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By means of UV absorption and fluorescence spectroscopy, we found that the ground- and excited-state
behavior of the monoanion of 2:¢@ydroxy-2-pyridyl)benzimidazole 1) is solvent dependent. In basified

protic solvents (water, ethanol), a tautomeric equilibrium exists in the ground state between the monoanion
deprotonated at the hydroxyl group (normal anion) and its keto tautomer, resulting from a proton transfer
from the benzimidazole NH to the pyridine N (keto anion). In basified aprotic solvents (acetonitrile, DMSO),

only the keto anion is present in the ground state. In protic solvents, the normal anion experiences in the
excited state a solvent-catalyzed proton transfer (more efficient in ethanol than in water) to give the keto
tautomer. The phototautomerization is temperature dependent in ethanol, the process not taking place at low
temperature. We propose that in the ground state, most of the normal anion molecules are hydrogen-bonded
to ethanol in such a way that the structure of the solvate is inappropriate to tautomerize. Upon excitation of
the normal anion, a two-step tautomerization occurs. The first step involves a solvent rearrangement to form
a cyclical solvate with the normal anion, and the second step implies a very fast multiprotonic transfer within
the solvate to give the keto anion.

Introduction alcohols and water, the excited normal form of ZA&land
) . L . 2-(2-pyridyl)indoleg® does not have the adequate solvation (1:1
Itis known that molecules having acidic or basic groups may ¢y cjical complex) for a fast solvent-assisted ESPT to occur. They
undergo an excited-state proton-transfer process as a result ofq e that if the excited normal form were “correctly” solvated

the increase of acidity and basicity of those groups upon g t5,tomerization process as rapid as that observed in the dimers

excitat_ion. If a molt_ecgle possesses both an _acidic and a basicy, — 1012 51 for the 7-Al dime?3) would take place.
group in close proximity and with the appropriate geometry for Furthermore, the low-temperature fluorescence data for’7-Al
an intramolecular hydrogen bond to be formed, an excned-stateand pyridylindole® in alcohols reveal that the value of the
intramolecular proton-transfer process (ESIPT) may take IOIace'observed activation energy for the tautomerization process

the result being a phototautomerization of the original mole- corresponds to that of the solvent viscous flow activation energy.

1-4 i i
culel= If the groups involved in the proton transfer are far A two-step mechanism for the tautomerization is propdséa
from each other or cannot adopt the adequate geometry to form,

an intramolecular hydrogen bond, an excited-state proton in which the excited species, with an inappropriate solvation,
- i . " reorganiz ield a 1:1 cyclical complex, follow f
transfer process (ESPT) can still take place, assisted b eorganizes to yield a cyclical complex, followed by a fast

molecules (frequently the solvent) with both hydrogen-bondypmton transfer in this complex to give the tautomer. From this

. 4 L - model it is seen that the reaction is controlled by the solvent
accepting and donating abilitiésthese molecules acting as -
. L Lo reorganization at low temperature, and by the proton-transfer
bridges between the acidic and the basic site.

o ) process at high temperature. Moreover, a less efficient tau-
Phototautomerization by solvent-assisted proton transfer has;,merization in water than in alcohols is observed for 7-Al.

been detected for various types of molecules. Among them is ay/5rigus authoris 20 attribute this difference to the formation

%YOI;'D constituted by moleguleg exhlbltlr_lrgh.ankES(jPTffré)rSnP$n of solvates with water that block the phototautomerization due
—H group to an aromatic nitrogen. This kind of | _to the structure of water, consisting of water molecule chains

processes has been reported to occur assisted by protic speue@oth the N-H and the pyridine N are independently solvated

for 7-azaindole (7-Al¥;"Y7 l-azacarbazole (1-A&%8 and b ; 1 -
e A . y water chains). Recently, Mente ett4proposed a different
derivatives®22 2-(2-pyridylindoles}” 192225 and 2-(2-pyridyl)- mechanism for the phototautomerization based on classical

benz|m|dazo|é?f28 Moggover, this '55385;2 also takes placg within Monte Carlo and molecular dynamics simulations in complexes

Lhe _d|m§rs of 1-AC 4 and 7-AI(,j’ | of I;-Naialt:ldole d_|mfers he Of 1-AC and 7-Al with alcohols and water. They conclude that

in?/\ggggaﬁgg oFf)rpc))t?gtz?n djgeg m&ageﬁ 34ig6 Th:rsneegr?;;i;;t € the solvation dynamics is as fast in water as in alcohols, and
: propose that the excited-state reaction is not controlled by

of the phomta“t‘?me”zflt"’” of the_se mo_IecuIes in bulk alcohols solvent dynamics effects, but by the fraction of molecules having
and water remains an issue of discussion. Most of the authors “ -
the “reactive” geometry.

propose, based on the fact that at low temperature the excited- ) .
state tautomerization is excluded or hardly takes place, thatin We have recently shoy@h that the monocations of 26
hydroxy-2-pyridyl)benzimidazole 1) and 1-methyl-2-(6hy-

T This work was presented at the PP2000 in Costa do Estoril, Portugal, droxy_z_py.nd.yl)benZImldaZ()leZ).’ see .SCheme .l’. protonated
honoring Professor Ralph Becker's contributions. at the benzimidazole N(3), experience in acetonitrile an alcohol-

* Corresponding authors. assisted ESIPT from the hydroxyl group to the pyridine N
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induced by the increase of basicity at the pyridine N upon 0 N
excitation. We have detected this increase of basicity at the 40 38 36 34 32 30 28 26 24 22 20

pyridine N in the excited state for the related molecule 2-(3 ¥/10° cm™
hydroxy-2-pyridyl)benzimidazole (HPyBif and its derivative ke 1. Absorption spectra of (a) and2 (b) in neutral and basic
methylated at the benzimidazole Nf1)n aqueous solution.  aqueous solutions. The insets show the pH-dependence of the absor-
Thus, the enol monocations, protonated at the benzimidazolebance forl (upper) at 27 030 cnt and for2 (lower) at 29 410 cm'.
N(3), tautomerize in the excited state to yield the keto cation,
protonated at the pyr|dy| N, in a tWO-Step process inv0|ving not thermodynamic as they have been defined in terms of
protonation at the pyridyl N and deprotonation at the hydroxyl concentrations. U¥vis absorption spectra were recorded in a
group. Furthermore, the derivative 2-&ridyl)benzimidazole Varian Cary 3E spectrophotometer. Fluorescence excitation and
(2PBI), without a hydroxyl group, experiences in neutral €mission spectra were recorded in a Spex Fluorolog-2 FL340
ethanolic solutioff?” an alcohol-catalyzed ESPT from the E1 T1 spectrofluorometer, with correction for instrumental
benzimidazole N-H to the pyridine N to give a phototautomer ~ factors by means of a Rhodamine B quantum counter and
and protonates at the pyridyl nitrogen in neutral aqueous correction files supplied by the manufacturer. Fluorescence
solution?8 this showing again the increase of basicity at the Mmeasurements at low temperature were performed using an
pyr|dy| N experienced by this type of molecule in the excited Oxford Instruments |IqU|d nitrogen CryOStat model 1704 with
state. an ITC 503 control unit. Fluorescence quantum yields were
In this work we have studied the behavior of the monoanion measured using quinine sulfatecd x 107> mol dm3) in
of 1 in both protic and aprotic solvents. The aim of this research aqueous BSO: (0.5 mol dn?) as standard( = 0.546)041
was to study the tautomerism of this monoanion, detected in Fluorescence lifetimes were determined by single-photon timing
both the ground and the first-excited singlet state. We investi- in an Edinburgh Instruments CD-900 spectrometer equipped
gated the mechanism of the tautomerization in the excited state With a hydrogen-filled nanosecond flashlamp and the reconvo-
finding that a solvent-assisted excited-state proton transfer fromlution analysis software supplied by the manufacturer. This
the benzimidazole NH to the pyridyl N can take place for the ~ procedure involves convoluting a theoretical model, representing
monoanion ofl. Compound2 was employed as a model the kinetics of the measured data, with an instrument response
Compound, as its monoanion has no acidic hydrogen (Seefunction and then Comparing this to the measured decay data.
Scheme 1 for the structure of the anion2pthe three possible  In those cases where lifetimes close to the detection limit of

monoanions ofl and the dianion ofl). our equipment (0.2 ns) were obtained, a global analysis of the
_ _ fluorescence decay data at several wavenumbers was performed
Experimental Section to minimize the error in the short lifetime.

