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Abstract

Excited-state proton transfer (ESPT) in 2-naphthol derivatives with electron withdrawing substituesiid-Sdissolved in methanol
and methanol-water mixtures is investigated. The analogs studied contain also a carboxyl group, situated at various distances from the
proton donating phenolic group. The method of investigation consists in measuring the steady state fluorescence spectra. T parameter
of these spectra (ratio of fluorescence quantum yields at two defined wavelengths) given by Weller's equation was fitted to the experimental
values offR as a function of water concentration in the mixtures. From this procedure, ESPT rate constant and other parameters of this
reaction were obtained. It was found that the carboxyl group contained in the molecule of 2-naphthol derivative greatly enhances ESPT
reaction in methanol. This effect depends on the flexibility of a chain linking the aromatic system with the carboxyl group. ESPT reaction
in five various analogs of 2-naphthol with an electron withdrawing substituent and a carboxyl group was compared. Influence of water
addition and the fluorophore concentration, on ESPT was studied in detail. The effect of organic acid addition to the methanolic solution
was also investigated. Influence of other organic solvents on ESPT is compared to that of methanol. Our results indicate that proton transfer
to the carboxyl group and a preferential binding of other polar molecules play an essential role in the kinetics of proton transfer reaction The
role of these catalytic effects is more pronounced in low polar media than in water solutions. By analogy to our model systems, conclusions
concerning the proton transfer reaction in biological energy transformation systems can be drawn.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction ESPT reaction is characteristic for some weak acids which
in their first singlet excited state reached by light absorp-
Excited-state proton transfer (ESPT) is an important phe- tion, undergo electronic rearrangement, giving increase of
nomenon, which may be applied in such domains as laseracidity of many orders of magnitude. Such substances, as
technology, signal transduction and photodynamic therapy. naphthol derivatives, occurring in a neutral water solution in
Therefore, it has been extensively studied for various com- the protonated form (ROH), loose protons in their excited
pounds dissolved in wat§t—5] as well as in alcohdb-10] state (ROH), by a transfer to an acceptor (A). This is a
and other organic solvenfé¢1-13] Further reason for in-  nonequilibrium process, dependent on the ratio of its rate to
terest in the title phenomenon is the fact that proton trans- the rate of fluorescence emission and of other excited state
fer in membranes plays an important role in biology. It processes.
is known that impermeability of apolar layers of biql_ogi— ROH* + A < [RO* .- AH*] — RO*™ + AH*
cal membranes for protons and transport df by specific
transmembrane protein channels, is a necessary condition At definite conditions, the band of the dissociated form
for proper function of biological systenj$4]. Therefore, a  (RO*~) appears in the stationary fluorescence spectra, be-
study of ESPT in solvents of low polarity contributes to our sides the emission of the original protonated species (ROH
understanding of biological systems. ESPT was thoroughly investigated for naphthols and
their analogs at various conditiofts—20]. The aim of the
present work is to gain information on the characteristics
* Corresponding author. of the proton transfer reaction in media of low polarity by
E-mail addressjjj@wchuwr.chem.uni.wroc.pl (A. Jankowski). studying ESPT reaction of selected compounds in methanol
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(MeOH) and other organic solvents. New contribution of NH,- HO @@

=0

the present work, to the title problem, consists in investi- NSOH

gating ESPT in aromatic systems with electron withdraw-

ing substituents, containing a carboxyl group linked by a

spacer. From site-directed mutagenesis studies on proteins

o . Gly-

it is known that in some natural systems (e.g. the photosyn- NSOH HO—@i}

thetic apparatus) in which proton transfer plays an essential O

role, the carboxyl groups positioned at definite sites are

necessary for proper biological functig@1-25] There-

fore, a study on a simple model system may be helpful Phe-

in understanding biological phenomena dependent on the NSOH

proton transfer. Another feature of the present work is the

use of a simple approach to the spectrofluorimetric data,

which may vyield valuable information unavailable by other HO B G

methods. | | /
In most compounds studied by us, dissolved in alcohol, 41‘6\0

ESPT can be observed by steady state fluorescence and a H

addition of water greatly enhances the effect. The results
obtained indicate that an intramolecular interaction between

the phenolic and the carboxyl groups and formation of sol- EACA- . H
vent mediated hydrogen bonds play an essential role in ESPT NSOH @@ | Y/
reaction in the compounds studied. Important conclusions W(CHz)r

