9uinine sulfate in 0.1 M perchloric acidd¢ = 0.55) [34].

afford 2-(2-hydroxyphenyl)oxazole (50mg; 10%), m.p. Room temperature fluorescence lifetime measurements
36-37C. as colourless needles. were undertaken at the Daresbury Synchrotron Radiation

NMR: 8 6.94 (1H, m, 5H), 7.10 (1H, dd, 3H), 7.27 Source (in single bunch mode) as described elsewhere

(1H, d, 4-H), 7.40 (1H, m, 4H), 7.75 (1H, d, 5-H), 7.86 [35] and on a laser system at Imperial College, London.
(1H, dd, 6-H), 11.2 (1H, s, OH) In the latter case, the excitation light (300 nm, 50 ps pulse

MS: m/z 161 (M+), 132, 105, 78 length) was obtained by frequency doupling the 600 nm
output of a dye laser (rhodamine 6G). Variable temperature
fluorescence decay measurements were carried out using

2.1.4. 2-(2-Hydroxyphenyl)-4-methylthiazole (HPT) synchrotron radiation from BESSY (in single bunch mode)
Muslin etal. [29] synthesised 2/tRydroxyphenyl)thiazole a5 the source of excitation. The equipment has been de-

from 2-hydroxythiobenzamide and bromoacetaldehyde. scribed previously [36]. In all cases, the time-correlated,

Bromoacetone was preferred in the current work since it is single photon counting method [37] was used to accumu-

more readily available. The same procedure was followed, |ate fluorescence lifetime data. An iterative reconvolution

thus giving a methyl substituted product. We assume that program was used to analyse the decays andythealue

the presence of the 4-methyl substituent in HPT has no together with the distribution of the residuals were exam-

major effects on the spectroscopy and dynamics of HPT (asjned to estimate the quality of the fit. Lifetimes down to

Guallar et al. proposed in the case of HPO [24]), approximately 0.1ns could be obtained using the BESSY
A solution of 2-hydroxythiobenzamide [30] (0.49, and Daresbury synchrotrons and the laser system allowed

2.61 mmol), bromoacetone [31] (0.56g, 2.61mmol) in ys to analyse the decays down to approximately 18ids.

ethanol (1 ml) and piperidine (0.1 ml) was refluxed for 7h. NMR spectra were recorded in deuterated chloroform on a

The alcohol was evaporated and the residue was extractedgrycker W250 instrument. lonisation constant&)ere

with dlethyl ether (3( 50 ml) and the extracts were washed determined Spectroscopica”y [38] (esuma:ﬂedl) and the

with aqueous potassium carbonate (50 ml). The ether ex-excited state k* values were calculated by the Forster

tracts were dried (MgS§) and treated with a vigorous  cycle method and by fluorescence titration.

stream of dry hydrogen chloride gas (generated by dropping

concentrated sulfuric acid onto ammonium chloride pre-

viously wetted with concentrated hydrochloric acid [28]). 3. Results and discussion

The resulting brown crystals were filtered off and added to

a potassium hydrogen carbonate solution as to basify the3.1. Absorption spectra

mixture. Extraction with diethyl ether (15 ml) and removal

of the dried (NaSQy) solvent gave a brown residue which The absorption spectra of HPO and HPT and of HPBO

was distilled under reduced pressure to afford HPT as anand HPBT in methylcyclohexane are compared in Fig. 1. The

oil (b.p. 100C at 13 mm Hg) that crystallised on standing. spectra are normalised to the same absorbance for the long

2.1.5. 2-(2-Hydroxyphenyl)benzothiazole (HPBT) and
2-(2-hydroxyphenyl)benzoxazole (HPBO)

HPBT was prepared by C.A.S. Potter according to
the published method [32] and was recrystallised from
1-butanol. HPBO was synthesised by K.W. Hodgson [33]
and was recrystallised from aqueous ethanol.