The Compoundg_ and 2 were prepared as described else- PM3 Semiempirical calculations were performed with Hy-
where37 Solutions were made up in double-distilled water and Perchem software version 5.0. Theoretical equations were fitted
spectroscopy grade solvents and were not degassed. Acidity wa$0 experimental data by means of a nonlinear weighted least-
varied with NaOH (Merck p.a.). To obtain a basified medium squares routine based on the Marquardt algorithm.
in nonaqueous solvents, [NaOH 2 x 10~* mol dn13 and
[NaOH] = (0.5 — 2) x 10 mol dm2 were employed in  Results
ethanol and DMSO respectively, whereas in acetonitrile the 1. Absorption Spectra and Acid—Base Equilibria in the
solution was saturated with NaOH. We checked by-tiNs Ground State. The absorption spectra &fand2 under neutral
absorption spectroscopy that all ground-sfadéed2 were found and basic conditions are shown in Figures 1a and 1b, respec-
as the monoanions under these conditions except for acetonitrile tively. Upon increasing the pH of a neutral aqueous solution of
where a small amount of neutral form was still present. All 1 and 2, a decrease of the absorption was observed, a new
experiments were carried out at 25 unless otherwise stated. spectrum being obtained at pH11. At this pH, the absorption

pH was measured with a Radiometer PHM 82 pH meter spectrum ofl showed an intense band (band I) with maximum
equipped with a Radiometer Type B combined electrode exceptlocated at 29980 cmt and a weak band at around 26700¢m
for pH > 12, for which the pH was calculated to be (band Il). In basic aqueous solution, the absorption spectrum
14 + log[NaOH]. Acidity constants reported in this work are of 2 showed a band located at 31150 dgrsimilar to band | of
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Figure 2. (a) Experimental<) absorption spectrum df in aqueous 0.8
solution of pH 11.37 together with the calculated) (spectrum ob-
tained by fitting a linear combination of the corrected excitation
spectrum ofNA (Vem = 25 320 cmi?!) and the absorption spectrum of 0.4
KA . (b) Experimental{) absorption spectrum dfin basified ethanol
(INaOH] = 1.7 x 10* mol dm3) together with the calculated
contributions of NA and KA, and the absorption spectrum @f 0.0
(— ® —) in basified ethanol ([NaOHE 1.7 x 1074 mol dn3). 40 38 36 34 32 30 28 26 24 22 20 18 16
(c) Experimental ) absorption spectrum of in basified DMSO v/10% em™

(INaOH] = 1 x 104 mol dm3) with 40% water (v/v) together with
the calculated @) spectrum obtained by fitting a linear combination  Figure 3. (a) Normalized fluorescence excitation and emission spectra

of the corrected excitation spectrum NA (¥em = 25 800 cm?) and of 2 in aqueous solution of pkH 11.80 fexc = 31 250 cm?, Vem =
the absorption spectrum &€A. The absorption spectra df (— —) 23530 cmY). [2] = 3 x 1075 mol dnv 3. (b) Normalized fluorescence
and2 (— @ —) in basified DMSO ([NaOH]= 2 x 10°* mol dn13) excitation and emission spectralbin aqueous solution of pE 11.02
with 8% water (v/v) are also shown. and pH= 14.33 fem = 22 220 cn?, Pexe = 30 300 cn1?). The inset

shows the normalized fluorescence spectraiafwater with increasing

compoundl, but band Il was not observed for this compound. PH- Pexc = 30 300 cm™. [1] = 2 x 10°° mol dn%. (c) Normalized
fluorescence excitation and emission spectrhafd of2 (Vex. = 29 410

A further increas_e of pH induced bpth a blue shift in the M, Fun = 23 810 cm?) in basified ethanol, [NaOHE= 1.8 x 10-4
spectrum and an increase of the maximum absorbanck for mol dnr2. [1] = 2 x 10° mol dnm2. [2] = 3 x 10-¢ mol dn3,
new band, peaking at 30030 ch being obtained. The
spectrum of2 remained, however, unchanged. Global analysis 11.80 a fluorescence band located at 23 980%¢mwhich was
of the absorbancepH data at various fixed wavenumbers almost independent of the excitation wavenumber (a very slight
yielded the K, values 8.88+ 0.03 and 9.362t 0.010 for the shift of the band to the red as the wavenumber decreased was
deprotonation ofl and 2, respectively, and 13.5% 0.03 for observed). The fluorescence quantum yiel@@fas 0.31. The
the second deprotonation af excitation spectrum showed a maximum at 31 400 Gmimost

The absorption spectra df and 2 in basified ethanol and  coincident with the absorption spectrum.
DMSO solutions are shown in Figures 2b and 2c. For compound  Both the excitation and the emission spectrd af pH 11.02
1, the spectra obtained in basified ethanol and in basified depended on the monitoring wavenumber. Under excitation at
DMSO/water solution with 40% water were similar to that 30 300 cn1! (band 1), a fluorescence band peaking at 23 890
measured in aqueous solution, exhibiting bands | and Il, althoughcm™! was obtained, showing a quantum yield of 0.57. Excitation
a red shift of the bands was observed on going from water to at 26 320 crm (band 11) led to an emission band with maximum
ethanol and DMSO/water. However, in basified DMSO/water at 22 170 cm? and a fluorescence quantum yield of 0.30. The
solution with 8% water the absorption spectrum was different, excitation spectrum obtained &, = 21 050 cnT! was very
showing a band with vibrational structure peaking at 27 030 similar to the absorption spectrum, with maximum at 30 030
cm L, cm ! and a weak band at27 000 cnt?. This weak band did

2. Fluorescence Spectra and Lifetimes in Basic Media.  not appear in the excitation spectrum obtainef.gt= 26 320
Aqueous SolutionFigures 3a and 3b show the fluorescence cm™t. A further increase of pH induced a red shift in the
excitation and emission spectra »fand 1 in basic aqueous  emission spectrum df (see inset in Figure 3b). The spectrum
solutions. Compoun@ exhibited in aqueous solution of pH obtained at pH 14 coincided with the emission band obtained
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TABLE 1: Fluorescence Decay Timeg and Associated Amplitudes Ratio @a, of 2 in Various Basified Solvent8 at 298 K

solvent VexdCmt VemfCm™? Ti/ns T/ns ala Va
water, pH 11.37 31250 26 320 291+ 0.10 1.9+ 0.3 1.9 1.07
31250 25000 2.91+0.10 1.9+0.3 1.8 1.15
31 250 22730 291+ 0.10 1.9+ 0.3 3.7 1.01
31 250 21749 2.91+0.10 1.9+ 0.3 14 1.11
ethanol, [NaOHJ= 2.5 x 1072 mol dm2 31 250 26 320 441+ 0.14 1.9+ 0.6 2.1 1.10
31 250 24 390 4414+ 0.14 1.9+ 0.6 3.8 1.00
31250 22730 441+ 0.14 1.9+ 0.6 34 1.08
31 250 21749 4,414+ 0.14 1.9+ 0.6 3.4 1.09
acetonitrilé 29410 22 220 5.48- 0.06 2.704+ 0.06 1.4 1.16
DMSO, [NaOH]= 4 x 1073 mol dnT3 30300 23810 7.0#4 0.02 2.30£ 0.07 1.7 1.11
(9% water) 30 300 22 220 7.150.02 2.18+0.13 5.9 1.01

a[2] = 1—3 x 1075 mol dn13. ® A saturated solution of NaOH in acetonitrile was employe@esults of the global analysis of the decay data
collected at the indicated wavenumbers.

