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The photoinduced proton-transfer processes of 2vw@8roxy-2-pyridyl)benzimidazole in acidic solutions of
acetonitrile, ethanol, and water have been studied by means ofvidvabsorption and fluorescence
spectroscopy. In all the solvents considered, the ground-state species under acidic conditions is the enol
cation, protonated at the benzimidazole N(3). Upon excitation, both the acidity of the hydroxyl group and
the basicity of the pyridyl nitrogen increase, the adise properties of the solvent determining if protonation

or deprotonation processes will be observed. Thus, in acetonitrile, the excited cation does not suffer any
transformation, its fluorescence being observed, whereas in ethanol, some molecules dissociate at the hydroxyl
group to yield the neutral keto form, and emission from both this keto species and the cation is observed.
Since water can act as both acid and base, the enol cation undergoes in this solvent a two-step tautomerization
by two different routes to yield the keto cation protonated at the pyridyl nitrogen. One pathway involves the
deprotonation of the enol cation at the hydroxyl group to yield the neutral keto tautomer, followed by protonation
of this tautomer at the pyridyl nitrogen to afford the keto cation. A second pathway implies the protonation
of the enol cation by KD (and by H at high acidity) at the pyridyl nitrogen to give a dication, which
deprotonates at the hydroxyl group, yielding also the keto cation. Only emission from the neutral keto form
and the keto cation has been observed, the ratio between them being pH dependent.

Introduction SCHEME 1: Excitation and Deactivation of HPyBI in

. . - . Neutral Aqueous Solution
It is well-known that the molecules having acidic and basic d

groups can undergo photoinduced proton-transfer processes as
a result of the change in acidity and basicity experienced by C[ >_2i>
these groups in the excited state. A molecule containing both S~ >=>\i>
an acidic and a basic group in close proximity and with a ©:
suitable geometry may undergo an excited-state intramolecular 4 N_
proton transfer (ESIPT) from the acidic to the basic site. There
has been a growing interest in these kind of processes in the 30600 cm”! 11122900 em!
last years;® owing to both the importance of understanding 26300 cm 41ns
this ultrafast reaction at a molecular le¥/éland the applications '
of the molecules that undergo those kind of processes, ranging H—Q H Q
from polymer UV stabilizer§1° and laser dyé4-14 to photo- ©[N\>_2i> i N \
chromic materialg. N N7 N =
There are many ESIPT processes involving the transfer of a H E H K
hydroxyl proton to an aromatic nitrog@h3 Examples of
ESIPT dyes containing these groups are 2h{@roxy- the behavior of HPyBI in aqueous solutfdmnd demonstrated
phenyl)benzimidazol&s-20 2-(3-hydroxy-2-pyridyl)benzimi- that water plays an important role in the tautomerization
dazole (HPyBI}1222-(2-hydroxyphenyl)benzoxazofé;?” and processes, since ground-state HPyBI was shown to maintain in
2-(2-hydroxyphenyl)benzothiazofg:?8:2° aqgueous solution a tautomeric equilibrium between the enol form