OH
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concerning the mechanism of proton transfer in media of
low dielectric constant and in biological systems can be

drawn. Scheme 1. The formulae of the compounds studied. The formula
of LA-NSOH is analogous and is given schematically as follows:
NSOH-L-I-I-L-V-P-P-F-F-OH where L, leucyl; I, isoleucyl; V, valyl; P,

2. Materials and methods prolyl; F, phenylalanyl.

6-Hydroxynaphthalene-2-sulphonamide (NNSOH),
6-hydroxynaphthalene-2 sulphon-amide ofL-phenyl- cence quantum yieldsh) was performed as described by
alanine (Phe-NSOH), 6-hydroxynaphthalene-2-sulphon- Lakowicz [26]. The methods consist in a comparison of
amide of glycine (Gly-NSOH), 6-hydroxynaphthalene-2- the spectra, at the maximum intensity of a given band,
tisulphonamide ot-amino capronic acid (EACA-NSOH), with those of standards. 2-Naphthol (POCh, Poland) three
6-hydroxynaphthalene 2:{) sulphonamide of linopep- times crystallized from CHGI in acetic acid buffer of
tide A (LA-NSOH) were synthesized as described[4i. pH 4.62 at 22C [27] and Phe-NSOH in aqueous HCI
Linopeptide A (LA) HL-I-I-L-V-P-P-F-F-OH was a gift (0.01M) (@st = 0.25 [4]) were used as a standard for
from Dr. M. Cebrat (Faculty of Chemistry, University of spectra correction and for quantum yield determination,
Wroctaw). Formulae of the substances studied are given inrespectively.
Scheme 1 The excited state lifetimes of the protonated form of

The purity of these compounds was checked by elementalthe fluorophore were determined by means of SLM Am-
analysis, HPLC and verified occasionally by TLC. The sol- inco 48000S phase and modulation instrument or by
vents were of spectroscopic or HPLC grade (Aldrich) with means of IBH (Glasgow, UK) single photon counting
exception of tetrahydrofurane (POCh, Poland), which was of apparatus.
analytical grade, and were used without further purification = The parameters characterizing ESPT such as proton trans-
freshly after opening the bottle. The solutions of the com- fer rate constantkbt) and equilibrium constant in the ex-
pounds investigated in MeOH-water mixtures and mixtures cited stateK;, cannot be determined from the steady state
of water with organic solvents were prepared by changing methods analogously as in the spectrofluorimetric titration
the proportion of solvents at a constant fluorophore concen-in water solution, since these methods are based on the de-
tration. pendence of the fluorescence intensity on the hydronium ion

Steady state fluorescence spectra were measured by SF&oncentration, which is the product of ESPT in water but not
module spectrofluorimeter (COBRABID-OPTEL Opole, in an alcohol solution where its concentration is very near
Poland) connected to a computer for acquisition of data to zero.
or with a Perkin-Elmer model 204 (USA) apparatus. Cor-  For the determination of the rate constant of ESPT of
rection of the fluorescence spectra with respect to the our samples in MeOH—water mixtures, we used the method
detector response and the determination of the fluores-based orkEq. (1)derived by Weller which was also used in
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other similar casef28]*

@'/ D _ DNR
& /%o (W) —(1— W) = —

No
where® and @ are the fluorescence quantum yield of the
protonated (ROH) form at 363 nm in the presence and ab-
sence of a proton acceptor, respectively éige | are anal-
ogous values for the deprotonated (RQform of the fluo-
rophore at 444 nm.