TABLE 2: Fluorescence Decay Timeg and Associated Amplitudes Ratio aa/axa of 1 in Various Basified Solvents at 298 K
(lifetimes with negative amplitude in parentheses <))

solvent Vexdemt Vemlcm ™t na/nS TkalNS anlaka a
water, pH 11.04 30 300 (band 1) 25000 2.88+0.04 2.22+0.08 15 1.16
30 300 (band 1) 23810 2.88+ 0.04 2.22+0.08 () -21 1.08
30 300 (band 1) 22220 2.88+ 0.04 2.22+0.08 (-) -1.4 1.11
ethanol, [NaOH}= 1.8 x 104 mol dn 3 30 300 (band 1) 24 390 0.67+0.12 (-) 2.30+ 0.05 -0.31 1.15
30 300 (band I) 23530 0.67+0.12 () 2.30+0.05 —0.55 1.13
30 300 (band 1) 22220 0.67+0.12 (-) 2.30+ 0.05 —0.70 0.98
30 300 (band I) 21280 0.67+0.12 () 2.30+0.05 -0.73 1.06

26 310 (band I1) 22 220 2.2230.003 1.12
acetonitrilé 27 030 23 260 3.98-0.08 1.70+ 0.02 0.074  1.08
DMSO, [NaOH]= 3 x 10-4mol dr3 27 780 23810 5.8@ 0.10 1.989+ 0.010 0.047  1.00
(8% water) 27 780 22 220 5.740.12 1.994+ 0.009 0.037  0.98

27 780 21280 5.6 0.13 1.988+ 0.010 0.036  1.01
DMSO, [NaOH]= 5 x 105 mol dn3 29 410 (band 1) 25000  4.93+0.18 21405 2.8 1.07
(40% water) 29 410 (band 1) 24390 4.93+0.18 2.1+ 05 2.6 1.07
29 410 (band 1) 23810  4.93+0.18 21405 2.3 1.08
29 410 (band 1) 22220  4.93+0.18 2.1+ 05 2.0 1.08
29 410 (band 1) 21740  4.93+0.18 21405 2.0 0.99
27 030 (band 1) 22220 4.62 0.05 2.26+ 0.02 0.31 1.07

a[1] = 1-2 x 105> mol dm3. ® A saturated solution of NaOH in acetonitrile was employ&e@esults of the global analysis of the decay data
collected at the indicated wavenumbers.

at pH 11.02 under excitation in band Il except for a weak showed its maximum at 23 070 cfand a very weak shoulder
emission at around 27 000 cth at around 26 000 cmi, the fluorescence quantum yield being
Fluorescence lifetimes were also measured.fand2 under 0.58. The emission spectrum obtained by exciting in band I
basic conditions. The fluorescence decaaft pH 11.37 was (fluorescence quantum yield of 0.54) was very similar, but the
detected between 26 320 and 21 740 tmnder excitation at ~ shoulder at 26 000 cnt was absent. Compourishowed in
31250 cmtl. A biexponential decay was obtained (Table 1) basified ethanol similar spectral features as those observed for
with decay times of 2.91 and 1.9 ns, the amplitudes of both this molecule in basified aqueous solution. Both the excitation
decay times being positives within the wavenumber range and the emission spectra were red shifted with respect to those
studied. obtained in basic aqueous solution, a fluorescence quantum yield
The fluorescence decay bfwas measured in basic aqueous o0f 0.46 being obtained.
solution for the NaOH concentration range 14302 — 2.938 The fluorescence decay & in basified ethanol was bi-
mol dn12 within the monitoring range 25 0622 220 cnt?! exponential (Table 1) within the range 26 3221 740 cn1?,
under excitation at 30 300 crh The decays were globally fitted ~ with decay times of 4.41 and 1.9 ns and positive amplitudes.
to a biexponential function. At pH 11.04 global analysis yielded Compoundl showed also a biexponential decay (Table 2)
decay times of 2.88 ns and 2.22 ns, the amplitude of the shortesbetween 24 390 and 21 280 ciunder excitation in band |,
decay time being negative at low wavenumbers (Table 2). At decay times of 2.30 ns and 0.67 ns being obtained. The shorter
higher pH values, an almost pH-independent decay time of 2.4 decay time exhibited negative amplitude. Excitatiod @f band
ns was obtained, together with a second decay time thatll led to a monoexponential decay with a lifetime of 2.27 ns.
decreased as the NaOH concentration increased, reaching a value The fluorescence spectraband2 were measured in basified
of 0.24 ns at [NaOH} 2.938 M. At each pH, the longest decay ethanol within the temperature range 3895 K under excita-
time showed a positive amplitude, whereas that of the shortertion at 30 300 cm?! (Figures 4a and 4b). For bofhand?2, the
decay time was negative at low wavenumbers. emission spectrum shifted to the blue as the temperature
Ethanolic SolutionsFigure 3¢ shows the fluorescence excita- decreased, the shift being larger fothan for2. Furthermore,
tion and emission spectra measured foin basified ethanol the excitation spectrum df showed a smaller contribution of
solution. The excitation spectrum monitored at 22 880tm  band Il upon cooling the sample, only band | being observed
showed bands | and Il and was almost coincident with the atT < 200 K.
absorption spectrum measured under the same conditions. The The fluorescence decay was measured for both compounds
fluorescence spectrum measured under excitation in band lin basified ethanol under excitation at 30 300 @nwithin the
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Figure 4. (a) Fluorescence spectra @fin basified ethanol in the
temperature range 29465 K together with the excitation spectrum
at 165 and 295 Kiem = 24 690 cnTl. Pexe = 30 300 cnl. [NaOH] =
1.7 x 10*mol dn72. [1] = 5 x 10°® mol dnT3. The inset shows the
temperature dependencemh and of Infrya™* — kna] for 1. 7na and
Tka Were obtained from the triexponential global fit of the fluorescence
decay of1 in basified ethanol ([NaOH}E 1.7 x 104 mol dn13)
between 26 320 and 22 220 chunder excitation at 30 300 crh
[1] = 3 x 1075 mol dn13. (b) Fluorescence spectra &fin basified
ethanol in the temperature range 29%5 K together with the excitation
spectrum at 165 and 295 Kem = 24 390 cm?. Ve, = 30 300 cnit.
[NaOH] = 1.7 x 10~*mol dnT3. [2] = 6 x 1078 mol dnT3. The inset
shows the temperature dependence of the main decay tinzesl 7,
obtained from the triexponential fit of the fluorescence decag wf
basified ethanol ([NaOHE 1.7 x 104 mol dnr3) at 25 000 cm*
and at 22 220 cmt under excitation at 30 300 crh [2] = 4 x 107°
mol dm 3,

temperature range 16298 K at 25 000 and 22 220 crhfor

2 and between 26 320 and 22 220 ¢nfor 1. The decays were
globally fitted to a triexponential function at low temperature,
as the fit to a biexponential function showed to be of very bad
quality. For compoun@, decay times of 5.5 ns, 2 ns andl

20
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Figure 5. (a) Normalized fluorescence excitation and emission spectra
Of 1 (Pexe = 27 030 cML, P = 23 250 cnl) and of2 (Fexe = 28 750
cm L, ¥em = 22 220 cn1?) in basified acetonitrile.]] = 3 x 10°¢ mol
dm3. [2] =5 x 108 mol dn3. (b) Normalized fluorescence excitation
and emission spectra Gf (Vexe = 27 030 cN?, ¥em = 22 220 cm?)
and of2 (Vexc = 27 780 cm?, ¥iem = 20 830 cnT?) in basified DMSO
with 8% water (v/v). [NaOH]= 2 x 10~* mol dnv3 for 1 and 4 x
104 mol dnr2 for 2. [1] = 3 x 108 mol dm3. [2] = 5 x 107® mol
dm3. (c) Normalized fluorescence excitation and emission spectra
of 1 in basified DMSO with 40% water (V/V)— Vem = 21 160
cml, — — Ve = 25800 cml, —€— P = 31250 cm?,
Vexe = 25 640 cmt). [NaOH] =5 x 1075 mol dnr3. [1] = 3 x 1076
mol dnt3.