2.2. Methods
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Absorbance
06 T

Substitution of oxygen for sulfur causes a red shift of ap-
proximately 20 nm, probably due to better delocalisation of
the electrons in the thiazoles than in the oxazole, which has
less aromatic character [21,22]. The absorption spectra of
the thiazoles are more diffused than those of the oxazoles.
This is especially obvious for the 250—-300 nm band. The in-
terpretation proposed in previous work on HPBT and HPBO
[19,20] also holds for HPT and HPO, i.e. the linkage be-
tween the phenol and the azole rings has more single bond
character in the thiazoles allowing for more twisting vibra-
tions and formation of rotamers (e.g. Oltans) and hence
a more diffuse absorption spectrum.

The benzo analogues HPBT and HPBO possess higher
extinction coefficientsg(= 12 000—14 000 dfmol~1cm™1
[8,9], compared to ca. 7000 drmol~1cm~1 for HPO and
HPT) and their absorption spectra are red-shifted (10—20 nm)
compared to HPO and HPT, as expected due to the extension
of the conjugated system.

HPO HPT

0.5

04 T

03 +

02 ¢

01 1

0

Absorbance
0.6

0.5+
0.4+
0.3+
0.2+

0.1+4

0 3.2. Fluorescence measurements

Fluorescence from the PT tautomer in non-polar solvents
was observed with similar Stokes shifts for both compounds
(see Table 1 for photophysical properties in MCH). A very
weak blue fluorescence band was also observed for HPO
(340nm, see Fig. 2), which Guallar et al. [24] also men-
wavelength band. The long wavelength band (>300 nm) hastion for the methyl substituted derivative of HPO. These au-
been attributed to a-=* state with charge transfer character thors assigned this band to ttrans enol species (tautomer
[39] whilst the band in the region 240—-290 nm is due to the OHc+ransin Scheme 1). The PT fluorescence from HPO ap-
azole chromophore [24,39]. The extinction coefficients in pears at shorter wavelengths compared to HPT and also has
ethanol ¢ =6300—7600 drimol~1cm™1) are of the same  a slightly higher quantum yield. In polar and protic solvent
order for HPO and HPT (see Table 1). The absorption data (see Table 1), normal and Stokes shifted fluorescence bands
for HPO compares well with those of the phenyl substituted were observed from HPO and HPT, and were attributed to
derivative studied by Guallar et al. [24]. the enol and PT species, respectively. The emission spectra

Wavelength (nm)

Fig. 1. Absorption spectra of HPO, HPT, HPBO and HPBT in MCH
(2.5x 10~° M, normalised).

Table 1
Photophysical properties of HPO and HPT in various solvents at room température
Sample Solvent Absorption Emission
Amax (NM) Band Amax (nM) D¢ Lifetime Stokes shift (cm?)
T (ns) Amplitude (t) (ns)
HPO Ethanol 306 Enol 345 0.0035 1.55 0.86 1.37 3700
(316) 0.28 0.14
& =7600 PT 460 0.0131 0.43 1 0.43 11000
Acetonitrile 306 Enol 345 <0.002 - - - 3700
(314) PT 465 0.0060 0.19 1 0.19 11200
MCH 310-320 Enol 340 <0.001 - - - 1800
PT 480 0.0072 0.21 1 0.21 10400
HPT Ethanol 326 Enol 360 0.010 0.69 0.83 0.58 2900
(334) 0.021 0.17
& =6300 PT 505 0.0087 0.16 0.67 0.25 10900
0.44 0.33
Enol 350 <0.002 - - - 2100
Acetonitrile 326 PT 513 0.0019 0.59 <0.01 0.08 11200
(334) 0.08 >0.99
MCH 330 (340) PT 525 0.0032 0.86 1 0.86 10400

ag jn dmmol~lcm?
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Fig. 2. Normalised emission spectra of HPO in ethanol and MCH (ca.
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Fig. 5. Excitation and absorption spectra of HPT in ethanol (ca.
7.9% 10-5M, normalised).

are shown in Figs. 2 and 3 in ethanol and MCH. For both to be different and did not match the absorption spectrum.
compounds, a blue shift of the PT band was observed in thelt is also worth noting that the excitation spectra of the
polar protic solvents compared to MCH. This observation is keto bands in acetonitrile were very similar to those in
similar to 3-hydroxy-2,2bipyridyl, interpreted there, based MCH.