Wg—the fraction of fluorophoredsg. (1a), which at the
moment of excitation have no acceptor molecule in their
vicinity (Vp) called also diffusion volume and given by
Eq. (1b)

Wg = exp(—Vp CA)

1)

(1a)

_ 4m(y Ro)*(D1)®°B(Dy)%°
"~ (1—y)Ro+ B(Dy)%®

(1b)

whereC, is the number of acceptor molecules perci
the diffusion coefficient of reaction partners, o) the ex-
cited state lifetime of the fluorophore in the given conditions
and in the absence of ESPT, respectively Bpds the en-
counter distance (in cm) of reactants ane- kr/(kp +kR),
wherekp, kr are rate constants of diffusion and separation
of reactants, respectively.

In EqQ. (1) Nr is the probability of ESPT anldg (=1/7¢) is
the probability of the deactivation of the excited staig.=
k2Ca Wherek is the second-order rate constant of the total
reaction in Gcheme L and Cp is the molar concentration
of water in M/dn?.

In the text below we change notation and insteadNgf
we use the definition

kpt = k2Ch (1c)

which atCa = 1 giveskpt = k2 wherekpt is first-order
rate constant of proton transfer from a fluorophore to infinity
equal to the second-order rate const&nj éxtrapolated to
low acceptor concentration (1 M).

Eg. (1) was rearranged so as to obtain the ratio of the
relative fluorescence quantum yield®>(/®()/(®/Po) =
fR) as a convoluted function of water concentratiGa (C )

1-Ww 1-—
R = B Y8) 4
Ws Ws

kpTTo
Ws

()

k A
) et Ws
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@ and®’ were determined, from the respective fluorescence
band maxima, at given conditiongy and cpé were esti-
mated by the addition of an acid (acetic or perchloric) or
alkali to obtain pure emission of the protonated (RQ&ind
deprotonated (RO) forms, respectively.

The results of®;, obtained at pH> pKj in the ground
state, were compared with the valuesdf, estimated by
extrapolation of the phenolate fluorescence intensity using
the relation:® /@ 4 @'/ @ = 1, derived by Wellef29].

The determination of the rate of ESPT at low acceptor con-
centration Ca = 1 M) consists in fitting oEq. (2)to the ex-
perimental values ob’/®( (for RO*~) and®/®g (ROH*).

In the fitting procedure, adjustable parameters vkete v,
Ro. In this procedure, several approximation&ins. (1) and
(1b) were madeB—the electrostatic interaction factor was
assumed to be unityB(= 1), D = (Da + Dg) was approx-
imated byD = Da, Dg was neglected because of relatively
high molecular weight of our analogs. The valuedqf at
various water content in MeOH were taken fr¢a®]. The
values ofz (in Eq. (1b) at given water content were calcu-
lated from relation (3]28]

1)

T =10—

- ®

wheretg the excited state lifetime in absence of ESPT de-
termined in separate experiments.

The parameters dtq. (2)were fitted to the experimental
results of the ratio of relative fluorescence quantum yields
() as a function of water concentratiof/) obtained for
the compounds studied, at fluorophore concentration near to
2 x 1075 M/dm3. The values ok, obtained were equal to
KpT (kpT = k2Ca) at Ca = 1.