of 2 in basified acetonitrile overlapped to a lesser extent than
those of1, and were both independent of the monitoring
wavenumber. The fluorescence decay2a@&nd 1 in basified

ns were obtained, these values showing hardly any dependencecetonitrile were biexponential (Tables 1 and 2).

with T (see inset in Figure 4b). Furthermore, the shortest decay The fluorescence spectra bfand2 in basified DMSO with

time showed a negative amplitude at both detection wavenum-8% water (Figure 5b) showed the same features as those
bers. Forl, a decay time whose value decreased from 4.38 ns exhibited by these compounds in basified acetonitrile. The
at 165 K to 0.67 ns at 298 K was obtained, together with a fluorescence quantum yields were 0.47 and 0.531fand 2,
decay time of 2.3 ns, almost temperature independent (see insetespectively. The fluorescence decay If measured under

in Figure 4a), and a third decay time ofL ns. The amplitude
of the 1 ns decay time was negativeiat, < 26 300 cnt?,

excitation at 27 780 cmt, was biexponential within the range
23 810-21 280 cnT! (Table 2). A biexponential decay was also

whereas the shorter of the other two decay times showed alsoobtained for2 (Table 1). The fluorescence spectralfn a

a negative amplitude at low wavenumbers for> 165 K.

basified DMSO solution with 40% water content are shown in

Furthermore, the amplitude of the 1 ns decay time was smaller Figure 5c¢. The excitation spectrum monitored at 20 830cm

than that of the other two decay times.
Acetonitrile and DMSO Solutiongrigure 5a shows the
fluorescence excitation and emission spectrd @i basified

showed, as in water and ethanol, bands | and Il. Excitation at
31250 cnt! (band 1) led to a fluorescence band located at
23 280 cnt! with quantum vyield 0.60, whereas excitation at

acetonitrile. The emission spectrum showed only one band 25 640 cn1! yielded a band peaking at 22 520 cth with

(Pmax= 22 860 cn1l) which overlapped with the excitation band
(Pmax= 27 140 cnTl). The excitation band showed vibrational

guantum yield 0.53. The fluorescence decay monitored within
the range 25 00021 740 cnt! under excitation at 29 410 cth

structure and was strongly red shifted with respect to excitation was biexponential with decay times of 4.93 and 2.1 ns, the main
band | observed in basified ethanol and water. The excitation contribution to the decay being that of the longer decay time
and emission spectra were independent of the monitoring (Table 2). Under excitation at 27 030 ci(band 1) and
wavenumber. The fluorescence excitation and emission spectranonitoring wavenumber of 22 220 cry a biexponential decay
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was also obtained with decay times of 4.69 and 2.26 ns. The SCHEME 2: Resonance Structures of the Normal Anion
main contribution to the global decay corresponded however (NA) and the Keto Anion (KA) of 1
in these conditions to the shorter decay time.

H o} H _ 0
N N =t N N
Discussion C[N»_O OEN»_O
NA

1. Interpretation of the Absorption Spectra of 1 and 2 in oo oo W o
Basified Solvents: Tautomeric Equilibria in the Ground N N N N NN
State. As can be observed in Figure 2, the absorption spectra ©[ )—O*—'@ Hj}@(j; >=(:§
obtained forl in aqueous solution of pH 11.37, basified ethanol N N N
and basified DMSO with 40% water, exhibited bands | and II. Ka
However, in basified acetonitrile and DMSO with only 8% water  of 2 in protic solvents is similar to band | df. According to
(Figure 2c), a different structured band was observed. Compoundihs, hand I should be assigned to the normal ahiénwhereas
2 showed in this wavenumber region a single absorption band hand 11, which is not observed fd&, must correspond to the
2b, and 2c). These results seem to indicate that for compoundpasified DMSO/water with 8% water (Figure 2c) is very
1 more than one monoanion coexist in the ground state in gifferent from that of2 in the same solvent mixture, indicating
basified solutions, their relative proportions depending on the that the major species responsible for the absorption spectrum
solvent. of 1 cannot beNA, and we accordingly assign it t&A.

Compound2 has only one acidic hydrogen, located at the Consequently, we propose that in basified protic solvents, such
hydroxyl group. Hence, dissociation 2feads to the monoanion  as water and alcohols, there are two monoanions in the ground
deprotonated at the hydroxyl group (Scheme 1). For compoundstate for compound: NA, yielding absorption band | arkiA
1, however, three possible tautomeric structures for the mono- giving absorption band Il, whereas in basified aprotic solvents,
anion can be drawn, the normal anidiA) deprotonated at  sych as acetonitrile and DMS®A is the major species present.
the hydroxyl group, its keto tautomeKA) resulting from a |t should be noted that when an important amount of water is
proton transfer from the benzimidazole-M to the pyridyne  added to DMSO (e.g., 40%) the mixture behaves as a protic
N and the enol anionHA) deprotonated at the benzimidazole splvent, bottNA andKA being present. We conclude therefore

N—H (Scheme 1). PM3 semiempirical calculations on these that the tautomeric equilibrium between the normal and the keto
three monoanions showed that, in the gas ph&&eis the most  anion shifts to the keto anion in aprotic solvents.

stable structure for the monoanion. The energy levelslAf The above-mentioned results may be explained by examining
andEA were calculated to be, respectively, 6.0 and 12.6 kcal the structures of the aniofA andKA . The site of protonation
mol~! higher than that oKA . or deprotonation of species having more than one available

The energy levels oNA, KA, andEA in solution are not  position depends on the relative stability and solvation of the
known, but the experimental results support the idea that the ions that can be formed, both the polarity and hydrogen-bonding
enol anionEA is also in solution the most unstable form. We ability of solvents affecting the stabilization of tautomers. An
know that the |, value for the deprotonation of the benzim- example of this is salicylic acid, which has been repdft¢al
idazole N-H (the same H involved in the deprotonationlf  exist in basified polar aprotic solvents as an equilibrium between
to giveEA) is 12.05 for the related compound, with no hydroxyl salicylate anion (the only species present in basified protic
group, 2-(2-pyridyl)benzimidazol&é® whereas the Ig, values solvents) and a tautomer, deprotonated at the hydroxyl group.
for the deprotonation of the OH group in the similar compounds For the anion ofL, according to PM3 calculation&A is the
2-(3-hydroxy-2-pyridyl)benzimidazole (HPyBf} and 2-(2- more stable tautomer in the gas phase, but the relative stabilities
hydroxyphenyl)benzimidazoiéare 8.57 and 8.83, respectively. of KA and NA may change due to differential solvation.
On the other hand, compoudwhich can only deprotonate at  Whereas protic solvents are known to solvate very efficiently a
the OH group, shows a3 value of 9.36. The existence of two  negative charge located at an oxygen atom, aprotic solvents,
monoanions forl causes the macroscopic acidity constant of such as DMSO and acetonitrile, are inefficient in that task due
this compound to be a combination of two microscopic acidity to their inability to act as hydrogen bond donét48 Taking
constants related to the dissociation processes leading to bothhis into account, we would expect that the monoaniori of
monoanions. According to this, if deprotonated both at the  more favorably solvated in aprotic solvents would be that where
hydroxyl group (yieldingNA) and at the benzimidazole-\H the negative charge is more delocalized. A comparison between
(to giveEA), we would expect for this compound a highét.p the resonant forms foNA and KA (Scheme 2) reveals that
value than that obtained f@& We measured fot, however,a  whereas foNA the negative charge is delocalized between the
pKa value 0.5 units lower than that &. It therefore seems  oxygen and the pyridyl nitrogen atoms, 16A the delocaliza-
reasonable to suppose thhtdeprotonates exclusively at the tion of that negative charge extends from the oxygen to the
hydroxyl group, and that the changing absorption spectra of the benzimidazole N, that is, between the two aromatic rings. These
monoanion obtained in various solvents are due to the existencefacts explain therefore whiA is the major species present in

of a tautomeric equilibrium between the normal anibd and aprotic solvents. In protic solventSIA should be much more
the keto aniorkKA, the relative proportions of the two species stabilized, hence the comparable proportionNéf and KA
depending on the solvent. observed in these solvents.

