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The ground- and excited-state behavior of the monocations of-Ry(Boxy-2-pyridyl)benzimidazole 1)

and 1-methyl-2-(6hydroxy-2-pyridyl)benzimidazoleZ) is discussed. Excited-state proton transfer from the
hydroxyl group to the pyridyl nitrogen occurs in compourddand?2 in acidified acetonitrile solutions by the
assistance of an alcohol. We propose a model for the mechanism of this proton-transfer process which includes
a concerted biprotonic or multiprotonic transfer with one or two alcohol molecules. Essential for the occurrence
of the proton transfer is the presence of a quencher with hydrogen-bond donating and accepting properties.
Furthermore, it is shown that also the size and geometry of the quencher play a role in the efficiency of the

proton-transfer process. Compouridand?2 differ remarkably in the efficiency of this process as a result of
the presence of the methyl group on the benzimidazole nitrogen N(1) in com@ound

Introduction We decided to investigate the monocations of 2h{@lroxy-
] o ) ) 2'-pyridyl)benzimidazole 1) and 1-methyl-2-(6hydroxy-2-

Molecules with acidic or basic groups can undergo excited- pyridyl)benzimidazoleZ) (see Figure 1). The neutral molecules
state proton-transfer processes as a result of the increase of therigure 2) have an acidic site-OH) and two basic groups [the
acidity or basicity experienced by those groups upon excitation. penzimidazole N(3) and the pyridyl NJ. In this article we will
Molecules having both an acidic and a basic site in close focus on the ground- and excited-state behavior of both
proximity and with a suitable geometry may undergo excited- monocations in acetonitrile solution. Investigations carried out
state intramolecular proton transfer (ESIPT), usually ultrafast, in our group on the structurally related molecule 24{@droxy-
from the acidic to the basic group, yielding a phototautomer. 2'-pyridyl)benzimidazol& 26 showed that this compound pro-
These ESIPT processes take place through an intramoleculatonates in acidic media at the benzimidazole N(3) to afford an
hydrogen bond which forms usually part of a six- or five- enol cation. It was shown that both the acidity of the hydroxyl
membered ring. ESIPT processes are the object of considerablgroup and the basicity of the pyridyl nitrogen of HPyBI
current interest4 increased in the first excited state. Furthermore, it was dem-

If the acidic and basic groups are too far from each other or Onstrated that in acidic aqueous solution, upon excitation of the
cannot adopt the needed geometry for an intramolecular enol catlo'n,aketo cation protonatgd at@he pyridyl n|'Frogen was
hydrogen bond, the excited molecule may undergo proton forr_ned via two-step processes involving protonation of the
transfer in the excited state assisted by molecules with hydrogen-PYrdy! nitrogen and deprotonation of the hydroxyl group. In
bond accepting and donating abilities, usually water or hy- °°”?P°“”d.~°'1 and 2 the hydroxy] group occupies thert.ho.
droxylic molecules. This kind of excited-state proton-transfer position with respect to the pyridyl nitrogen an_d a priori an
(ESPT) process has been reported, e.g., for 7-azaifdble, ESIPT process, if the distance ‘NH—O is appropriate, and/or
1-azacarbazol® hydroxyquinolines#-20 2-(2-pyridyl)benz- excned.-state c.oncer'Feg mull(tlproltonlc tran;_fer m_tflle preseTlce
imidazole?1-23 and 2-(2-pyridyl)indoles?* A concerted bipro- of protic species might take place. In this article we wi

tonic transfer is experienced by 7-azaindole. 7-hvdroxvauinoline demonstrate that concerted multiprotonic transfer from the
ris exp . y doie, r-ny yd ’ hydroxy! group to the pyridyl nitrogen occurs in the excited
and 2-(2-pyridyl)indoles in alcohol solutions, alcohol molecules

hereb . brid b h id and basic si monocationsl and 2 in acetonitrile in the presence of small
thereby acting as bridges between the aci ' and basic _5|tes. Aamounts of an alcohol. We will show that the compounds differ
two-step model has been proposed for this proééss!in