3. Results

3.1. The determination of the ratio of relative fluorescence
quantum yieldsfR) in methanol-water mixtures

The compounds investigated are soluble in MeOH in a
broad range of concentrations giving optically clear solu-
tions though showing light scattering detectable by our flu-
orimeter. In MeOH—water mixtures the fluorescence bands

1 The use of Weller's method derived for a treatment of the prestationary Of the protonated form (ROHpeaked at 363 nm), and of

effects in the ultra fast diffusion-controlled reactions, in some cases

the phenolate species (ROat 444 nm) are observed, only

studied, may seem questionable. The prestationary effects are accounteds|ightly blue shifted (1-2 nm), with respect to the analo-

for by the parameter (2 Wg). The reasons for the use of this model here
are: (1) in the cases where the reaction rate is low (e.g. at(gyy Eq.
(1a) yields Wg = 1 ((1 — W) = 0) which implies that no prestationary

gous bands in water solution. Therefore, we suppose that
the aromatic chromophoric systems do not interact consid-

effect is present. Thus, the model covers also such cases: (2) our efforts€ably because in such a case a greater shift of the fluores-

to fit other models as static, dynamic or mixed quenching of R®@W
water, to our experimental data, gave unsatisfactory results.

2 In recent publication§7,8,10,12]on the title problemkpt is used as
a symbol for proton transfer rate constant by which is meant precisely
the forward reaction of the stage 1 in the reaction scheme. Wekgise
in the meaning given because it was used so in our previous Wérks
some results of which are compared to the data of the present paper.

cence (and absorption) bands would be expected. Relatively
high intensity of the scattered light, especially at solute con-
centration higher than 1@ M/dm? in MeOH, is to be as-
cribed to an aggregation, originating from adhesion of the
polar groups of our 2-naphthol derivatives (-COOH, —OH,
—SOQNH-).
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Table 1
Fluorescence quantum yields and lifetimes of RObrm in MeOH and
in water

Substance In MeOH In $02

P9 @) To(NS) Po D) 7To(NS) 74 (ns)
NH>-NSOH 0.18 0.3 4.89 7.6
Phe-NSOH 0.17 0.28 4.90 0.25 05 7.17 10.23
Gly-NSOH 0.18 0.31 491 7.16
EACA-NSOH 0.16 0.27 4.76 0.22 0.38 7.13
LA-NSOH 0.09 0.15 2.35

2Taken from[4].

3.1.1. The fluorescence quantum yields and lifetimes

The fluorescence quantum yield®() and excited state
lifetimes (zp), in absence of ESPT of the protonated (RQH
form obtained by addition of an acid and the fluorescence
quantum yields ¢g) of the phenolate (RO) by addition
of alkali for compounds investigated in MeOH and in water
are given inTable 1

The lifetime results obtained by phase and modulation
technique by analyzing the decay within the band of the
ROH* form in MeOH, suggest monoexponential decay of
the compounds studied at the given experimental conditions.

For EACA-NSOH in MeOH, excited at 320 nm following
results were obtained: by the single photon counting data
analyzed at 365 nmy = 4.64 ns with amplituder; = 0.95;
andp = 2.9nsay: 0.05; (x2: 1.04) and by analysis at
445nm;t; = 6.10ns @1 = 8.5) andr; = 6.38ns (2 =
—7.5); (x%: 1.26). By analogy to 2-naphth{®6], the decay
component with the lifetime; = 4.6 ns should be ascribed
to the protonated form (ROH of our fluorophore and the
component with the negative amplitude, (= 6.38ns) is
to be associated with the deprotonated form {RD The
decay component characterized by= 6.1 ns, obtained by
analysis at 445nm, is probably identical with that f
(4.6 ns) perturbed by some side effects.

The values ofR (Eq. (2) in MeOH-HO mixtures were
obtained using the data dfg, @(, together with the data of
7 obtained from relation (3) and the resultsf given in
Table 1 For EACA-NSOH and Phe-NSOkyg and <D6 in-
crease initially with an addition of water & < 10 and
then decrease slightly at higher water contdiat{e 2. For
other compounds studied analogous results were obtained
The variation ofkpo and®, with water addition Table 2 do
not influence essentially our measurements siRcis un-

Table 2
Fluorescence quantum yields of ROKi®o) and RO~ (&;) forms in
MeOH-H,O mixtures for three 2-naphthol derivatives