The comparison of the absorption spectralofind 2 in 2. Excited-State Behavior of the Anion of 2.The fluores-

basified protic and aprotic solvents can help to identify the cence spectra d in basified ethanol, water, acetonitrile, and
species responsible for the absorption band$ observed in DMSO are shown in Figures 3a, 3c, 5a, and 5b. In all of the
various solvents. As the anion 2fis deprotonated at the same solvents studied, both the excitation and the emission spectra
position as the normal anion df we expect the absorption  were practically independent of the monitoring wavenumber (a
spectra of both anions to be very similar. It is observed in very slight red shift of the emission spectrum as the excitation
Figures 1a, 1b, and 2b that the absorption spectrum of the anionwavenumber decreased was observed) and, especially in water
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and ethanol, showed very small overlap. The excitation spectrumwe conclude that excitation dfA leads toKA* , this form
coincided well with the absorption spectrum. The fluorescence showing a lifetime of 2.1 ns and an emission spectrum located
decay was in all cases biexponential (Table 1), suggesting theat 22 520 cm?, whereas excitation dflA leads toNA*, this
existence of two fluorescent species. These species could bespecies showing a lifetime of 4.9 ns and a fluorescence band
rotamers of the anion &. This would explain the very slight  shifted to the blue with respect to thati&A* . No conversion
red shift of the emission spectrum as the excitation wavenumberbetweerNA* andKA* occurs, because the amplitudes of their
decreased, as the rotamers would have very similar absorptiondecay times were positive at all of the emission wavenumbers
and fluorescence spectra. More information is obtained from studied. Furthermore, the absorption spectrurhiofthis solvent
the comparison between the absorption spectra afd 2 in mixture could be satisfactorily decomposed (Figure 2c) as the
basified ethanol and water (Figures 1 and 2b). We observe thatsum of the contributions dflA (corrected fluorescence excita-
the molar absorption coefficient in the maximum of band | is tion band measured &t = 25 320 cntl, whereKA* shows
higher for 1 than for 2. This indicates that the conjugation almost no emission) andA (absorption spectrum obtained in
between the two aromatic rings of the anion is weakerZXor DMSO with 8% water). From this, and taking the molar
than for1. For compoundl, the molar absorption coefficient  absorption coefficient oNA in the maximum to be the same
of NA in its lowest energy band must be in fact even larger as that of the dianioDA, the equilibrium constarit = [NA]/
than the value read at the maximum of band I, due to the [KA] was estimated to be 1.4, indicating that both species are
tautomeric equilibrium betweeNA and KA. These facts present in similar proportion in the ground state.
suggest that the steric hindrance of the methyl group, located 4. Excited-State Behavior of the Anion of 1 in Basified
at the benzimidazole N(1), causes a nonplanar anion to existprotic Solvents: Solvent-Assisted Multiprotonic Transfer.
for 2. We do not know, however, if the second rotamer is planar The behavior ofl in basified water and ethanol showed similar
or another nonplanar form. Similar equilibria between planar features. The fluorescence spectrum obtained under excitation
and nonplanar rotamers were detected for related molecules, asn band | showed only one band located at 23 890 cimwater
for example 1-methyl-2-(shydroxy-2-pyridyl)benzimidazol& and at 23 070 crt in ethanol (Figure 3). In both solvents a
and various\-methyl derivatives of phenylbenzimidazofés>° biexponential decay was obtained under excitation in band I.
With the data available, it is difficult to explain Why the two One decay time showed a positive amp"tude and a value of
rotamers have so different decay times, but the positive 2 30 ns in ethanol and 2.88 ns in water, and the second decay
amplitudes obtained within the spectral region investigated time (2.22 ns in water and 0.67 ns in ethanol) exhibited a
indicate that they decay independently. Nevertheless, for the negative amplitude (Table 2). These data point to the fact that
purpose of this work, we are only interestec?ins a reference  in hoth solvents there is an excited-state process connecting two
compound, as it does not experience a phototautomerizationexcited species. Excitation in band Il led in water to a single
process. band shifted to the red with respect to that obtained under
3. Excited-State Behavior of the Anion of 1 in Aprotic excitation in band | and in basified ethanol to a band almost
Solvents.The fluorescence spectra bin basified acetonitrile coincident with that obtained under excitation in band I.
and DMSO (with 8% water) are shown in Figures 5a and 5b, Furthermore, in both solvents this emission band overlapped
respectively. The spectra in both solvents were very similar. with excitation band Il. The fluorescence decay under excitation
The excitation spectrum showed vibrational structure and the in band Il could be measured only in basified ethanol, a
emission spectrum showed only one band. Excitation and monoexponential decay with lifetime of 2.27 ns, coincident with
emission spectra overlapped and were independent of theone of the decay times obtained under excitation in band I, being
monitoring wavenumber. The fluorescence decay was in both obtained. These results indicate that excitatioKAf (band I1)
cases biexponential, the main component showing a decay timdeads toKA* , which shows a lifetime of 2.22 ns in water and
of 1.99 ns in DMSO and 1.70 ns in acetonitrile. The minor of 2.30 ns in ethanol. Moreover, under excitatiorNA (band
component showed a value of 5.7 ns in DMSO and ca. 4.0 nsl), the speciefNA* is obtained, which partly tautomerizes to
in acetonitrile (Table 2). The excitation spectrum coincided well yield KA* . This tautomerization must be very efficient in
with the absorption spectrum, indicating théA is the major basified ethanol as compared with water, because the decay time
species present in the ground state. Moreover, as the emissiorof NA* is only 0.67 ns in ethanol, and the fluorescence
band overlaps with the excitation band, we must conclude that spectrum, except for a weak band located at around 27 000
KA is also the major fluorescent species with a decay time of cm™1, which should correspond tdA*, is almost coincident
1.99 ns in DMSO and 1.70 ns in acetonitrile. The species with that of KA* . However, in basic aqueous solution, species

responsible for the long decay time is probabp*, which NA* exhibited a decay time of 2.88 ns, the fluorescence
can be present in a minor amount in the ground state in thesespectrum obtained under excitation MA being blue shifted
solvents. with respect to that oKA* . This means that only a small

In the basified mixture DMSO/FO with 40% waterNA and fraction of the excitedNA* molecules lead t&A* . We should
KA coexist in the ground state. The fluorescence excitation and note here that when a species experiences a transformation in
emission spectra dfin this basified solvent mixture are shown the excited state, as in our cad@* — KA* , and both species
in Figure 5c. Excitation in band Il (due #A) led to a single fluoresce, the decay time showing a negative amplitude is that
emission band that overlapped excitation band Il and showed awith the shortest time valu€.This is clearly illustrated by the
biexponential decay with decay times of 2.26 ns (60%) and 4.69 decay times and amplitudes obtained fom basified water
ns (40%) (Table 2). Excitation in band | (dueNa\) yielded a and ethanol (Table 2). It is observed that the amplitude of the
fluorescence spectrum that overlapped excitation band | anddecay time associated MA*, the precursor oKA* , is negative
showed a blue shift with respect to that obtained under excitation in €thanol NA* is the species with the shortest decay time)
in band II. The fluorescence decay under excitation in band | and positive in water (the decay time KA* is shorter than
was biexponential, with approximately the same decay times that of NA*).
as those obtained under excitation in band Il but different  The absorption spectrum @fin aqueous solution of pH 11.37
contributions (2.1 ns<18%) and 4.93 nsX82%)). From this could be decomposed as the sum of the contributiondAf
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andKA (Figure 2a). In the fit, the absorption spectrumNA SCHEME 3: Excitation and Deactivation of 1 in Basic
was taken to be its corrected fluorescence excitation spectrum,Aqueous Solution
measured at 26 320 cthemission wavenumber, whereas that g

H o
of KA was estimated to be the absorption spectrum of this N N= ky; [OH] N,
ption sp Q<Y 1 T
2.8 ns NA