. . . remarkably in the efficiency of this process as a result of the
which the first step involves a rearrangement of the solvent presence of the methyl group on the benzimidazole nitrogen

around the excited molecule in order to obtain the structure N(1) in compoun. In compound3 (see Figure 1) ESPT cannot
suitable for the occurrence of tautomerization. The second stepigke place. Furthermore, we will propose a model for the

is a double proton transfer to yield the tautomer. The process mechanism of the proton-transfer process.

is controlled by the solvent rearrangement in the low-temper-

ature region and by the proton transfer in the other extreme. In Experimental Section

some cases an appropriate structure of the complex is already e compound4 and2 were prepared by high-temperature
present in the ground state. These systems can show very fastondensation of 6-hydroxy-2-pyridinecarboxylic acid with 1,2-
intermolecular proton transfer in the excited state, as reported, henzenediamine and-methyl-1,2-benzenediamine following
for example, for the 1:1 hydrogen-bonded ground-state complex g puplished procedure for the synthesis of 2ggridyl)-
between 7-azaindole and Carboxy“c acids in CyC|Ohe>%éne benzimidazolé? Compouncs was Obta”-]ed by reﬂuxing_ in
toluene in the presence of GlFand KOH. The compounds were
* Authors to whom correspondence should be addressed. purified by repeated crystallization and identified by NMR
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Figure 2. (a) Absorption spectrumd—) and normalized fluorescence

Figure 1. Absorption spectrum-[1—) and normalized fluorescence excitation and emission spectra of the neutral formi of acetonitrile
excitation and emission spectra—) in acidified acetonitrile of L en= 27780 cml, Tem= 24690 CrTL, — - — - — Do =

compoundl (a), compoun@ (b), and compoun8 (c). [HCIO4] = 5.0 ~ :

x lOp‘4 mol c(lrr)r3 iexp= 3175(0)cm1. Pem =p27780( c)rrg1 (cor;;]pounds 31350 le,l'mdv?xl = 28090 cm). _(tl:))t_Absorpétlon _spc_ectrum—(l:t|— fth
~ 1 _ 5 3 and normalized fluorescence excitation and emission spectra of the

[12?”22)3; v;’" 10257 6rr?8| C?mgcoggoé?c@' gl]x f(rxs 1g0| ”&?T']%”]for neutral form of2 in acetonitrile & — — Vem = 27780 cnTt, — Ve

fluorescence ’ =21050 cnmt, — - — - — Vex = 32260 cn, «+ Py = 27780 cn1l).

’ (c) Absorption spectra{J—) and normalized fluorescence excitation

and emission spectra{—) of the neutral form o8 in acetonitrile fex

spectroscopy and mass spectroscopy. NMR data of these= 31750 cm?, Ve = 27780 cni?). [1] =4 x 1078 mol dm3, [2] =
compound® will be published later. Solutions were made up 3 * 107°mol dm®, and B] =5 x 10°° mol dn for fluorescence.
as previously describétlin spectroscopy grade ethanol (Schar-
lau) and acetonitrile (Scharlau). Alcohols used were methano
(Scharlau; spectrosol), 1-propanol (Fischer Scientific Company), 1. Absorption and Fluorescence Spectra in Acetonitrile.
1-butanol (Aldrich; 99%)tert-butyl alcohol (Merck; p.a.), 1,2-  The fluorescence excitation spectrum of the neutral forr8 of

| Results

ethanediol (Aldrich; spectrophotometric gradet88) and 2,2,2- in acetonitrile shows one band and matches the absorption
trifluoroethanol (Aldrich; 99-%). Spectroscopy grade dimethyl  spectrum (Figure 2c). The emission band overlaps the fluores-
sulfoxide (DMSO) (Scharlau) was also employed. cence excitation band, showing a normal Stokes shift and a

Solutions were not degassed. Acidity was varied with HCIO Monoexponential decay with a lifetime of 1.63 ns. Both
(Merck p.a.). To obtain an acidic medium in acetonitrile fluorescence excitation and emission spectra are independent