Ca (M/dm3)  EACA-NSOH Phe-NSOH NB-NSOH
Do @6 Dy @6 [0} @6
2.7 0.18 0.28 0.14 0.28 0.18 0.28
5.56 0.19 0.39 019 041 0.19 0.39
11.11 0.19 0.37 0.19 041 0.19 0.40
27.77 0.19 0.39 0.20 044 0.20 041
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Fig. 1. The influence of water addition to the methanolic solution of
Phe-NSOH on the fluorescence spectra where final water concentration
(Ca in M/dm®) is as follows: (1) 0, (2) 0.23, (3) 0.56, (4) 2.23, (5) 5.56,
(6) 11.11, (7) 16.67, (8) 27.7&( relative fluorescence intensity corrected
and normalized to 100).

changed under the condition th&f/®o is constant which
was fulfilled for all compounds studied within our experi-
mental error (10%).

The dependence of the fluorescence spectra of Phe-NSOH
on water concentration in MeOH solution is showriig. 1
It is visible that the phenolate fluorescence at 444 nm in-
creases with a rise of water content, giving an increase of
R value. From these data and analogous results for other
investigated compounds the valuesd®fand @’ were ob-
tained, needed for determination®f= (®'/®q)/(®/Po).
Thus,® was calculated from the intensity at 363 nm abd
from that at 444 nm from which was subtracted some resid-
ual value (7—9% of the maximum) due to a contribution of
the ROH emission at 444 nm.

3.1.2. The fitting oEq. (2)to the experimental results &t
The calculated values &t as a function of water concen-

tration Ca) for NH2>-NSOH and EACA-NSOH (solid lines)

are shown inFig. 2 together with the experimental data of

At water contentCa > 30M/dn® large scatter of the
experimental points is due to very low intensity of ROH
fluorescence and low signal to noise ratio. Therefore, in the
fitting procedure we used only the experimental results of
R obtained in the range of & Ca < 30 M/dn®. Using the
adjustable parameterkefr, v, Rp) thus obtained, the values
of |} at Ca > 30 could be estimated.

For other compounds studied analogous results (not
shown) were obtained. It can be stated thgt (2)is suc-
cessfully fitted to the experimental datid), which must
be treated as an exponential function of water concentration.
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Fig. 2. The dependence of calculat#dvalues for NH-NSOH (1) and
EACA-NSOH, (2) on the molar concentration of wat€h(). Experimental A [nm]

points are shown (o for 1 angl for 2). ) _ _
Fig. 3. The fluorescence spectra in MeOH at the fluorophore concentration

near to 16%M/dm?3 of (1) NH,-NSOH, (2) Phe-NSOH, (3) Gly-NSOH,
(4) LA-NSOH, (5) EACA-NSOH F: relative fluorescence intensity cor-
3.1.3. Rate constant of ESPTp(K obtained from fitting rected and normalized to 100).

Eqg. (2)to the experimental data Ok

From fitting of Eq. (2)to the experimentaR values the
parameterskpt, Ry and Wg) characterizing ESPT in the
compounds studied were obtaind@liple 3.

It can be seen that the analogs studied greatly differ with
respect tokpt, Ry and Wg, this last effect being a conse-
guence of a variation d® value. The values dépt for low
water concentration range (1 M/dn obtained by our fit-
ting procedure for EACA-NSOH and LA-NSOH#éble 3
are comparable t6S deactivation ratek§ = 1/10), which
is near to 15 x 10%s~1 for most of our 2-naphthol analogs
(seeTable 1. For another 2-naphthol derivatives studied
(Gly-NSOH, Phe-NSOH and NHNSOH) kpt is much
lower thanks. This finding is in accord with the fact that
marked phenolate fluorescence with maximum at 444 nm at
low water concentration (near to 1 M) is clearly observable
only for indicated analogs (EACA-NSOH and LA-NSOH).