on low temperature lifetimes, as indicating specific hydro-

These observations suggest the existence of two ground

gen bonding of the PT species [40]. For both compounds in state species in equilibrium which possess different absorp-
protic solvent, the intensity ratio of the normal and PT bands tion properties. One species is responsible for the proton
varied with excitation wavelength. The excitation spectra transfer fluorescence exclusively while the other causes the
(see Figs. 4 and 5) of the enol and PT bands were foundnormal emission band, as explained earlier. The same ob-

14
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0.7 4
0.6
0.5
0.4 4
0.3
0.24
01¥

0

Flurorescence (arb. units)

33

Fig. 3. Normalised emission spectra of HPT in ethanol and MCH (ca.

I " I 1 1
Tt T 7 7+ T

0 380 430 480 530 580 630
Wavelength (nm)

5.0x 105 M).
1.8
1.6+ Excitation spectrum Excitation spectrum
1.4+ (em 360 nm) (em 460 nm)

1.24
14

Intensity [arb. units)

Absorption

T

260 270 280 290 300 310 320 330 340
Wavelength (nm)

servations were made for HPO [24] and HPBO [15,41]. For
HPBT, however, the excitation spectrum for the enol and
PT fluorescence are identical [7], and give no evidence for
distinct ground state species.

The excitation wavelength dependence of the emission
means that the quantum yields of enol and PT emission for
HPO and HPT (see in Table 1) are only valid for the given
excitation wavelength. For both the plain azoles and their
benzologues [15,35], the enol emission is more intense than
the PT emission in the thiazoles, whereas the opposite is true
for the oxazoles. A higher quantum yield for PT than for
normal fluorescence suggests that either the equilibrium in
the ground state is displaced towards the species responsible
for PT emission or that some excited state mechanism that
depopulates the emitting state is absent. One must bear in
mind that the amount of exciting radiation absorbed by the
species responsible for the enol and PT emission bands is
not known.

Mono- or bi-exponential fluorescence decays were mea-
sured in polar and non-polar solvents (Table 1). The lifetimes
and quantum yields in acetonitrile for the enol band could
not be determined accurately because of the non-negligible
residual fluorescence from the solvent under the wavelength
conditions used, combined with a weak emission. Shorter
lifetimes and lower quantum yields were found for the PT
band in acetonitrile, compared to ethanol and MCH. A vari-
able temperature study in MCH showed that the lifetimes
increased from 0.21 to 6.7 ns for HPO and from 0.86 to
5.42 ns for HPT when the temperature is lowered from 298

Fig. 4. Excitation and absorption spectra of HPO in ethanol (ca. down to 133 K. A similar, strong temperature dependence
6.5x 105 M, normalised).

was observed for the benzo analogues HPBO [7] and HPBT



106 D. LeGourrérec et al./Journal of Photochemistry and Photobiology A: Chemistry 130 (2000) 101-111

0.8+
—sa— protonated
—— neutral

—e— deprotonated

0.6

0.4

Absorbance

0.2

0.0 T : T v f ]
250 275 300 325 350 375 400
wavelength (nm)

Fig. 6. Absorption spectra of HPO in water at pH..00 (@), pH=8.00
(v) and pH=11.30 @) (ca. 5x 1073 M).
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Fig. 7. Absorption spectra of HPT in water at p+2.00 @), pH=7.40
(v) and pH=10.90 @) (ca. 5.0x 10-°M).

and are given in Table 2, along with the absorption max-
ima (Amax) and the isobestic pointsii,). The Ko* val-
ues for deprotonation were calculated (Forster cycle) us-
ing the average of the absorption and emission maxima (in
wavenumbers). TheKy* values for protonation were cal-
culated from the absorption wavelengths only because the
protonated species is non-fluorescent, as explained later.
Table 2 shows that theq value of the thiazole HPT (2.7)
is higher than that of the oxazole HPO (2.01) and the same
is true for their benzo counterparts HPBT (1.16 [7]) and
HPBO (—0.3 [10]). This is in agreement with the weaker
basicity of the oxazoles compared to the thiazoles [21,22].
The K> values are slightly lower for HPT (8.8) than for
HPO (9.5), and for HPBT (10.3[7], 10.16 [4,5]) as compared
to HPBO (10.4 [10], 10.48 [14]). Roberts et al. [14] propose
that HPBT is less planar than HPBO, and possesses a weaker
intramolecular hydrogen bond (IMHB), hence léxpwhich
is closer to that of non-hydrogen bonded phenols.