[HCIOJ] = 5.0 x 10~% mol dr 3 was used. We checked by of the monitoring emission and excitation wavenumbers. In
UV —vis absorption spectroscopy that all ground-stat and acidified acetonitrile, the fluorescence excitation band of the
3 are found as the monocations under these conditions. All monocationd shifts slightly to the blue and comude_s_ with the
experiments were carried out at room temperature —\ig absorption band measured under the same conditions (Figure

absorption spectra were recorded on a Cary 3E Varian Sloec_lc). ‘The emission band shows vibrational structure with its
o L maximum located at the same position as that of the neutral
trophotometer. Fluorescence excitation and emission spectra . L
were recorded on a Soex Fluoroloa-2 FL340 E1 T1 spectro- SPECIES: No dependence of the monitoring wavenumber was
) Pe rolog P observed for the fluorescence excitation and emission bands,

fluorometer, with correction for instrumental factors by means

. S _~ and the emission decay was monoexponential with a lifetime
of a Rhodamine B quantum counter and correction files supplied of 2.0 ns

by the manufacturer. Fluorescence lifetimes were determined 4,4 absorption spectrum of the neutral form 2fin

by single-photon timing on an Edinburgh Instruments CD-900 ,cetonitrile (Figure 2b) is broad and shows vibrational structure.

spectrometer equipped with a hydrogen-filled nanosecond the fiorescence obtained upon excitation at 31750 @hows

flashlamp and the analysis software supplied by the manufac- 4 monoexponential decay, with a lifetime of 1.69 ns. The

turer. fluorescence excitation band overlaps the emission band and is
Theoretical equations were fitted to experimental data by narrower and blue shifted with respect to the absorption band.

means of a nonlinear weighted least-squares routine based orExcitation within the wavenumber region 263298570 cnr?

the Marquardt algorithm. leads to a very weak emissioniat< 25000 cnt?. In acidified
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Figure 3. Fluorescence excitation and emission spectthinfacidified
acetonitrile ([HCIQ] = 5 x 104 mol dn3) with increasing concentra-
tion of ethanol (EtOH) in the range-..129 mol dm?. [1] = 4 x 04+
1078 mol dnv3. ¥ex = 31250 cnr.

—— [EtOH] =0 M
3

acetonitrile the absorption spectrum narrows, shifts to the blue,

and its intensity increases (Figure 1b). The fluorescence 0.0 L4 ! | ! !

excitation spectrum in acidified acetonitrile matches the absorp- 30 28 26 24 22 20 18

tion band obtained under the same conditions. Furthermore, the ~ 3

fluorescence emission spectrum overlaps the fluorescence v/10° cm

excitation spectrum and a monoexponential emission decay withFigure 4. (a) Fluorescence spectra @f in acidified acetonitrile
a lifetime of 2.05 ns was observed. ([HCIO4] = 5 x 10~* mol dnT3; ¥ex = 31750 cnT?) with increasing

. concentration of ethanol (EtOH) in the range D013 mol dm?. (b)
Both the neutral form of and the monocation show the same  Fjyorescence spectra®in acidified acetonitrile ((HCIG = 2 x 10~

behavior as compoun® in acetonitrile solutions (Figures 2a  mol dnr3; e, = 31250 cm?) at concentrations [EtOHE 0 mol dnr3
and 1a), although the absorption spectrumloifh acidified and [EtOH]= 0.640 mol dm®. [2] = 3 x 10°° mol dm™*, and ] =
acetonitrile shows more vibrational structure (Figure 1a). 5 > 107 mol dn™.

2. Fluorescence Quenching by AlcoholdNe recorded the creases. At lower wavenumbers, a biexponential decay is
fluorescence spectra df and 2 in acidified acetonitrile with observed, the contribution of the longer lifetime becoming larger
various concentrations of an alcohol. The alcohols used wereat higher concentrations of the alcohol. The longer lifetime is

methanol, ethanol, 1-propanol, 1-butariett-butyl alcohol, 1,2- independent of the alcohol used, showing a value o#3M2
ethanediol, and 2,2,2-trifluoroethanol. In all experiments the ns forland 1.5+ 0.2 ns for2. At relatively low wavenumbers
excitation wavenumber was 31250 chior 1 and 31750 cm! (<24000 cn1Y), a third fluorescence component with a weak
for 2 and the alcohol concentration was varied in the range contribution (<10%) was observed for both compounds (ca. 6
0—1.2 mol dns, ns forl and ca. 4 ns foR). As an example, Figure 5 shows the