Even though these processes have been extensively investiE and the keto fornK (Scheme 1), both species being almost
gated, most of the studies focus on proton transfer in nonagqueoudsoenergetic in waterK has been detected only in the ground
solvents. The photophysics of the ESIPT dyes in water are in state in water. Upon excitation &, a fast ESIPT to yield the
general more complicated than in other solvents. However, keto formK* takes place, only the fluorescence frd being
these studies are very important because of the interest of wateobserved in all the solvents considered.
as solvent and because of the fact that the special properties of Our present goal is to investigate the behavior of ESIPT dyes
water allow the observation of many processes that do not occurin aqueous and nonaqueous acidic solution, as it has been
in other solvents. HPyBI is a striking example of a molecule scarcely studied?2%2% In this work we attempt to get informa-
showing different behavior in water than in other solvents. A tion on the photochemistry of HPyBI in acidic solution, which
first study in nonaqueous solvents shoddtiat this molecule a priori might be very different depending on which cation is
exists in the ground state as enol foEnfsee Scheme 1). Upon formed in the ground state upon protonation. HPyBI contains
excitation, this species undergoes an ultrafast intramoleculartwo basic nitrogen sites, the benzimidazole N(3) and the pyridyl
proton transfer to yield the keto tautont€t. We investigated nitrogen. As may be inferred from previous investigations on
similar moleculeg?3°the K, could be similar for both groups.
€ Abstract published ilAdvance ACS Abstractddarch 15, 1997. If HPyBI is first protonated at the benzimidazole N(3), the cation
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might undergo two different processes, (i) deprotonation of the A /nm
hy_dr_oxyl group in the excited st_ate_ asa re_sult of the increase in 300 350 400 450 500550
acidity of this group upon excitation (as it was observed for — T
2-(2-hydroxyphenyl)benzimidazoR9and (ii) protonation at the 10— acidified ethanol
pyridyl nitrogen induced by the increase in basicity of this group o acidified acetonitrile

s T tr

a 1

in the excited state (the cation of 24@yridyl)benzimidazole, é’ 08 i
which is protonated at the benzimidazole N(3) in the ground =

state, undergoes a photoinduced proton transfer to yield the § 0.6 1
cation protonated at the pyridyl nitrogen in the excited stéte). =

On the other hand, if HPyBI is first protonated at the pyridyl E

nitrogen, the cation might suffer an ESIPT from the OH group = 0.4 1
to the benzimidazole N(3), as it was observed for the excited é

enol form in neutral media. The photochemistry of HPyBI will 0.2 T
depend on which cation is formed in the ground state, but it -

will also be the result of the change in both acidity of the 0.0 N e
hydroxyl group and basicity of the pyridyl nitrogen induced by 10 777 waterpH3.29 1

excitation. Itis interesting to know the result of these competing | 777" water pH ?;23
protonation and deprotonation processes for HPyBI. In this } \___
work, we investigate the influence of acidity on the photoin- / ‘@i
duced proton-transfer processes of HPyBI by using—Wié /
absorption spectroscopy and by means of steady-state and time-

resolved fluorescence spectroscopy. We have studied the

behavior of HPyBI in acidic aqueous solutions and in acidified

ethanol and acetonitrile.
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HPyBI was synthesized as described elsewRer8olutions v/10°
were made up as .preVIoust descrlgfeq spectroscopy grade Figure 1. (a) Normalized fluorescence excitation and emission spectra
ethar_10|, aceton_|tr|le, and double-distilled Wate_r; all aqueous ¢ HPyBI in acidified acetonitrile (HCIG = 2.4 x 107 mol dn?,
solutions contained 1.8% (v/v) ethanol. Solutions were not 7, =27 000 cn?, e = 30 500 cnt, [HPyBI] = 2.6 x 10°¢ mol
degassed. Acidity was varied with HGONaOH or NaHPQOy/ dm~3) and ethanol ([HCIG] = 1.1 x 1074 mol dnT3, Ve, = 22 500
Na,HPO, buffer (made up with Merck p.a. products). lonic €M™, Ve = 30 300 cmi?, [HPyBI] = 1.6 x 10°° mol dnr3). (b)
strength was maintained at 0.1 mol dinwith Merck p.a. Fluprescenqg excitation and emils§ion spectra of I—lleBI in water at
NaClQ,, except at high acidities, where the ionic strength was \{aglous acidities fem = 22 700 cnT*, Fiexe = 28 100 cnt?, [HPYBI] =

. . . . .8 x 1075 mol dn13).

the concentration of the acid. All experiments were carried out
at 25°C. cm! being observed. This band does not change with acidity