3.3.2. Fluorescence properties

The changes in the fluorescence spectra of HPO and HPT
when exciting at the isosbestic points given in Table 2 are
shown in Figs. 8-11. A similar behavior was observed for
both compounds. The ionisation constants have also been
determined from the fluorescence data (see Table 2). These
pK values are similar to those calculated by absorptiometric
titration and reflect the fact that the emission spectra are
largely determined by the nature of the absorbing species.

At low pH, weak emission is observed (band A: near
445 nm for HPO and 500 nm for HPT). As the pH is raised to
neutral, the fluorescence peak blue-shifts (to band B: 410 nm

[42]. The corresponding fluorescence spectra as a functionfor HPO and 445 nm for HPT) and the emission increases in

of temperature for HPO and HPT were not measured.

3.3. Effects of the pH on the absorption and fluorescence
properties

3.3.1. Absorption properties in aqueous solution

intensity. A shoulder also appears (band C: around 350 nm
for HPO and 370 nm for HPT). As the pH is further in-
creased, the shoulders disappear, and the remaining emis-
sion band B becomes stronger and is the only one present
at high pH.

At neutral pH, the uncharged enol HPO or HPT molecules

HPO and HPT are readily protonated and deprotonatedare expected to be the dominant species in solution (on the
and the absorption spectra of their different forms as a func- pasis of the K values) but the fluorescence spectra (see
tion of pH are shown in Figs. 6 and 7. lonisation constants Figs. 9 and 11) appear to consist of more than one band. Flu-
were calculated from the spectral data according to [38] orescence decay profiles in neutral aqueous solution were

Table 2
Photophysical properties of HPO and HPT in aqueous solution

Absorption Fluorescence
S pK S pK* Xiso (M) Amax (NM) 538 Amax (Nm) i T (ns)
HPO HPO H* (pK1) 2.01 7.86 315 320 2.50 - - -
Neutral species 302 E: 350 (C) 0.012 0.16
PT: 445 (A) 0.003 0.06
HPO™ (pKz2) 9.0-9.5 1.7-2.2 315 330 9.26 410 (B) 0.18 245
HPT HPT-H" (pK31) 2.7 6.6 328 340 2.98 - - -
Neutral species 320 E: 370 (C) 0.035 0.12
PT: 500 (A) 0.008 0.03
HPT™ (pKz2) 8.8 0.54 335 358 9.4 445 (B) 0.20 2.0
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Decreasing pH

Fluorescence (arb. units)

Wavelength (nm)

Fig. 8. Emission spectra of HPO in water with decreasing pH (ca.

5.0x 10-5M). Band A (445nm): proton transferred species, Band B
(410nm): HPO, Band C (350 nm): neutral enol form.
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Fig. 11. Emission spectra of HPT in water with increasing pH (ca.
5.0x 10~5M). Band B (445nm): HPT.

enol species on the basis of the wavelength, although the

measured at different wavelengths across the emission bandnain lifetime components are much shorter than those mea-
and the analysis is reported in Table 3. At least three dif- sured in ethanol (see Table 2). The main lifetime component
ferent emitting species, with distinct lifetimes can be dis- Of the band B is close to the value found in basic conditions
tinguished from these data, suggesting the existence of pro-(2.45 and 2.00 ns for HPO and HPT, respectively). The posi-

totropic ground state equilibria.

tion of this band is also similar under neutral and basic con-

According to these observations, we propose the follow- ditions. We therefore assign this band to the deprotonated
ing interpretation. Band C may be assigned to the neutral Species (HPX-). The weak band A observed under acidic

A
1 .
Increasing pH pH =
w 10.90
E 08T 9.62
s 9.27
's 0.6+ 9.20
g 8.75
7.50
§ 04+
o
w
£
5 0.2+
[
0 - VLI B e e e e e s o s o
320 370 420 470 520 570

Wavelength (nm)

Fig. 9. Emission spectra of HPO in water with increasing pH (ca.