All alcohols used except trifluoroethanol quenched the fluorescence decay df in acidified acetonitrile with [EtOH]
fluorescence ofl and2. As an illustrative example, Figure 3 = 0.855 mol dm? at different monitoring emission wavenum-
depicts the steady-state fluorescence spectrh infacidified bers. We analyzed simultaneously (global analysis) the fluo-
acetonitrile with various concentrations of ethanol. A single rescence decay at six emission wavenumbers (between 20000
structured emission band with its maximum at 27780 tim and 25000 cm?) to fit a triexponential decay function with

observed in the absence of ethanol. Upon addition of ethanol, lifetimes7; = 1.02+ 0.03 ns,7, = 3.05+ 0.06 ns, and3 =
the intensity of this emission decreases, and a new structureds.8 + 0.8 ns. Figure 5 shows the decayZaf = 23810 cn!
emission band with maxima at 25000, 23530, and 22220'cm  and 7em = 21740 cntl. Upon going to lower wavenumbers,
appears. As can be seen in Figure 3, the fluorescence excitatiothe amplitude of lifetimer; decreases, while the amplitude of
spectrum obtained at [EtOH} 1.129 mol dnt3 matches the lifetime 7, increases. Furthermore, the amplitudeaé negative
fluorescence excitation spectrum obtained in the absence ofin the wavenumber regioiem < 23000 cnit. At wavenumbers
ethanol and is independent of the monitoring wavenumber. ey > 26000 cnt?, the fluorescence df decayed monoexpo-
Figure 4a displays a series of fluorescence spectr2 of nentially with a lifetime of 1.02+ 0.03 ns at [EtOH}= 0.855
acidified acetonitrile with various concentrations of ethanol. The mol dn 3.
same features are seen asXora decrease of the fluorescence Addition of trifluoroethanol to an acidified solution dfin
band at 27780 cmt, concomitant with an increase of the acetonitrile does not reduce the quantum yield and lifetime of
emission at-22000 cnt?, although the increase of the intensity the fluorescent species. Addition of dimethyl sulfoxide quenches
of the latter emission is not so strong as observedLfor the fluorescence of and2, but no new emission is observed.
We measured the fluorescence lifetimes of acidified aceto- As can be seen in Figure 4b, the emission spectruliof
nitrile solutions ofl and2 with various concentrations of alcohol  acidified acetonitrile remains unchanged upon addition of
at various detection wavenumbers. The fluorescence detectedethanol. Furthermore, fluorescence lifetime measurements on
at 27780 cm? shows for both compounds a monoexponential a solution of3 in acidified acetonitrile with [EtOH}= 0.622
decay (1.95 ns fot and 2.05 ns foR in the absence of alcohol), mol dm3 showed monoexponential decay of the emission
with decreasing lifetime as the concentration of alcohol in- independent of the monitoring wavenumber and yielded a
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similar to that of its neutral form. Since it is known that
protonation at the benzimidazole N(3) in benzimidazole and
derivatives does not change the absorption spectrum signifi-
E cantly, whereas protonation at the pyridyl N in pyridylbenz-
] imidazoled326:29 induces a red shift in the absorption and
emission spectra, we might conclude that the protonatidn in
2, and3 takes place at the benzimidazole N(3), giving what we
call the enol cations shown in Figure 1. A further argument for
this conclusion is that the absorption spectralofind 2 in
acidified acetonitrile are very similar to the corresponding bands
of the compounds 2-(3ydroxy-2-pyridyl)benzimidazol& and
1-methyl-2-(3-hydroxy-2-pyridyl)benzimidazolé? respectively,
which are known to be protonated first at the benzimidazole.
From the facts that in acidified acetonitrile (a) both fluores-
cence excitation and emission spectralp®, and3 observed
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in the absence of a quencher are independent of the monitoring
emission and excitation wavenumbers and (b) a monoexponen-
tial fluorescence decay is observed, we conclude that in the
excited state only one emitting species is present. As the
emission band of this species (maximum at 27780 %m
overlaps with the fluorescence excitation band, it can only be
attributed to the species present in the ground state for all three
compounds, i.e., the enol cation. However, in the presence of

an alcohol, a second emission band around 22000!dm
observed forll and2. We should consider the possibility of the
occurrence of three kinds of processes in the excited state of
the enol cationd and2: (1) protonation at the pyridyl N by
the alcohol, (2) deprotonation at the hydroxyl group to give a
neutral species (a zwitterion), and (3) transfeadd from the
benzimidazole N to the pyridyl N to yield a cation protonated
at the pyridyl N, or proton transfer from the hydroxyl group to
the pyridyl N to give a keto cation.