Highest values ofpT (Table 3 are found by means of our
procedure for EACA-NSOH and LA-NSOH—the analogs
with the carboxyl group connected to the naphthol system by
a flexible atomic chain (se8cheme ) It should be added
that higherkpt for LA-NSOH than that for EACA-NSOH,
in spite of lowerRe values Fig. 3), is due to lower excited
state lifetime for the nonapeptide derivative (3able 3and
Eq. (2).

Intermediate rates of ESPT characterize the phenylalany
and glycyl derivatives of 2-naphthol 6 sulphonate in which
the carboxyl group is linked to the aromatic system by a
shorter but less flexible chain composed of a sulphonamide
group andx-amino acid triad N-G-C'. Lowest value okpt
is obtained for NH-NSOH that has no carboxyl group.

These results suggest that the carboxyl group catalyses
ESPT in 2-naphthol analogs studied, dissolved in MeOH
water mixtures of low water content. At high€p values
proportionally highekpt results can be obtained. Using pa-
rameters offable 3for Phe-NSOH aCs = 27.77 M/dn?
the value okpt = 1.6x10° can be obtaineddg. (1c) which
is near to the experimental result in water reported previ-
ously[4]. In water solution the value &1 for Phe-NSOH
is very similar to that of EACA-NSOH4].

The fact that at low water content the analogs studied dif-
fer with respect tdR and at high water percent they show
similar results ofR is due to various curvature of the plot
of ;R on Ca caused by various values @z (seeEgs. (1a)
and (1b). Without water addition\Vg is equal to 1 for all
compounds studied and by increasing water coriténtie-
creases to a various degree for different analdgble 3.
The fact that the 2-naphthol analogs studied differ with re-
spect tokpT value at low water contentCfx) and have prac-
tically the samekpt at highCpa, cannot be easily explained
on the ground of the model used (degs. (1) and (2)and
suggests that some effects not accounted for in the model
Iplay a role here.

For zero-water concentratiorC{ = 0) Eq. (2) yields
R = 0 while from the results presented 8ection 3.2 it
can be seen, that for EACA-NSOH and other analogs with
a carboxyl group, some nonzero value9fwas observed
in alcohol solution. Inconsistency of the comparisorkef
values in water and in alcohol water mixtures with a pre-
diction from Egs. (1) and (2may be due to some effects

8 19 = 1/(ks + kq), Wherek: is the radiative rate anky is the rate of concerning ESPT in 100% alcohol and at very low water
radiationless processes other than ESPT. content.
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Table 3
The fit of the parameters dfq. (2)to the experiment@iresults ofRe = (®'/®()/(®/Po) as a function of water content in MeOH for the substances
studied at concentratiorCg) 107 < Cg < 3 x 1078

Sample ke (s71)P yRo (cmpP W2 g x2d re uf

NH»-NSOH 3.02x 10’ 6.21 x10°© 1-0.27 114.88 17.20 14 0.6
Phe-NSOH 5.98< 107 4.05x 1076 1-0.63 13.77 2.94 9 0.6
Gly-NSOH 7.98x 107 420 x 10°° 1-0.59 9.09 2.31 7 0.6
EACA-NSOH 1.325x 108 2.50 x 1078 1-0.95 46.56 14.22 9 0.8
LA-NSOH 1.65x 108 5.0 x 1078 1-0.99 12.23 2.68 6 0.6

aThe range of the experimental values: betwé&an= 0 and 30 M/dm, respectively.

b Symbols explained b¥q. (1} y was 0.9 in all cases except LA-NSOH where it was 0.5.
¢ Standard deviatiors = > (Re — Mc)? wherefR. is the value ofR calculated byEq. (2)
42 = Y ((PRe — R)®Re).

€ Number of degrees of freedom.

f Trust level needed for acceptance of the fit.