Acidity constants were determined spectrophotometrically as between pH 3 and H= 0 and is very similar to band | observed
described previouskp, based on pH measurements or the acidity in neutral media. An increase of acidity forrH< 0 induces a
function H,32 for high-acid media. pH was measured with a shift to the red in the spectrum, a new band with maximum at
Radiometer PHM 82 pH meter equipped with a Radiometer 27 900 cnT! being obtained at H= —4. A spectrum with
Type B combined electrode. UWis absorption spectra were maximum at around 28 200 crhis obtained when the pH
recorded in Kontron Uvikon 810 and 930 spectrophotometers. increases from neutral media.
Fluorescence excitation and emission spectra were recorded in 2. Fluorescence Spectra and LifetimesFigure 1a shows
a Spex Fluorolog-2 FL340 E1 T1 spectrofluorometer, with the fluorescence excitation and emission spectra of HPyBI in
correction for instrumental factors by means of a Rhodamine acidified acetonitrile and ethanol. In these solutions, HCIO
B quantum counter and correction files supplied by the concentration was chosen to ensure that all HPyBI was in its
manufacturer. Fluorescence lifetimes were determined by monoprotonated form, judging by the changes in the absorption
single-photon timing in an Edinburgh Instruments CD-900 spectra. The fluorescence excitation spectrum in acetonitrile
spectrometer equipped with a hydrogen-filled nanosecond resembles the absorption spectrum observed in acidic aqueous
flashlamp and the analysis software supplied by the manufac-solution of pH~ 3. The emission spectrun¥ax = 27 000
turer. cm™Y) overlaps the excitation spectrum showing a normal Stokes

Theoretical equations were fitted to experimental data by shift, and the emission decays monoexponentially with a lifetime
means of a nonlinear weighted least-squares routine based omf 1.5 ns. In acidified ethanol, HPyBI exhibits dual fluorescence
the Marquardt algorithm. (Figure 1a), emitting both a weak band at about 27 000cm
with a normal Stokes shift and a stronger lower energy band at
22 200 cn1! that coincides with the fluorescence band obtained
in neutral ethano?? A biexponential decay of the fluorescence
was observed in acidified ethanol ([HCJO= 4.6 x 10~4 mol

1. Absorption Spectra in Aqueous Solution: Influence dm~3) between 27 000 and 23 500 chwith lifetimes of 0.2
of pH. Absorption spectra of HPyBI in aqueous solution of and 3.4 ns. The amplitude of the faster decay decreases with
various acidities have been shown previoi#8lyTwo bands are decreasing emission wavenumber, whereas that of the slower
observed in neutral media, band | with maximum at 30 600'cm  decay increases.
and band Il with maximum at 26 300 cth Band Il disappears The fluorescence of HPyBI observed in acidic aqueous
upon increasing acidity, a new band with maximum at 30 300 solution (Figure 1b) shows an anomalous Stokes sk8000

1
cm

Results
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()7, =4.63+00lns a =0.042 ) in aqueous solution dtm = 23 300 and 20 400 cm. The results are
1,=1.02£008ns a,=-0012 X _ 1.047 mean values of repeated measurements.

100 -

H+ = —4 to pH= 12. Analysis° of the absorbancepH (or

H,) data at fixed wavenumbers yields the following values of

the acidity constants: Ky = —1.58 £ 0.02, Ko2 = 5.00 =

0.04, and Ka3= 8.57+ 0.05. According to these results, we

(b)r,=4.61+0.01ns a =0.025 suggest that five different forms of HPyBI are involved in
1,=1.02£0.03ns  a,=0.025 x> =0.978 ground-state acidbase equilibria: the aniof, the two neutral

formsE andK, the monocatio:C, and the dicatio® (Scheme

2). The existence in neutral aqueous solution of a tautomeric

equilibrium between the enol forre and the keto fornK,

) ) ] responsible for the absorption bands | and Il, respectively, has

Figure 2. Fluorescence decay of HPyBI in aqueous solution of [HEIO  haen discussed in a previous pafferDeprotonation of the