The occurrence of process (1) can be ruled out by taking into
account that for compoung, in which this process can also
take place, no quenching of the fluorescence was observed upon
addition of ethanol. Furthermore, no change of the emission
spectra of the enol catioisand2 was observed in the presence
of trifluoroethanol, which is a stronger acid.

Deprotonation at the hydroxyl group (process 2) gives a
zwitterion. This neutral species has been detected f@nd 2
in acidic aqueous solutions and acidified ethanol solutfdns,
showing a lifetime of ca. 6 ns fat and of ca. 5 ns foR and
showing fluorescence at relatively low wavenumbeéiga{ ~
22000 cn1! for 1 and 2). The third fluorescence component
with a weak contribution €10%), which was observed at low
wavenumbers €23500 cnt?) for both compounds (ca. 6 ns
:?or 1 and ca. 4 ns foR), might be attributed to this zwitterion
species. However, only a small fraction of the excited enol cation

ighted residuals

-4.0
Figure 5. Fluorescence decay of compouhéh acidified acetonitrile
solution ([HCIQ] = 5 x 10~* mol dm3) with [EtOH] = 0.855 mol
dm3 atVem = 23810 cnm* (@), Pem = 21740 cn1t (b), and lamp profile
(Vex = 31250 cm'). The decays at six emission wavenumbers were
analyzed simultaneously (global analysis) to fit a triexponential decay
function. Fluorescence lifetimes;, associated amplitudes;, and
weighted residuals for two emission wavenumbers are shown.

lifetime of 2.1 ns, which is the same as that obtained in the
absence of ethanol.

Discussion

As can be seen in Figure 2c, the neutral form of compound
3 exhibits in acetonitrile a single absorption and a single
emission band, whereas the neutral formsla@fnd 2 show a
broad absorption spectrum antldependent on the excitation
wavenumber— two distinct fluorescence bands (Figures 2a and
2b). Moreover, the fluorescence excitation spectra of the neutral
forms of 1 and 2 monitored in both emission bands do not
coincide with the absorption spectra. This means that for these
species there are at least two neutral forms in the ground stat
and two fluorescent species. A weak fluorescent species locate
at Vem < 25000 cn! for both compounds and a stronger .
fluorescent species with emission maximum at 27930 dior molecules experiences process (2).
the neutral form ofl. and at 27780 cmt for the neutral form of With respect to process (3), only a proton transfer from the
2 are observed. The complex behavior observed in neutral hydroxyl group to the pyridyl N explains the fact that the
solutions is currently under investigation and will be published duenching was not observed for the cati®nThis proton-
later. We only mention here that the fluorescent species in transfer cannot be direct, since an alcohol is required to observe
acetonitrile are neutral forms, as expected taking into accountthe red-shifted fluorescence band fbrand 2. Furthermore,
the nonprotic character of acetonitrile. species with only hydrogen-bond donating capacity (trifluoro-

In acidified acetonitrile, the absorption bands of compounds €thanol) do not quench the fluorescence, while species with only
1 and 2 are almost coincident and very similar to that of hydrogen-bond acceptor character (dimethyl sulfoxide) quench
compound3 (Figure 1). Furthermore, no dependence of the the fluorescence, but no red-shifted emission is observed.
monitoring wavenumber was observed for the fluorescence Species with both hydrogen-bond donating and accepting
excitation and emission bands. Two protonation sites are capacity are required to observe the fluorescence band at
possible for the three compounds under study: the benzimida-~22000 cni? for 1 and2. We therefore attribute this emission
zole N(3) and the pyridyl N. In Figures 1c and 2c, it is clearly band to the keto cation KC* (Scheme 1). The existence of an
observed that the absorption spectrum of compaRiiglvery isoemissive point in the emission spectra indicates that there
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Figure 6. (a) and (c) Dependence of the ratig$° (®), 1,/1,° (O), andl,/I, (d) on the concentration of ethanol in an acidified acetonitrile solution
of compoundl (a) and of compound (c). (b) and (d) Dependence of the ratigr () and!,%I, (®) on the concentration of ethanol in an acidified
acetonitrile solution of compounti(b) and of compoun@ (d). The solid lines in the plots are the result of the global fit of eqs 1 and 2 to the data,
according to the proposed mechanism in Scheme 1. The dotted Jifle (plots (b) and (d) illustrate a quadratic dependence of the taticon