5.0x 10-5M). Band B (445nm): HPO.
tr Decreasing pH PH =
5.25
w 3.33
"__% 0871 2.96
. 2.61
o6+ 2.20
v 1.30
g
S 044
113
W
£
§ 02+
e
sttt
340 390 440 490 540 590 640
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Fig. 10. Emission spectra of HPT in water with decreasing pH (ca.
5.0x 10-°M). Band A (500 nm): proton transferred species, Band B
(445nm): HPT, Band C (370nm): neutral enol form.

conditions is too strongly Stokes shifted (10600¢nto
correspond to the protonated form HPX=H On the basis
of the emission wavelength we propose that this band is due
to the PT tautomerngm in ethanol 460 nm). The very short
lifetimes measured for this band were also present at neutral
pH, on the red edge of the spectrum and at 410 nm for the
deprotonated species, in basic conditions. According to this
model, we conclude that the protonated form (HPX%H
does not fluoresce.

The mechanism in Scheme 3 is proposed to summarise
the possible behaviour of HPO and HPT in aqueous solu-

Table 3
Analysis of fluorescence decay profiles for HPO and HPT in water at
neutral pH

Sample Aem (nM) T (ns) Amplitude %
HPO 350 0.0591 0.28 11.4 1.11
1.51 0.01 10.4
0.16 0.71 78.2
410 0.060 0.58 4.1 1.29
2.36 0.33 92.7
0.29 0.09 3.1
480 0.060 0.96 44.1 1.22
2.32 0.03 53.3
0.34 0.01 2.6
HPT 370 0.028 0.52 16.0 1.25
2.04 0.01 22.3
0.12 0.47 61.7
445 1.95 0.12 67.1 1.08
0.094 0.51 13.8
0.18 0.37 19.1
500 0.031 0.31 35 1.06
1.88 0.07 47.4
0.22 0.62 49.1
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HPXPT —-—A—> PT fluorescence
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/::_SIPT
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S, HPX-H* =— HPXg = HPX
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So  HPX-H* ==—= HPX; 2~ HPX
protonation neutral species deprotonation

Scheme 3. Model for the photophysics of HPO and HPT in aqueous
solution.

tion. Although not all arrows indicated have been evidenced
by the present work, this scheme is intended to give an over-
all view. At pH~1, the PT tautomer may be obtained by
deprotonation of the hydroxyl group of thes-isomer of
HPX-HT*. Although this should only occur at pH X, it

is possible that the protonated nitrogen atom of HPX:H
provides a driving force for this mechanism. Whether the
PT tautomer is also obtained by protonation of the nitrogen
of HPO™ and HPT is more uncertain because of the very
low concentration of protons under basic conditions. There-
fore, the 0.067 ns component found at 410 nm atpt0

for HPO may not be related to the 0.06 ns lifetime of the
keto tautomer.

The lifetime of the proton transfer HPT tautomer (neu-
tral pH, see Table 3) is not exactly the same throughout
this analysis but it appears to be near 0.03 ns. The variation
in lifetime is understandable given the time resolution of
the instrumentation. The origin of the 0.22 ns component at
500 nm in neutral conditions is unclear.

3.4. Quantum chemical calculations

Calculations of all conformers of HPO and HPT (Schemes
1 and 2) in the ground and excited states were carried out
using the GAUSSIAN 94 program [43] with the HF method
and a 3-21G basis set with vibrational analysis of the
geometry-optimised structure. Excited-state geometry opti-
misations were calculated by the interaction of singly ex-
cited configurations (CIS) involving 20 occupied and 20 un-
occupied orbitals.