= 7.11x 1072 mol dnT3 at ¥em = 20 400 and 23 300 cm and lamp . .
profile (Fe = 29800 cm?). The decays were analyzed to fit a neutral forms affords the anioA, similar to that formed by

biexponential function. Weighted residuals for each emission wave- 2-(Z-hydroxyphenyl)benzimidazole Ka = 8.83)2° Itis ex-
number are also shown. [HPyB# 1 x 1075 mol dm3. perimentally found that the monocation absorption spectrum

resembles that of the neutral enol foEnin keeping with the
cm1). The emission band resembles that obtained in neutral behavior of 2-(2hydroxyphenyl)benzimidazolé and 2-(2-
solution §max = 22 900 cnl),22 but it shifts to the red as the  pyridyl)benzimidazolé! which are protonated at the benzimi-
pH is decreasedifyx = 22 700 cnTt at pH 3.29, 22 300 cni dazole N(3). Therefore, it seems likely that the monocation of
at pH 0.23). Although an isosbestic wavenumber between the HPyBI is the enol cationEC (Scheme 2). The second
neutral forms and the cation was used as excitation wavenumberprotonation takes place at the pyridyl nitrogen to afford the
an increase of the fluorescence intensity was observed as thdlicationD, its spectrum being shifted to the red with regard to
pH decreased. Furthermore, the excitation spectrum wasthat of the monocation, as already observed for'2p{2idyl)-
independent of pH between pH 3 and pH~ 0 and coincident ~ benzimidazolé!
with the absorption spectrum obtained under the same condi- In acidified acetonitrile and ethanol solutions, the absorption
tions. Both excitation and emission spectra in acidic solution and fluorescence excitation spectra of HPyBI resemble that of
were independent of the monitoring emission and excitation aqueous solution of pHe 3 (Figure 1). These spectra are
wavenumbers. therefore attributed to the enol cati&C.

The decay of HPyBI fluorescence in acidic aqueous solution 2. Fluorescence in Acidic Media. Excitation of the enol
was investigated at 23 300 and 20 400 émFigure 2 shows cation EC in acidified acetonitrile (Figure l1a) induces a
the decays for [HCIG] = 7.11 x 1072 mol dm3. The decay fluorescence band that overlaps the excitation spectrum and
was biexponential at both wavenumbers between pH 1 and pHdecays monoexponentially; it is therefore attributed to the
3. The slower decay showed a lifetime of 4.6 ns, independent excited monocatiofeC*, which decays with a lifetime of 1.5
of pH and with positive amplitude at both wavenumbers. The ns.
faster decay showed a pH-dependent lifetime with positive Dual fluorescence is observed for HPyBI in acidified ethanol
amplitude at 23 300 cn and negative amplitude at 20 400 solution (Figure 1a). The weaker band is located at about the
cm~1. A plot of the reciprocal of the two lifetimes against the same position as the emission®BC* in acidified acetonitrile
acid concentration is depicted in Figure 3. and overlaps the excitation band BEC. It must therefore be

concluded that the band is due to the monocak@t, which

_ ) decays with a lifetime of 0.2 ns. Furthermore, the strong band,
Discussion with a lifetime of 3.4 ns, coincides perfectly with that of the

keto tautomeK*, which is known to be the fluorescent species

1. Ground-State Acid—Base Equilibria. The absorption in neutral ethano?? In view of these results, we propose that
spectra of agueous HPyBI solutions of various acidities show in ethanol the enol cation undergoes an effective deprotonation
the existence of three acidase equilibria in the range from  of the hydroxyl group in the excited state to yield the neutral
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SCHEME 2: Acid—Base and Tautomeric Equilibria of Ground-State HPyBI in Aqueous Solution
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SCHEME 3: Excitation and Deactivation of HPyBI in SCHEME 4: Excitation and Deactivation of HPyBI in
Acidified Ethanolic Solution Acidic Aqueous Solution
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keto form (Scheme 3). The fact that this process does not take ”
place in acetonitrile is probably due to the inability of this >_©
solvent to accept the proton. The decrease of the lifetime of CE*’

EC* on going from acetonitrile to ethanol supports this

interpretation.