the concentration of the quencher ethanol.

SCHEME 1: Proposed Mechanism for the Photoinduced Proton Transfer of 1 in Acidified Acetonitrile Solutions in the
Presence of an Alcohol; The Same Scheme Is Proposed for 2

H
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are only two emitting species present, the enol cation and the23530 cni! in the presence of a quencher and the intensity at
keto cation KC*. the same wavenumber in the absence of quencher corrected for
Assuming that the keto form does not emit at 27780 &m  the emission of the enol cation at that wavenumber. In Figures
and subtracting from the intensity at 23530 ¢rthe contribution 6a and 6c¢, the ratiols/I|%, 1,/1,°, andl,/I, obtained forl and2,
from the emission of the enol form at that wavenumber, the respectively, are plotted against the concentration of ethanol.
relative contributions of both emitting species to the overall In Figures 6b and 6d, the ratidg/l, and 7o/t for 1 and 2,
observed fluorescence can be simply expressed by the ratiogespectively, are plotted against the concentration of ethanol,
1/1)° andl,/1,° for the excited enol cation and KC*, respectively, wherety is the fluorescence lifetime of the* or 2* species in
where |9 is the intensity at 27780 cm in the absence of a  the absence of ethanol amds the lifetime of the same species
quencher], is the intensity in the presence of a quencher at in the presence of ethanol (both lifetimes measured at 27780
27780 cntt and |y is the difference between the intensity at cm1). Similar plots were obtained fdr and2 in the presence
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TABLE 1: Kinetic Parameters for the Fluorescence Quenching of Compounds 1 and 2, Obtained by Fitting Eqs 1 and 2,
together with the Concentration of the Quencher ([Q},”/mol dm~—3) Needed To Quench 50% the Fluorescence of the 1* and 2*
Specied

1 2

quencher oP £ 10 %ks 109k, kalk-2 [Ql12 10 %ky 109k, ka/k—2 [Ql12
methanol 0.93 (0.62) 0.020.02 0.75+ 0.09 0.75£0.23 1.15 0.06t0.04 0.73+0.19 0.75£044 141
ethanol 0.83 (0.77) 0.2%0.06 0.58+ 0.03 1.6+0.7 0.90 0.18:0.02 0.78:0.08 0.83+0.21 0.94
1-propanol 0.78 0.26:0.11 0.72+ 0.07 27+ 1.4 0.70 0.0t 0.02 0.78£0.05 25t1.1 0.90
1-butanol 0.79 (0.88) 0.1%0.03 0.66+ 0.02 1.8+04 0.92 0.19£0.09 0.49+-0.07 1.7+15 0.98
tert-butyl alcohol 0.68 (1.01) 0.33%0.09 0.3+0.2 0.79+ 1.9 1.05 0.23:0.02 0.17+0.04 1.1+1.3 1.46
1,2-ethanediol 0.90 (0.52) 0£50.2 1.0+ 0.2 12+5 0.39 0.32:0.05 2+7 0.16+0.79  0.90
2,2,2-trifluoroethanol  1.51 0.00 no quenching observed
dimethylsulfoxide 0.00 0.76 strong quenching observed

aThe rate constants andk, are given in drimol~ s andks/k_, in mol~* dm®. The parametera andp represent the hydrogen-bond donor
ability and the hydrogen-bond acceptor ability of the quencher, respecti@sta are taken from ref 32; values @in parentheses are relatively
less certain.