3.4.1. OH-type conformers in the ground state

HPO and HPT in the ground state possess different stable
OH-type conformers (Table 4, Scheme 1). A thermal equi-
librium of these conformers is consistent with the excitation

nd Photobiology A: Chemistry 130 (2000) 101-111

Table 4
Relative energy (in kcal/mol) of the stable OH-type conformers of HPO
and HPT in the ground state as determined by HF/3#24@imisations

OHo-+rans OHo-<cis OHc-rans OHc<is
HPO 15.24 14.14 4.23 0
HPT 6.68 15.10 135 0
Table 5

Relative energy (in kcal/mol) of the stable NH-type conformers of HPO
and HPT in the ground state, as well as the transition state NH-90, as
determined by HF/3-21Goptimisations

NH-cis NH-90 NH-rans
HPO 0 37.12 20.70
HPT 0 35.13 7.09

stabilised with respect to thes isomer for HPO than for
HPT (see Table 4), indicating the better ability of oxygen to
form a hydrogen bond, as compared to sulfur.

3.4.2. NH-type conformers in the ground state

There exist two stable forms (NEis and NHtrang) in
the S-state with a transition structure (NH-90) separating
the two minima (Table 5 and Fig. 12). The most stable con-
former is the NHeis form. NH-90 possesses a zwitterionic
electronic structure with a large dipole moment of ca. 9D
(Tables 6 and 7).

6- (@ HPO s, |
: e |
5 , >
. )
4
T1
3| A
| A
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L 3 So
1- om
> |
‘D. 0- m
>
[ ' |
g 67() ppr ;
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0- = "
0 30 60 90 120 150 180
angle, deg

Fig. 12. §-, T;- and $-state surfaces as calculated for the internal

wavelength dependence of the observed fluorescence spedotation of the fragments of the NH-type conformers of HPO (a) and

tra (see Figs. 4 and 5). The OKts conformation of HPO
and HPT is determined to be the most stable species. Fo

rand 180deg to the Nhtans conformer. Filled symbols correspond to

HPT (b). The origin of the energy axis corresponds-#845.9697154 a.u.
(HPO) and to—867.2014670a.u. (HPT).; 0deg correspond to the di#H-

HPO, our results are in close agreement with previous cal- fy|| optimisation (minima or saddle points), open symbols to optimisation

culations [24]. It can be noted that ttansisomer is more

with fixed twist angle.
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Table 6

Properties of the energy minima and the transition state of the excited state NH-type conformers of HPO

State characteristic Nlidis NH-90 NH-rans
Point Group G Cy Cs

S; — S transition energy, eV 4.23 1.84 4.38
Oscillator strength 0.4431 0.0000 0.0000

S; —T1 energy gap, eV 1.92 0.12 2.30
Dipole moment of the §(S) State, 4.59 (5.72) 2.97 (8.76) 4.82 (7.75)
Vectorial dipole moment change 0f-S%, D 1.12 8.75 7.81

State assignment -1t Biradicaloid o)

2The dipole moment vectors are not always parallel.
b The lowestm-m* state is 4.72 eV above the) State.

Table 7

Properties of the energy minima and the transition state of the excited state NH-type conformers of HPT

State characteristic Nlidis NH-90 NH-rans
Point group G C1 Cs

S; — S transition energy, eV 3.97 2.12 3.97
Oscillator strength 0.5792 0.0002 0.5020

S; — T1 energy gap, eV 1.80 0.07 1.91
Dipole moment of the §(Sp) state, in 3.89 (5.17) 3.77 (8.95) 6.71 (7.30)
Vectorial dipole moment change 0f-S5, (in D) 1.28 9.09 0.78

State nature -t Biradicaloid fr-m*)P

2The dipole moment vectors are not always parallel.
bThe lowestn-m* state is 5.13eV above the, State.