In aqueous solution of pH 3, the fluorescence excitation isosbestic point between the neutral species and the cation.
spectrum of HPyBI (Figure 1b) coincides with the absorption Furthermore, the fluorescence decay, which is monoexponential
spectrum in the same conditions, attributed to the enol cation in neutral media, becomes biexponential as the pH decreases
EC. The fluorescence band shows a big Stokes shift, indicating (Figures 2 and 3). From these results, it is clear Kvats not
that the emission is probably due to a species different from the only fluorescent species in acidic aqueous solution. How-
EC*. It was also observed that, except for a small shift to the ever, it must be pointed out that the enol cation is the only
red, this fluorescence band is almost coincident with that species present in the ground state, since the fluorescence
obtained in neutral med®, which corresponds to the keto excitation spectrum remains the same from#t to pH~ 0
tautomerK*. It seems probable therefore that the excited enol (Figure 1b) and coincides perfectly with the absorption spectrum
cation EC* undergoes a very efficient deprotonation of the of the enol cation. These results indicate that the modifications

hydroxyl group in water to afford the keto tautorri€r. No of the fluorescence spectrum are caused by a process taking
ﬂu.o.rescence ofEC* is observed, probably dge to the.great place in the excited state. Furthermore, the fluorescence decays
ability of water to accept the proton, deprotonatiof=Gf* being at different pH values (Figure 3) show that one of the fluorescent

faster in water than in ethanol. These results indicate that thespecies is quenched by protons. This suggests that the process
acidity of the OH group increases upon excitation, the ability taking place in the excited state involves the protonatioi of
of the solvent to accept the proton determining if deprotonation its lifetime decreasing from the value of 4.1 ns in neutral or
of EC* (water), deprotonation competing with its fluorescence slightly acidic media as the acidity increases, appearing at the
(ethanol), or justEC* fluorescence (acetonitrile) will be  same time a new lifetime of 4.6 ns. We propose tKat
observed. A similar behavior was previously found for the protonates in the excited state to yield a cation. Taking into
cation of 2-(2-hydroxyphenyl)benzimidazol® in water and  account that this cation cannot B&C* and is formed by
ethanol. protonation ofK*, it is reasonable that this new species is the
If the keto tautomelK* were the only fluorescent species keto cationKC* protonated at the pyridyl nitrogen (Scheme
formed fromEC* in aqueous solution, the emission spectrum 4). Additional evidence in favor of this interpretation is the
should be independent of acidity from neutral medium to pH fact that 2-(2-pyridyl)benzimidazol& and similar speciéd34
~ 0. However, it is observed (Figure 1b) that the fluorescence are known to experience an increase in basicity of the pyridyl
shifts to the red and its intensity increases as the pH decreasesitrogen upon excitation. For the related molecule 2-(2
even though the excitation wavenumber corresponds to anhydroxyphenyl)benzimidazoR€,no quenching by protons of the
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Figure 4. Experimental {-) fluorescence spectra of HPyBI in aqueous H
solutions of pH 1.16 and 3.05, and calculated spectradbtained by P
fitting a linear combination of the fluorescence spectr{dand KC*, Figure 5. Plot of the pH dependence of the relative contributions of

together with the individual contributions of these spectra. Relative K* and KC* to the fluorescence spectrum of HPyBI under excitation
values of the residuals are also shown, with a break in the region of at 28 100 cm? (the solid curves are the result of fitting egqs 2 and 3 to
solvent Raman bandge,. = 28 100 cn™. [HPyBI] = 1.8 x 10~® mol the experimental data) and of the absorbance of HPyBI in aqueous
dm3, solution at 30 300 crt-.