of the other alcohols. As is illustrated in Figure 6, the observed in eq 2 is a parameter which depends on the fluorescence quan-
dependence of the rati/t on the concentration of ethanol tum yields of KC* and the enol cation and on the emission
cannot be described by a linear or a quadratic function, indi- wavenumber.
cating that the proton transfer lhand?2 is not a simple one-
step mechanism following first- or second-order kinetics. Fur- Ky x ks 2
thermore, also the ratity/I; shows a nonlinear dependence on 10 K, kx—k_2 x [Q]
the alcohol concentration (Figures 6a and 6c). This suggests I—— =1 ~|— x [Q] + Q)
that part of the excited enol cation moleculé$ or 2*) give ! Ky 1+ (_ < [Q])
the excited keto cation KC* with the aid of only one alcohol k.,
molecule, while another part yield KC* with the assistance of
two alcohol molecules. To explain our data, we propose that |,
some excited enol cations are able to yield KC* with the aid of —5 =V X
only one alcohol molecule, whereas others form with one alco- ! .
hol molecule a complex Y* (see Scheme 1) which does not 4 3 2 2
have the suitable geometry to yield KC*. By the involvement K x [Q] % (1 + [ x [Q]) + ( k. * [Q] )
of a second alcohol molecule, the proton-transfer process can

(LS W W

occur giving KC*. To justify the observed complex dependence >< [Q] )
of 7o/ on the alcohol concentration, we must also assume that
part of the Y* complex molecules go back to the excited enol (2)
cation. We will now discuss our proposed two-routes mechanism
for the photoinduced proton transfer Inand 2 in acidified k, x kg
acetonitrile (see Scheme 1). I, K, m
Upon excitation of the enol cation, it returns to the ground =y x|—x[Q]+
state with rate constakt and emits the blue-shifted fluorescence I + =2 Q]
band. In the presence of an alcohol molecule, however, also a
proton-transfer process with rate coeffici&gROH] can occur The solid lines in Figure 6 represent the global fit of egs 1
resulting in the keto species KC*. For this concerted biprotonic and 2 to the data of both the steady-state and time-resolved
transfer to occur, an alcohol molecule must form a cyclical fluorescence measurementsband?2 in acidified acetonitrile
complex with the excited enol catidrt or 2* and that requires  in the presence of ethanol. As can be seen, the equations can
that the alcohol approaches the cation with the right orientation. reasonably describe the fluorescence data. In other words, the
A concerted biprotonic transfer in the cyclical complex yields proton transfer inl and 2 might occur as proposed above
KC*. If an alcohol molecule reaches the excited catignor (Scheme 1). In Table 1 the results of the fits are given, together
2* with an orientation which does not lead to a cyclical complex, with the o paramete® (a value for the hydrogen-bond donor
an intermediate complex Y* can be formed (rate coefficlent  ability) and the paramete® (a value for the hydrogen-bond
[ROH]). A second alcohol molecule reaching Y* can lead to a acceptor ability) of the quencher and the concentration of the
cyclical complex involving two alcohol molecules. A concerted quencher needed to quench 50% the fluorescenck® aind
triprotonic transfer in that complex yields also KC* (rate coef- 2*,
ficient ks]ROH]). Moreover, Y* can also go back to the initially As can be seen in Table 1, the obtained values of the (ratio
excited enol cation with rate coefficiekt,. Note that in the of the) rate constants show in some cases large standard
latter route two alcohol molecules are involved in the overall deviations. The uncertainty in the values of the (ratio of the)
proton-transfer process. As an isoemissive point is observed inrate constants is mainly due to the existence of correlation
the emission spectra, it seems reasonable to assume that theetween the named parameters. Nevertheless, the following
intermediate complex does not fluoresce significantly, probably remarks can be made.
due to its low concentration. The KC* species decays to the  Addition of species with both hydrogen-bond donating and
ground state with rate constakg, emitting the red-shifted  accepting capacities quenches the fluorescence of the enol cation
fluorescence band. species and, concomitant, a new structured red-shifted emission
Equations 1, 2, and 3 show the dependence of the rifios  band appears which can be attributed to the KC* species. As
I, To/T, 1y/1)% andly/I; on the concentration of the quencher can be seen in Table 1, the values of the parametensd 3,
[Q] according to the mechanism shown in Scheme 1. Factor as well as the size and geometry of the quencher, play a role in