3.2. ESPT in alcohol and at water concentrationy(& 1 80.00 —
M/dn?) 5
Fluorescence spectra of 2-naphthol derivatives (concen- 60.00
tration: 1x 107 to 3x 10~% M/dcm?®) in MeOH are shown '
in Fig. 3. The procedure for the determination laft de- ]
scribed above cannot be used in this case. It can be statec(Flﬁ;)/Fm)
X 40.00 —

only that the rate of ESPT of naphthol derivatives studied in
alcohol solution, if it is not equal to zero, must be near to that
obtained at low water concentration (1 M/&8nTable 3. In
the spectrum of EACA-NSOH a marked phenolate emission 20.00 -
band with maximum at 444 nm is visible, in the spectrum of
LA-NSOH it is less conspicuous, in other cases it is difficult
to discern and for NpFNSOH probably it is absent at all.
The spectra irFig. 3 suggest that the rate of ESPT in al-
cohol solution without water increases in the series of com-
pounds studied, on going from Phe-NSOH to EACA-NSOH log (Ca)
analogously as in MeOH-water mixtures. However, for elu- Fig. 4. The dependence, of the ratio of fluorescence intensity at 444 nm to
cidation of the mechanism of proton transfer in alcohol, the that at 363 nm on log of the fluorophore concentration for (1,N¥SOH,
changes of the fluorescence by dilution of samples must be(2) Phe-NSOH, (3) Gly-NSOH, (4) LA-NSOH, (5) EACA-NSOH.
taken into account.
An inspection of the fluorescence spectra, of our analogs,
at higher (10%) solute concentrations (not shown), leads to fluorophore concentration. This last conclusion is supported
the conclusion that ESPT reaction in MeOH in our samples, by a comparison of the fluorescence spectra opM$OH
is strongly enhanced by decreasing the concentration of ain alcohol with and without addition of an acid, which are
fluorophore. The dependence of the ratio of the intensity of practically identical.

= o fleo [~

-7.00 -6.00 -5.00 -4.00 -3.00

RO*~ fluorescence band at 444 nm to that of the RGifl The changes of the scattered light intensity with a sam-
363 nm F444/F363) on the fluorophore concentration, for the  ple dilution for EACA-NSOH and Phe-NSOH are shown in
substances studied, is shownHiy. 4. Table 4

In the concentrations range of the fluorophores“.&
Cg < 1073 (M/dcm?), in the spectra of the naphthol deriva-  Table 4
tives studied in alcohol solution, practically no phenolate The intensity of elastic scattered light at 320nm in relative units (the
fluorescence with maximum at 444 nm can be discerned. fluorescence intensity at 363 nm in MeOH of a given compound assumed
Conspicuous phenolate emission appears in the spectrun‘i’IS 100)

of EACA-NSOH at concentratiofg < 10~*M/dm?, in Compound  The intensity of the scattered light
LA-NSOH atCg < 5 x 10~>M/dm?® and in the spectra of 5x 105214 % 1062 1.4x 1062 1.4 x 1062
Gly-NSOH and Phe-NSOH &g near to 106 M. (OX (OX (0.07y (0.55f
An apparent increase of the emission component atEACA-NSOH 250 90 20 3
444 nm for NB-NSOH, with dilution, may result from a  Phe-NSOH 260 75 16 5

decrease of the precision of the fluorescence measurements, aCg (MIdm?)
due to a decrease of the signal-to-noise ratio at very low  bc, (w/dm?).
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Table 5 In the mechanism of ESPT in alcohol, the carboxyl group
The ratio §3) of RFQY values of the phenolgt@(/cbt’)) and the protonated in the fluorophore molecule must play an essential role,
form (@/%o) at very low water concentratiorC4) since in the analog without a carboxyl group (NNSOH),

Compound R = (2'/90)/(@/Po) practically no ESPT in 100% MeOH can be observed.
o° 0.07 0.1 0.22 0.5%