keto tautomer fluorescence under similar conditions has beens), it must be concluded that there is another process leading
observed, since it lacks the pyridyl nitrogen. From the above to the formation ofKC* at pH > 3. This process cannot be
findings, we propose that in acidic agueous solution there arethe protonation oK* by water, since in this case the relative
two fluorescent species formed frdgC*, the neutral keto form proportions ofkK * and KC* would be pH independent and the
K* and the keto catioiKC*, protonated at the pyridyl nitrogen.  fluorescence spectrum would not shift to the red as acidity
In the following a quantitative study will be done to test this increases over the pH range-8, as experimentally observed
hypothesis and to determine the nature of the processes takingFigure 1b). Since the conversi&C* — KC* implies both

place in the excited state. protonation of the pyridyl nitrogen and deprotonation of the
Assuming that the fluorescence spectra obtained in acid mediahydroxyl group, it seems likely that a two-step mechanism
over the pH range-66 are due to the emission Kf* and KC*, involving protonation ofEC* at the pyridyl nitrogen to afford

any measured spectrum should be a linear combination of thea dication followed by deprotonation of this dication at the
pure spectra oK* and KC*. Accordingly, the fluorescence  hydroxyl group can take place (Scheme 4). Moreover, to
intensity at each emission wavenumbé¥.) may be expressed  explain effective protonation taking place at pt3, water must
as act as acid in that process (rate constaht Similar processes
involving excited-state protonations at the pyridyl nitrogen by
F(Vem) = CuF(Vem) + CucFuc(Vem 1) H20 have been observed for 2-@yridyl)benzimidazol& and
similar specieg:33 FurthermoreEC* should also be protonated

whereFx (Ven) andFrc(Ver) are the fluorescence intensities at  PY H™ when the acidity is high enough (rate consti)t as
the same emission wavenumber of pure reference spectra foShown in Scheme 4. Once the dication is formed, it suffers a
K* and KC* and the coefficientsCx and Cc represent the  fast deprotonation at the hydroxyl group to yie#tC*, no
contribution of each reference spectrum to the spectrum of the fluorescence fromD* being observed in the acidity range
mixturel The pure ﬂuorescence Spectrun‘(dﬂs Obtalned by Stud|ed. Add|t|0nal eVldence n faVOI’ Of '[hIS hypOtheSIS comes
direct excitation oK in band Il (26 300 cm?) at pH 6. We from the fact that upon direct excitation of the dication at H
have taken the fluorescence spectrum obtained at pH 0.23 toslightly lower than 0, the emission spectrumkdf * is obtained.
be the pure spectrum &fC*, since the pH dependence of the According to the mechanism proposed (Scheme 4), the
red shift observed in the fluorescence spectrum (Figure 1b) biexponential fluorescence decay of HPyBI in acidic aqueous
reaches a plateau in this region. A series of fluorescence spectraolution implies that botlEC* and D* must have a very short
recorded at various acidities were satisfactorily decomposed aslifetime, at least shorter than the time resolution of our single-
linear combinations of these two reference spectra (Figure 4). photon counting equipment (0.1 ns). This would be in agree-
The pH dependence of the coefficients obtained are shown inment with the fact that no fluorescence ®€* and D* could
Figure 5 together with the pH dependence of the absorbance inbe observed, indicating that the deactivation of both species by
the same acidity range. other routes is very fast. Yet further evidence emerges from
The above results support the hypothesis #aand KC* the fact that the decay &C* becomes faster on going from
are the fluorescent species. It remains to be determined theacetonitrile (1.5 ns), wherieC* is the only fluorescent species,
mechanism of their formation frof&C*, the primary excited to ethanol (0.2 ns), where a weak fluorescence fi&8t is
species. ltis clear that* is formed by deprotonation dC*, still observed although the emission frd¢t predominates. It
water acting as a base in this process. As pH decreses, seems then reasonable to suppose that in water, where no
protonates to affortkC* (Scheme 4). Since the quenching by fluorescence fromEC* was observed, the lifetime is even
protons is probably a diffusion-controlled proceks & 10 shorter. On the other hand, the rate constant for the deproto-
mol~1 dm? s71), it can only compete with the deactivation of nationD* — KC* must have a very high rate constakg, due
K* (tx = 4.1 ns) at pH< 3. To explain the observed increase to the increase in acidity of the OH group upon excitation, the
in the contribution of KC* emission to the experimental same applying for the similar proceBEC* — K* with a rate
fluorescence as the pH decreases from pH 5 to pH 3 (Figure constant k (Scheme 4). This is in keeping with the observed
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deprotonation rate constants for other aromatic alcohols, beingsupports the proposed mechanism. The corresponding opti-