3.4.3. NH-type conformers in thg-State optimised NH-90 structure of the ground state corresponds
Fig. 12 summarises the calculations for ground and ex- to two virtually planar subsystems twisted orthogonally to
cited states of the NH-type conformers of HPO and HPT. each other (compare the dihedral angles in Tables 8 and

The rather large barrier in the ground state contrasts with a9). The optimisation of the Sminimum, starting with the
slight energy minimum of the excited state, for the near per- NH-90 structure of the ground state, however, leads to sig-
pendicular conformation NH-90. It is remarkable that the nificant deviations from this locally planar structure to a bent

Table 8
Selected bond lengths and angles of the NH-type conformers of HPO in the optirgised §-states by HF/3-21G For the atom numbering, see Fig. 13
Bond length, dihedral angle (A, deg) Neis NH-90 NH-rans

So-state $-state o-states $-state o-states P-state
2-1 1.3313 1.3513 1.3181 1.4076 1.3628 1.3883
2-6 1.3835 1.3914 1.4383 1.4464 1.3663 1.3454
6-7 1.4417 1.5015 1.4311 1.4651 1.4636 1.4617
11-6 1.4197 1.3792 1.3953 1.4033 1.4415 1.4535
7-12 1.2615 1.2006 1.2565 1.2314 1.2286 1.2969
a (7,6, 2,1) 0 0 90 61.8 180 180
B (6,2, 1,5) 180 180 180 138.1 180 180
Table 9

Selected bond lengths and dihedral angles of the NH-type conformers of HPT in the optimiaed S-states by HF/3-21G For the atom numbering,
see Fig. 13

Bond length, angle (A, deg) Nlidis NH-90 NH-trans
So-state $-state o-state $-state o-state $-state

2-1 1.3354 1.3625 1.3189 1.4096 1.3507 1.3721
2-6 1.3971 1.4119 1.4522 1.4306 1.3856 1.4127
6-7 1.4442 1.5001 1.4323 1.4726 1.4422 1.4844
11-6 1.4222 1.3829 1.3944 1.4096 1.4282 1.3824
7-12 1.2639 1.2606 1.2568 1.2310 1.2481 1.2524
a(7,6,2,1) 0 0 90 78.8 180 180

B (6,2 1,5) 180 180 180 161.3 180 180
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Table 10
Properties of the optimised; Tstate for the NH-type conformers of HPO
and HPT as calculated by HF/3-21G

State characteristic HPO HPT

NH-cis NH-trans NH-cis NH-trans

Point group G Cs Cs Cs

Energy gap of T—> S, eV 1.98 1.57 1.81 1.73
Energy gap of $—T:2, eV 214 2.66 2.00 2.10
State nature - - -t -t

aEnergy gap between the equilibrium &nd T; states.

and the double-bond character is lost leading to the bond
lengthening. A summary of the ground and excited state
characteristics of the various NH-species is given in Tables 6
and 7. The g-state of the NHeisforms of boths compounds

is of w-=* nature as well as the NHansform of HPT. But

the §-state of the NHyans form of HPO is calculated to

be ofn-=* nature (Table 6).

The biradicaloid dot-dot electronic structure of the NH-90
forms of HPO and HPT in thesSstate is confirmed by the
small energy gap between the-Snd T;-states (Tables 6

} o ] o and 7and Fig. 12). Both states possess the same optimised
Fig. 13. Equnlbr_lum structure NHis and struct_ure of the NH-90 mini- geometry and correspond to the same dot-dot electronic con-
mum on the excited-state surface, together with the corresponding fron- = i .
tier orbitals (LUMO upper, HOMO lower), for HPO. Similar results have figuration. Both $ and T; states possess a small dipole mo-
been determined for HPT. ment, and therefore the dipole moment change for the S

(or T1) — Sp-transition is very large and corresponds to the

transfer of nearly a full electron. This is directly visualised
one with nonplanar oxazole subsystems (see Fig. 13, r.h.s.)by the shape of the HOMO and LUMO orbitals which are
This structural bending of the entire molecule is also borne localised on the different fragments in the NH-90 form (Fig.
out by thea and 8 dihedral angles in Tables 8 and 9. 13).