N =t
species in DMSO with 8% water. Taking the molar absorption ) \ /*0.24 ns
coefficient ofNA in the maximum to be the same as that of the q " oy“\\’ DA
dianion DA, an estimated value df = 5.3 was obtained. In C[N’;_Cj/
basified ethanolNA* hardly fluoresces, so that the excitation NN .
spectrum ofNA is not known. However, assuming that the . KA

kn, kpa

absorption spectrum dfA in this solvent is the same as that 30300 cm* || ~25000 cm! kya 20300 em” || ~27000 em
of this species in DMSO with 8% water and thdA does not 2.2ns
absorb at low wavenumbers (as checked in basified aqueous ~27000 cm | | 22170 con”!

solution), the corrected excitation spectrum WA can be
obtained subtracting from the experimental absorption spectrum

H 2 H o | o
the absorption band dfA in basified DMSO normalized at Q:»_@_‘ Q:»_w %O[:,)_@
NA KA DA

25 640 cm! (Figure 2b). The absorption spectrum so obtained

for NA is very similar to that measured for this species in

basified water (Figure 2a). From the contributionsN#& and

KA to the absorption spectrum, and under the same assumptions A/nm A/nm

made for aqueous solution, an equilibrium constant of 3.7 was 3?0 490 45,0 50,0 55,0 3530 40,0 45,0 5°,° 55,0
calculated.

I a pH 13.09 ) pH 13.97
We can think of three possible mechanisms for the conversion
of NA* into KA* in basified aqueous solution: (1) protonation
of NA* at the pyridyl nitrogen leading to a neutral keto species
K* , which then deprotonates at the benzimidazole N(3) to yield

Relative intensit
o
[e2]

KA* ; (2) deprotonation oNA* at the benzimidazole N(3) to 02r Nl 22 3

yield the dianionDA*, which in turn protonates at the pyridyl 0‘030 s 26 2'4 2'2 20 1‘8 6 4 2 20 15

N giving also KA*; and (3) a fast multiprotonic transfer v/ 10% em™ v/10%cm™

involving a bridge of water molecules that brings the proton Figure 6. Experimental £) fluorescence spectra df in aqueous
from the benzimidazole N to the pyridyl N. solution of pH= 13.09 (a) and pH= 13.97 (b) and calculatedDj

If process 1 occurredyA* would protonate to yieltk* . This spectra obtained by fitting a linear combination of the fluorescence of
species has been previously detett@water and other protic NA*, KA:* , andDA* togetflerwith the indivédual contgibutions of these
and aprotic solvents under neutral conditions, showing a low SPECa¥e«c = 30 300 cm™ [1] = 2> 10" mol dnr™.
fluorescence quantum yield and a lifetime of or9.2 ns. As
K* is so short-lived, at pH- 11 the OH concentration is too
low to compete with deactivation d€*, thus, deprotonation

are protonated by water at the pyridyl N to yiekdA* (see
Scheme 3). The fluorescence spectrurdéf can be obtained

. e ns . under the assumption that this species does not fluoresce
K KA* would have to be assisted by water. If that were gjgnificantly at 20 000 crri,, subtracting from the emission
the case, we should observe proc&ss — KA* in neutral spectrum recorded at pH 14.49 the emission bandAf
aqueous solution upon exciting direcly As that deprotonation  (gptained at pH 11.02 under excitation in band 11) normalized
does not take place under neutral conditions, we can rule outs; o9 000 cml. Similarly, the fluorescence spectrum NA*
process 1. If process 2 held, spediés* would deprotonate at  cap pe estimated (considering that this species hardly fluoresces
the benzimidazole NH to yield DA*, which should then at 20000 cm?) subtracting from the emission spectrum
protonate very efficiently at the pyridyl N to yieldA* (note measured at pH 11.02 under excitation in band I, the emission
that we only detect fluorescence fradh* andKA* ). Todecide  pand ofKA* (recorded under excitation in band Il at the same
between mechanisms 2 and 3, it would be helpful to know if pH) normalized at 20 000 cri. All of the Spectra from the
NA* is deprotonated by OHand ifDA* (when directly excited)  series could be reproduced as a sum of the contributioB#\of
protonates to giviKA* . To throw light on this question, we  NA* andKA* emissions according to eq 1, wheZga, Cka,

studied the influence of the [OH on the fluorescence df in andCpa represent the contribution coefficients MA* | KA* |
basic aqueous solution, which will be discussed in section 4.1 and DA* to the total fluorescencd’, andF},, Fi,, andFp,
below. are the pure fluorescence spectraMA*, KA* and DA*,

4.1. Influence of pH on the Fluorescence of 1 in Basic  obtained as described above.
Aqueous Solution.The influence of pH on the fluorescence of i ) i i
1 in basic aqueous solution was studied under excitation at F' = CyaFna T CuaFia + CoaFba 1)
30 300 cn? (Figure 3b). It was observed that the emission band
shifted to the red as the pH increased (inset in Figure 3b). At A satisfactory fit of eq 1 was obtained, as can be seen in Figures
pH 14.33, a single excitation band coincident with the absorption 6a and 6b, the pH dependence of the coefficieis, Cka,
band assigned to the dianion was obtained, indicatingDiat and Cpa being shown in Figure 7a. It is observed that the
is the species being excited. The fluorescence spectrum coin-coefficient of NA* decreases as the pH increases, reaching a
cided, except for a weak emission band located at around 27 000value of zero at high OFlconcentrations, whereas thattoA*
cm1, with the emission band d€A* . Furthermore, this weak increases (due to proceB#\* — KA* ), reaching a maximum
emission band overlapped with the excitation bandDef, at pH~ 14 and decreasing at higher basicity conditions. This
indicating thatDA* is responsible for this fluorescence. These result, together with the fact that the coefficienDo&* increases
results seem to indicate that most of the excl&t molecules with pH in all of the regions investigated, although for
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Figure 7. (a) Plot of the dependence of the relative contributions of
NA*, KA* andDA* to the fluorescence spectrumbiinder excitation

at 30 300 cm. The solid curves are the result of fitting eqs&to

the experimental data. (b) [Ofldependence of the reciprocal of the
decay timesna, Tka, andzpa Obtained from the triexponential fit of
the fluorescence decay @fin aqueous solution. The decay times are
the result of the global analysis between 25 000 and 22 22G.cm

pH > 14 only DA is present in the ground state, leads us to
conclude that at high pH valu&A* deprotonates to yieldA*
(Scheme 3).

The fluorescence decay df was measured in basified
aqueous solution for the NaOH concentration range . 1873
to 2.938 mol dm?® between 25000 and 22 220 ciunder
excitation at 30 300 cri. As a first approach, the data were
fitted to a biexponential function, a decay time of 2.4 ns (almost
independent of [OH]) being obtained, together with a second
decay time whose value decreased as the @bhcentration
increased. At each OHconcentration, the longest decay time
showed a positive amplitude at all detection wavenumbers,

whereas the shortest decay time exhibited a negative amplitude
at low wavenumbers. The constant decay time of 2.4 ns, whose

contribution to the global decay increased with the [QH
corresponds toKA*. The decay time ofNA* decreased,
however, as [OH] increased, indicating thA* is quenched

by [OH] to yield dianionDA*. At high OH" concentrations
(>2.5 M), only DA is excited and, besides the decay time of
2.4 ns, corresponding tBA* , a decay time of 0.24 ns was
obtained. This short decay time must be then assign&dita

It is observed that the value of the decay time MA*
approaches that dA* as the [OH] increases. Furthermore,
the contribution oNA* decreased as the [OHincreased, and
the amount oDA* is small for all the pH range (the maximum
contribution corresponds to [Ofl = 2.938 M, when onl\DA

is excited, see Figure 7a). As a result of this, the decay time
assigned tdNA* at intermediate pH values can be an average
of the decay times oNA* andDA*. To avoid this, we have
fitted the data in that range to a triexponential function, keeping
the decay time oDA* (0.24 ns) constant. The reciprocals of
these decay times were then plotted against the Qldee
Figure 7b). A linear dependence afa~! with [OH™] is
observed, an intercept of (3.37 0.17) x 1(® s ! and a slope

J. Phys. Chem. A, Vol. 105, No. 45, 20010257

of (6.44+ 0.2) x 10° mol~* dm? s~! being obtained. From this,
we conclude that specid$éA* deprotonates by OHto yield
DA*, the rate constant for this deprotonation process being the
slope of the straight line.