as high as 5.8< 10 s712 [f the formation and deactivation
of EC* and D* are faster than the time resolution of our
apparatus, we will just be able to follow both the deactivation
of KC* and K* and the formation oKC* from K*. It seems
reasonable therefore that at 23 300 émvhereK * contributes
more tharKC* to the fluorescence, two lifetimas andz, with
positive amplitudes are obtained, whereas at 20 400 awhere
the emission fromKC* predominates, the amplitude af

becomes negative, corresponding to the rise time of formation

of KC* from K*. According to this interpretation, the lifetime
71 = 4.6 ns (independent of pH) correspondKio*, while 7,

(pH dependent) correspondsKd and must verify 1#, = kg

+ ks [H™]. The reciprocal ofr; showed a linear dependence
on the acid concentration (Figure 3), in keeping with our
interpretation. The values obtained farat the two wavelengths
investigated are the same, whereas the values arfe slightly
different (Figure 3). This difference could be due to a transient
dynamic quenching by H(not considered in the biexponential
fit) or even to a small contribution &C* and D* lifetimes to

the observed decay. Fitting straight lines to the experimental
data ofr; ! versus acid concentration shown in Figure 3, a mean
value ofks = 1 x 10 mol~* dm® s1 is obtained, which as
expected is on the same order as the diffusion-controlled limit.

mized values ofy, 8, andy are

_kz_ 1.4.3
a=1-=29+0.8mol " dm (5)
vi
ky
B= K, =0.121+ 0.007 (6)
—E—swz rtdm’ 7
y_kK_ mol * dm (7)

The parametera. and 3 show the relative efficiency of the
competing processes undergone BZ*. A comparison
between the rates of protonation and deprotonatida@f can
be established:k( + k[H*])/ks = 8 + o [H]. This ratio has
a value of 1 at [H] 0.3 mol dnt3, indicating that
deprotonation predominates at lower concentrations of protons,
whereas at higher concentrations protonation becomes faster.
At low concentration of protons (pH 3), § > a [HT],
indicating that protonation and deprotonation byDHake place.
Moreover, the value gf shows that the deprotonation process
is 8 times faster than the protonation process. On the other

To test the adequacy of the mechanism put forward to explain hand, the rates of the two competing protonation processes of

the behavior of excited HPyBI in acidic agueous solution

EC*, by H,0 and by H, can also be comparedke[H "/ky) =

(Scheme 4), a quantitative analysis of the pH dependence of(o [H*]/8) = 24[H*]. From this expression it can be derived
the fluorescence intensity was performed. We have deducedthat at [H] = 4 x 1072 mol dn3 (pH = 1.4) both rates are

expressions for the acidity dependence (pH rangé)®f the
coefficientsCx and Ckc, representing the contribution &f*
andKC* to the fluorescence (egs 2 and 3).

K OK4[H™]
72 14+ 8+ ofHT]
Ck= + +12 + @)
(KoK + Ky[H' T+ [HT)(@ + y[HT])
Cyc = Xke X
K K H {8 + o[H" b\ N
(KagK oo+ K H] + [HT1A(L + y[H])
3)
2810
€eC 0(KEK +1)
(4)

= 28100 28100
g 1T Kegek

In these equationgyk and ykc represent empirical instru-
mental parameters{,; and Ky, are the previously defined
ground-state acidity constant >, ¢28% (23190 and 2819
are the molar absorption coefficients &f, E, EC, and D,
respectively, at the excitation wavenumber 28 100 gk
is the concentration ratio in the ground-state tautomerization
equilibrium, Kex = [K)/[E], and a, 8, andy are rate constant
ratios: a = ko/ks, f = ki/ks, andy = ks/k.