This behaviour can be qualitatively understood in terms  Due to the relatively small energy gap fof S S in
of the electronic structure of the ground and excited statesthe NH-90 structure (Table 10), calculated by HF/3-21G
of NH-90 (Scheme 2): the lower energy structure)(8f (1.8-21eV), the nonradiative transition from the minimum
NH-90 corresponds to the hole-pair-type state [44,45] with in S; to the ground state is likely to be important; conse-
reduced electron density in the positively charged oxazole quently, this structure can be expected to lead to the quench-
or thiazole ring, with a substantial ground state dipole mo- ing of the keto fluorescence. A further possible source of
ment of the NH-90 form (Tables 6 and 7) and with an even fluorescence quenching is given by the near-degeneracy of
number of electrons on both rings. The heteroaromatic ring the § and T, states of the NH-90 species (see Fig. 12).
therefore tends to be planar (Tables 8 and 9). Thst&te,
on the other hand, corresponds to the dot-dot species [44,45.4.4. Triplet state of NH-type conformers
with one electron localised in the five-membered and one in  The triplet NH€is and NH<trans conformers are stable
the six-membered ring, and with correspondingly increased species (energy minima). The singlet-triplet energy differ-
electron density in the five-membered ring, connected with ence is strongly angle-dependent. It is sizeable for planar ge-
a reduced dipole moment. Consistent with previous findings ometries and very small for perpendicular ones (see Tables
on charged pyridinium systems [46], the increased electron6 and 7and Fig. 12). The near-degeneracy witHd® 90°
density in the five-membered ring can lead to a rehybridis- is due to the biradicaloid nature of these two states (dot-dot
ation resulting in a pyramidalised five-membered ring sub- nature) as outlined above and is connected with localisation
system for the optimised;SNH-90 form as shown in Fig.  of the molecular orbitals for this geometry.
13and borne out by the dihedral angles in Tables 8 and 9
deviating from 180 and 90

The central bond length for HPO and HPT, also contained 4. Conclusion
in Tables 8 and 9, shows a strong increase for the NH-90
structure in both ground and excited states. This is consistent The absorption and emission properties of HPO and HPT
with the valence bond resonance structures, which place aresemble in many respects those of the benzo analogues
large weight of double-bond character on this bond. In the HPBO and HPBT. These compounds exhibit dual fluores-
NH-90 form, this valence bond structure is not available, cence in polar and protic solvents due to several ground
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state tautomers. In the first excited singlet state, the quantum16] J. Catalan, F. Fabero, M.S. Guijarro, R.M. Claramunt, M.D. Santa

chemical calculations suggest the existence of two deactiva-

tion channels of the proton transfer tautomers att@ast. At

this conformation, the S-S energy gap is reduced, and the
T1 and g states are near-degenerate. We recently propose
a similar mechanism for 2-(zhydroxyphenyl)pyridine [47].

The different nature of the heteroatom does affect some

of the properties of the azoles. The nitrogen is less basic for ) _ . ; X
d[21] A.R. Katritzky, Physical Methods in Heterocyclic Chemistry, vol. 3,

the oxazole compounds than for the thiazoles. In the groun
state, théransisomer is more stabilised for the oxazole HPO
than for HPT. The different electronic distribution is altered

Maria, M. de la Conception Foces-Foces, F.H. Cano, J. Elguero, R.
Sastre, J. Am. Chem. Soc. 112 (1990) 747.

[17] M. Wiechmann, H. Port, J. Lumin. 48/49 (1991) 217.

18] M. Pfeiffer, K. Lenz, A. Lau, T. Elsaesser, J. Raman Spectrosc. 26
(1995) 607.

[19] P.-T. Chou, W.C. Cooper, J.H. Clements, S.L. Studer, C.P. Chang,
Chem. Phys. Lett. 216 (1993) 300.

[20] M. Itoh, Y. Fujiwara, J. Am. Chem. Soc. 107 (1985) 1561.

Academic Press, New York, 1971
[22] A.R. Katritzky, Handbook of Heterocyclic Chemistry, Pergamon
Press, Oxford, 1985.

upon benzo substitution. The benzo analogues HPBO andl23] A. Douhal, F. Lahmani, A. Zehnacker-Rentien, F. Amat-Guerri, J.

HPBT are stronger emitters and a comparison of thKir p
values also shows that they are less basic than HPO an
HPT, respectively.
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