The above-mentioned results allow us to analyze the mech-
anism of the phototautomerization procégs* — KA* , which
can take place directly or viaA* . The fluorescence spectra of
1 at high pH showed that most of tHeA* molecules are
protonated by water to yieltkA* (Figure 6b). However, at
pH ~ 11, the OH concentration is too low for the deprotonation
of NA* to compete with its deactivation. As a result of this,
the phototautomerizatioNA* — KA* must take place at this
pH via the two-step proced$A* — DA* — KA* , both steps
being assisted by water, or occur directly, water molecules acting
as bridges between the proton donor and acceptor sites. From
the fluorescence at high pH values we know thaD# is
excited, only part of these molecules protonate in the excited
state to yieldKA* , fluorescence fronDA* and KA* being
observed. This means that if the two-step tautomerization, via
DA*, took place at low pH values, we should detect fluorescence
from DA* already at pH~ 11 (this species has a decay time of
0.24 ns, very different from those d&fA* (2.88 ns) andKA*

(2.4 ns)). As we have not detected any fluorescence Dérh,

and, furthermore, we have not observed this deprotonation
process for the monoanions of the related molecules'-2-(3
hydroxy-2-pyridyl)benzimidazole and 2-{zhydroxyphenyl)-
benzimidazole in basic aqueous solution, we propose that part
of the excitedNA* molecules experience a water-assisted
multiprotonic tautomerization to gii€A* . On the other hand,

as the coefficient oKA* slightly decreases with increasing
[OH™] at pH > 14 (Figure 7a), whereas that DAA* increases
without reaching a constant value, we suppose that at high pH
values part of th&KA* molecules are deprotonated by OH
giving DA*. According to all of this, we propose the mechanism
shown in Scheme 3 to explain the excited-state behavidr of
in basified aqueous solution.

To test the adequacy of our model, we have deduced from
the mechanism the equations describing the pH dependence of
the coefficientCya, Cka, andCpa representing the contribution
of NA*, KA* , and DA* to the total fluorescence (eqs-B).

_ XNAK[H+]
M@+ KK+ HT)O @
+
?{ e+ 1 s
K[H'] ﬁ( ﬁ) Ky ka ]]
T Kkl Ton] ok 1 @
Coa =
xoal (4 4 Kooy KIHD Ky
: [(1+kKA[OH ]) KD+ A R OH ]| +
kaz, | KIH'T Kr [H']
@[OH ] ﬁlﬂ(@“lﬂ(S ] “)
_ T ﬁ)
E=(K,+[H ])(1+kKA[OH ]+kDA o )
o= 1+ﬁ+ﬁ[0H‘] (6)
I(NA A



10258 J. Phys. Chem. A, Vol. 105, No. 45, 2001

Rios Rodfguez et al.

TABLE 3: Tautomeric Equilibrium Constant K for 1 in Various Basified Solvents Together with the Kinetic Parameters for
the Various Excited-State Processes of 1 in Basic Aqueous Solution (Schem#& 3)

solvent K = [NAJ/[KA] 10 8kr 108 kya 1078 kia 108 kpa 108 kg1 108 kg2 108k,
DMSO/water 1.4
(40% water)
ethanol 3.7
water 5.3 1.52 1.85 4.08 3 5.2 1.3 40

aThe rate constantsr, kna, kka, andk, are given in s andky; andkq. in mol™* dm? s™%,

In these equationsyna, xka, and ypa represent empirical
instrumental parameterni€, is the ground-state acidity constant
of the anion to give the dianiok; is the ground-state tautomeric

equilibrium constant previously definedy = e30>"Je302%
__ 30300 30300 __ 30300 30300 30300 30300 30300
B =exn Tepn o 7 = exn Tepn o andea s ega s andepn

are the molar absorption coefficients NAA, KA, and DA at
30 300 cnt! excitation wavenumber. The deactivation rate
constantskya, kea, andkpa of NA*, KA* | andDA* account
for the radiative process and all of the possible nonradiative

routes different from the proton-transfer processes (Scheme 3).

Equations 2-6 were globally fitted to the experimental data of
Cna, Cka, andCpa. Some parameters were kept fixed during

the fit to the values obtained from an independent measurement.

Thus, Ky = 2.7 x1072 mol dm3 (from the analysis of
absorbancepH data) K = 5.3 (from the spectral decomposition
of the absorption spectrum at pH 11.37 as the sum/Afand
KA contributions). Furthermore, the value gf2* in water
was estimated assuming that the spectrunKAfin water is

the same as that of this species in DMSO, except for a blue
shift in aqueous solution. The fit provided the value of the ratio

of the rate constantisr/kna, Ky/kpa, Ka'kna, andkgo/ka. The

SCHEME 4: Excitation and Deactivation of 1 in
Basified Ethanol (data refer to 298 K)
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goodness of the fit (Figure 7a) supports the proposed mecha-We propose a fast multiprotonic transfer involving a bridge of
nism. Table 3 compiles the values obtained for the rate constantsethanol molecules as the mechanism for the conversion

involved in the mechanism (Scheme 3), calculated from the just
mentioned rate constants ratios and from the time-resolved
fluorescence data as described below.

From the ratiokt/kya = 0.82 + 0.11, kr and kya can be
obtained taking into account that the intercept of the ! —
[OH™] plot ((3.37+ 0.17) x 1C® s 1) corresponds téya + kr.
According to these figures (Table 3), in the absence of
tautomerizationgya = kya =t = 5.4+ 0.4 ns, a value in keeping
with that of the decay time dflA* in DMSO with 40% water
content, a solvent mixture wheféA* does not tautomerize.
Besides, a ratid/(kr + kya) = 0.45 is calculated, indicating
that almost half of the exciteNA* molecules tautomerize to
give KA* via the solvent-assisted mechanism at pH11.
Moreover, the value obtained fdwg, (Table 3) is in keeping
with that obtained for this rate constant from the analysis of
the Tna1—[OH™] data ((6.4% 0.2) x 10° molt dm? s™1).
Furthermorekys is calculated from the ratikg/kxa = 0.32+
0.19 mol* dm? and the known value dfxa (the reciprocal of
the decay time oKA*). Finally, k, was calculated from the
ratio ky'kpa = 13+ 9, taking into account that in watep, =
(koa + kp)™* = 0.24+ 0.05 ns.

4.2. Influence of Temperature on the Fluorescence of
1 and 2 in Basified Ethanol: Mechanism for the Photo-
tautomerization of 1. In basified ethanol, the tautomerization
NA* — KA* is much faster than in water, as indicated by the
short decay time and weak fluorescenceNéf* in ethanol as

NA* — KA* (Scheme 4). To get a deeper insight into the
mechanism of this process, we have studied the influence of
temperature on both the fluorescence spectra and lifetimes of
and2 (employed as a reference) in basified ethanol.

The fluorescence emission spectrunof basified ethanol
(Figure 4b) shifted to the blue and showed a higher intensity as
the temperature decreased. A triexponential function was needed
to satisfactorily fit the fluorescence decay data, the quality of
the fit being worse than that obtained at room temperature. Two
of the decay times (5.5 and 1.8 ns) coincided with those obtained
at 298 K and showed no temperature dependence (see the inset
in Figure 4b). The third decay time-(L ns) showed a negative
amplitude, whereas the other two exhibited a positive amplitude
and represented the main contribution to the decay. Both the
temperature-dependent spectral shift and the existence of the
third decay time with negative amplitude point to the existence
of a temperature-dependent solvent-relaxation process experi-
enced by the excited anion &f This could cause fluorescence
from the unrelaxed state to be observed at low temperature and
emission from the relaxed state to be seen at high temperature.
In the intermediate region, emission from different relaxation
“steps” can take place, the decay being nonexponential.