Equations 2 and 3 were globally fitted to the experimental
values ofCx andCxc obtained from the spectral decomposition
at each pH (see Figure 5). Taking into account that 28 100
cmt is an isosbestic point for the catid@C and the neutral
formsE andK, the constand has a value of 1. Furthermore,
the values 0fKay, Kap, and €pleec)?81% are also known from

the same. At pH>- 1.4 protonation by kD predominates, while
at pH < 1.4 protonation by M is more important. Furthermore,
the quenching rate constaky can be obtained frony if the
value ofkk, the deactivation rate constantkf in the absence
of quenching by H, is known. From the fluorescence lifetime
of K* in neutral medium {x = 4.1 ns), a value fokg of 2.4 x

1% s1is found. Thus, the rate constaatwas calculated to
be 9x 10° mol~t dm® s~%. This value is close to the diffusion-
controlled limit and agrees well with that previously obtained
from fluorescence lifetime measurements.

Assuming that the protonation dC* by H* is also a
diffusion-controlled process; ~ 1 x 10° mol™! dm?® s74,
estimated values df, ~ 4 x 1® s tandks~ 3 x 1® st are
obtained froma. and 3, which are typical values for this kind
of process. For example, the rate constant for the protonation
of the pyridyl nitrogen by water in excited 2*¢gyridyl)ben-
zimidazole is 3.1x 10° s71,31 and similar values have been
found for other aromatic aminés® On the other hand, the
deprotonation rate constant in excited aromatic alcohols is about
1P st?

Conclusions

HPyBI is protonated in acid media at the benzimidazole N(3)
to afford the enol catioC. Both the acidity of the hydroxyl
group and the basicity of the pyridyl nitrogen increase in the
first excited singlet state. The properties of the solvent
determine if protonation or deprotonation are observed:

1. In acetonitrile EC* just deactivates to the ground state,
showing fluorescence.

2. In ethanol, someEC* molecules deprotonate at the
hydroxy! group to yield the keto tautomkr*, dual fluorescence
from EC* and K* being observed.

3. In water, EC* experiences two competing processes:
deprotonation at the hydroxyl group and protonation at the

the absorption measurements. Therefore, the values of theseyridyl nitrogen by HO and by H, the ratio between those

parameters were fixed in the fit. Solid curves in Figure 5

processes being pH dependent. The keto tautémgiormed

represent the calculated functions. The goodness of the fit by deprotonation oEC*, suffers a diffusion-controlled quench-



2772 J. Phys. Chem. A, Vol. 101, No. 15, 1997

ing by H" to afford the keto catioiKC*. On the other hand,
the dication resulting from protonation BC* undergoes a fast
deprotonation at the hydroxyl group to give al66*. In acidic

Mosquera et al.

(10) Catala, J.; Fabero, F.; Claramunt, R. M.; Santa Maria, M. D.;

Foces-Foces, M. C.; Herndez Cano, F.; Mantez-Ripoll, M.; Elguero,
J.; Sastre, RJ. Am. Chem. S0d.992 114, 5039.
(11) Chou, P.; McMorrow, D.; Aartsma, T. J.; Kasha, MPhys. Chem.

agueous solution, the observed fluorescence is composed of tha9g4 88, 4596.

emission ofK* and KC*, both spectra being very similar. The
ratio between the contributions dkC* and K* to the
fluorescence increases as the pH decreases. EmissioE@sm

(12) Parthenopoulos, D. A.; McMorrow, D.; Kasha, M.Phys. Chem.
1991 95, 2668.

(13) Acufa, A. U.; Costela, A.; Miiaz, J. M.J. Phys. Chenil986 90,
2807.

was not detected at any pH because of the fast deprotonation (14) Acute, A. U.; Amat-Guerri, F.; Costela, A.; Douhal, A.; Figuera,

and protonation processes undergone Bg*. The rate

constants for most of the processes involved in the mechanism

have been estimated.
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