x [QI?
(3)
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the quenching process. An increase of the quenching of theour experimental findings. Both the dimer model and the two-
fluorescence ofl and2 is observed in the series: metharl routes model fit the data with the same accuracy because they
ethanol< 1-propanol. In this series, the hydrogen-bond donating lead to the same set of equations. This means that in order to
capacity of the quencher (tlheparameter) decreases, while the decide which mechanism is correct we have to examine the
hydrogen-bond accepting capacity of the quencher (the physical meaning of the parameters involved in both models.
parameter) increases. It seems therefore likely that the quenchinglaking into account that we observe a second-order contribution
of the enol cation fluorescence is related to the formation of a to the fluorescence decay af and 2* for all the alcohols
complex between the alcohol and the hydroxyl groug ahd studied, we would have to conclude that if the dimer model
2. The efficiency of this process is affected by the strength of were correct, all these different alcohols dimerize in acetonitrile
the hydrogen-bond accepting capacity of the quencher and isto a great extent, which is very unlikely for alcohols such as
reflected in an increase of the quenching of the fluorescence of 1-butanol andert-butyl alcohol. We have therefore rejected the
the enol cation. 1-Butanol artért-butyl alcohol are stronger  dimer model.

hydrogen-bond accepting molecules than 1-propanol. However, Finally, there is no evidence for the occurrence of intramo-
a decrease of the quenching of the fluorescence afid 2 is lecular proton transfer il and 2 from the OH group to the
observed in the series: 1-proparel 1-butanol> tert-butyl pyridyl N in acidified acetonitrile in the absence of a hydroxylic
alcohol. A reasonable explanation might be that 1-butanol and quencher, despite the fact that studies on structurally related
especiallytert-butyl alcohol are more bulky quenchers than compounds 2-(zhydroxyphenyl)benzimidazofé 2-(3-hydroxy-
1-propanol. As the formation of a cyclical complex between 2'-pyridyl)benzimidazolé® and 2-(2-pyridyl)benzimidazol&

the enol cation and one or two alcohol molecules requires a have shown that these compounds experience in the excited state
specific orientation of the alcohol, we would expect an alcohol an increase of acidity at the hydroxyl group and an increase of
like tert-butyl alcohol, where the hydroxyl group is connected basicity at the pyridyl N. Apparently, the OH group and the
to a bulky group, to have more difficulty approaching the enol pyridyl N in 1 and2 are not close enough or cannot adopt the
cation with the needed orientation to yield a cyclical complex suitable geometry to undergo intramolecular proton transfer.
than the isomeric lineal alcohol like 1-butanol, with the same
number of C atoms but a smaller unit directly connected to the ) i )
OH group. Therefore, althougtert-butyl alcohol is a much In this article we have d.emonstrated that in compouhds
stronger hydrogen-bond accepting molecule than methanol, both@nd2 concerted multiprotonic transfer from the hydroxyl group
molecules quench the fluorescence of the enol cation with the to the pyridyl nitrogen can occur in a_C|d|f|ed acetonitrile in the
same efficiencies. The values kf andk, for 1 and2 are at presence of alco_hols. We have discussed a modpl for the
least 1 order of magnitude lower than the value for the rate mechanism of this proton-transfgr process. Essential for the
constant of diffusion-controlled processes in acetonitilg[ occurrence of the proton transfer is the presence of a_quencher
(25 °C) = 1.9 x 10 dn® mol- s711.33 This could simply with hydrogen-bond donating and accepting properties. Ft_Jr-
indicate that part of tha* and 2* molecules are solvated by the.rmore, we have shown that the values of these properties,
the alcohol in an inefficient way for the occurrence of proton Which are represented by theand thef value, respectively,
transfer. As the proposed mechanism considers only those2S Well as the size and geometry of the quencher, play a role in

excited enol cation molecules forming solvates which yield kc*  the efficiency of the proton-transfer process. Moreover, we have
or go back to the enol cation, the “inactive” solvates will lead demonstrated that compountieind2 differ remarkably in the

to an underestimation of the andk, values. efficiency of this process as a result of the presence of the methyl

As can be seen in Table 1, ethanediol is the most effective group on the benzimidazole nitrogen N(1) in compoand
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