The fluorescence spectrum @fin basified ethanol within
the temperature range 16295 K (Figure 4a) showed also a
blue shift and an increase of intensity as the temperature
decreased. This shift to the blue of the emission spectrum was

compared to water. For the same reasons discussed above foaccompanied by the disappearance of excitation band II, only
water, mechanism 1 does not hold in basified ethanol. If processband I, assigned t&A, being obtained al < 200 K. This

2 were correct, we should observe a more efficient phototau-
tomerization in water than in ethanol (protonation and depro-

tonation processes are more favored in water than in ethanol).

As the opposite behavior is found, we can rule out this process.

indicates thatNA is lower in energy tharKA. Furthermore,
the fluorescence decay fdr was, as for2, triexponential.
However, one decay time increased its value as the temperature
decreased from 0.67 ns at 298 K to 4.38 ns at 165 K, and a



Effects of Solvent and Temperature on Tautomerism J. Phys. Chem. A, Vol. 105, No. 45, 20010259

second decay time of 2.3 ns, independentTofwas also the number of alcohol molecules involved in the reactive

obtained, the shortest of these two values showing a negativesolvates. Furthermore, a small proportionkh* is detected

amplitude at low emission wavenumbers. The third component, at 165 K, despité&K A being not present in the ground state. As

with a decay time of~1 ns, showed, as fo, a negative its decay time shows a positive amplitude, th#¢ molecules

amplitude at all detection wavenumbers and a low contribution are not the result of the temperature-dependéit — KA*

to the total decay as compared to the other two decay times.process. We then propose that a very small fractiolNaf

The observed temperature-dependent fluorescence spectral shiftnolecules are solvated by ethanol in the reactive geometry for

together with the presence of the negative amplitude 1 ns decaythe tautomerization already in the ground state, giving Kas

time, point to the existence of a temperature-dependent relax-immediately after excitation, this process being temperature

ation process experienced WA*, similar to the behavior  independent.

observed for2. Besides that, it was observed that at 165 K To sum up, if we compare the efficiency of the solvent-

speciedNA* showed a similar emission spectrum to that of the assisted phototautomerization af experienced byNA* in

anion of 2 (species which does not tautomerize) and a decay ethanol, water, and DMSO with 40% water, we come to the

time (4.38 ns) close to the longer decay time (5.5 ns) detectedconclusion, as pointed out by Kasha and otffet$>3that the

for 2. It is then clear that the tautomerizatiodA* — KA* structure of the solvent plays a crucial role in this process. Thus,

observed for compountl is inhibited at low temperature. ethanol self-aggregates to a lesser extent than water, the
The above-mentioned results point to the fact that for ~ Phototautomerization showing to be very efficient in this solvent.

speciesNA* experiences two competing processesTais On 'the other hand, water is known to form. hydrogen-bpnded
lowered, that is, a solvent-relaxation process and a phototau-Cha'nS' and we observe that the water-assisted ESPT is much

tomerization assisted by ethanol. Kasha eé8dlave recently poorer than in ethanol. Finally, DMSO interacts strongly with

reported that a competition between these two processes occur¥/ater, one molecule of DMSO complexating with two water
for pyrroloquinolines. We are not going to discuss here about Molecules. Hence, in a DMSO solution with 40% water, most
the solvent relaxation process, but this taking place in the same®f these water molecules are complexated to DMSQQH

time scale as the solvent-assisted ESPT complicates the stud)LDMSO_] = 2.6). Furthermore, it is kno_vvn that DMS@vater_ .
of the latter. Nevertheless, we can still obtain information about Interactions are even stronger than the intermolecular association

the observed activation energy for this phototautomerization as of water. As a result (.)f this, we can easily .unqlers'tand why in
follows. the DMSO/water solution the phototautomerization is even more

. . . inefficient than in water, the process not taking place at all.
We have shown that the excited anionZyfwhich does not P gp
tautomerize, experiences a solvent-relaxation process, and thesonclusions
two decay times assigned to its rotamers were shown to be . . . .
temperature-independent. We then assume that the same applieg In this work we have studied the behavior bfand 2 in

; asified protic and aprotic solvents. Both the ground- and the
for 1, the temperature-dependence observed for the decay time_ . .
. X - excited-state behavior dfwere shown to be solvent dependent.
of NA* corresponding only to the phototautomerization. Under

this assumption, we have fitted the equation = (kna + 1. In basified aprotic solvents (acetonitrile, DMSQ)gxists

21— _ 1 . in the ground state as the keto anidA . Under excitation of
kr(T) (kna + A_exp( .E°b5/.(RT))) o the gxpenmc_ental KA the fluorescence of this species is observed.
na — T data (see inset in Figure 4a). In this equation, an

Arrhenius dependence of the tautomerization rate constant 2. In basified protic solvents (water, ethanol), a tautomeric
P . L equilibrium exists in the ground state between the normal anion
kr was assumedEons being the observed activation energy

X L NA and the keto anioKA , NA being the predominant species.
andA the prei)(porlenual factor. Tr11e_f|1t yleldckngf (2.05+ Under excitation ofNA, part of thgese rr:lolecules undpergo a
0.09)x 10F s, Al_ (6 £ 4) x 1057, andf"bs il(£41i solvent-assisted tautomerization (more efficient in ethanol than
0.12)x 10 J mol ™. Fromkya, a value ofrna = kya~* = 4.88 in water) to yield KA*, dual fluorescence being detected.
ns 15 obtalngd in the abse_nce of tautomenzanpn, n gooq Excitation ofKA vyields fluorescence fror{A* . Upon adding
agreement with the decay time measured for this species in

DMSO with 40% wat h taut i q water to DMSO (40% water content), an equilibrium, similar
ith th W | |° w;fert\vav* e;rebno _ft?\udomerlza} '02 oc%urs) aNd o that observed for water and ethanol, is established between

with that calculated fo In basified water in the absence o andKA, but no tautomerizatiohlA* — KA* takes place.

of tautomerization. Furthermore, the valuergf so calculated

X . ; 3. Increasing the pH of a basified aqueous solutionl of
for 1is very close to the main decay time detected for compound ;. ces a quenching dfA* by OH~ to yield dianionDA*
2. Moreover, the value of the preexponential factor is in ’

: _ _ ._most of its molecules being protonated by water at the pyridyl
agreement with that reported for the solvent-assisted b'pmto”'cnitrogen to yield the keto aniokKA* . At pH > 14, onlyDA is

transfer of 7-azaindq|e i.n ethanol (97104 s*%).7 With regard present in the ground state, yielding b@A* andKA* upon
to the observed activation energy, the obtained value parallelsgyitation.

the activation energy of viscous flow of ethanol (1.46L0" J 4. Upon decreasing the temperature in basified ethanol, the
mol~1),2indicating that the process is controlled by the solvent 5 tomerizationNA* — KA* is inhibited. The observed
reorganization. Furthermore, we know that a solvent-catalyzed yctivation energy for this process parallels the activation energy
excited-state proton transfer is usually very rapid when an ot yiscous flow of ethanol, indicating that, at low temperature,
adequate structure of the solvate already exists in the groundine process is controlled by the solvent reorganization. A weak
state. We accordingly propose that, in the ground state, mostfjygrescence okA* is detected at low temperature being due
of the NA molecules are hydrogen bonded to ethanol, the {4 the presence of a small fraction NA molecules solvated

structure of the solvate being inadequate to tautomerize. Uponyy ethanol with the reactive geometry already in the ground
excitation of the solvate, and as a result of the increased basicityg;ate.

of NA* at the pyridyl nitrogen, a two-step tautomerization

occurs. The first step involves a solvent rearrangement to form  Acknowledgment. This work was funded by the Spanish
an adequate solvate withA*, this species yieldingtA* in a Ministry of Education and Culture (project PB97-0547) and by
very fast process. Unluckily, we cannot obtain from our data the Xunta de Galicia (Infraestructura program).
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