EACA-NSOH 0.46 0.26 0.29 ~ 058 3.3. The quenching by geminate protons
LA-NSOH 0.11 - - - 0.17 )
Gly-SOH 0.10 _ 0.09 0.14 _ It has been shown by Pines et[@1] that the proton to be
Phe-NSOH 0.10 - 0.11 0.12 0.17 separated from the excited fluorophore in ESPT, quenches
NHz-NSOH 0 - 0 0.04 0.02 the fluorescence of the ionized form, by a collision with the

aCg = 1.4 x 106 M/dm?. excited product (RO"). In such a case the intensity of RO

bCa (M/dcm®). fluorescence excited directlyg;r), at pH value higher than

the ground statel, of the fluorophore, is higher than that

A comparison ofTable 4andFig. 4 shows that diluting excited indirectly @ingir), observed at pH much lower than
a sample fronCg values of 5x 1072 to 1.4x 108 M/dm3 the (Kg, even if ESPT is much faster than other excited state
leads to a decrease of light scattering and an increase ofprocessef32].
the phenolate fluorescence. Assuming that the intensity of In consequence of this finding, a possibility must be taken
the scattered light is proportional to the degree of the solute into account that ESPT takes place in alcohol solutions
aggregation, it is suggested by these data, that at fluorophoref all analogs studied in the present work, but its main
concentration 510> M/dm?3 the solute aggregation hinders  observable effect: the phenolate emission, cannot be no-
ESPT, probably by preventing the proton to escape and theticed in NH,-NSOH and is scarcely visible in Phe and Gly
dilution of a sample hinders the aggregation and enhancesanalogs because of the quenching by geminate protons. In
the ESPT. At solute concentratig@iz = 1.4 x 10~ M/dm3, the analogs with larger and more flexible substituent in the
the scattered light intensity is lowered but not negligible. It aromatic system the quenching might be inhibited by steric
seems, therefore, that some type of aggregates exist even dtindrance.
Cg = 1.4 x 10-M/dm?3 which enables ESPT reaction to The values ofbngir/® gjr for the analogs studied, obtained
proceed. by excitation at the isosbestic wavelength (294.1-297.5) are

An addition of water to MeOH solutions of the compounds given in Table 6 At water content 50% (27.78 M/dihor
studied at concentration.4. x 10~ M/dm? leads initially higher, where the phenolate emission band dominates the
to lowering of the phenolate fluorescendalfle § and a spectrum, the quotient @bingir/®gir for the analogs with a
decrease of light scattering. carboxyl group is near to 1, which gives the rate of quenching

This means that at fluorophore concentrationd (& by geminate protonskg) negligible as compared t@. For
105 M/dm3) the aggregates in which ESPT reaction takes water content lower than 50% the contribution of the proto-
place, are destroyed by small water addition, what inhibits nated (ROH) form to the spectra is considerable, what dis-
initially ESPT. It is suggested by these results that an effect ables a simple determination @f4;r from the experimental
responsible for the appearance of ESPT in some compoundsiata. Therefore, for the determination ®f,gir we used an
studied in 100% alcohol, is a special type of aggregation extrapolation procedure assuming thigtdg + @'/dy =1
present at low fluorophore concentrati@gj. This aggrega- ~ (seeSection 3 and substituting the value @b, thus ob-
tion process must be different from that present at l@gh tained for®ingir.

Table 6

The quenching by geminate protons in MeOH and MeOH-water mixtures of various water concent@gpns (

Sample Pindir/ P dir (@dir/Pingir) — 1 ket (s71)2 kG (s7hP
Phe-NSOH in a mixture with yD of Ca 2.77 0.599 0.672 1.65 108 1.13 x 108
Phe-NSOH in a mixture with D of Cp 5.56 0.743 0.345 3.3% 108 1.15 x 108
Phe-NSOH in a mixture with yD of Ca 11.11 0.682 0.467 6.64& 10° 3.1 x 108
Phe-NSOH in a mixture with D of Ca 27.7 0.97 0.031 1.66 10° 5.1 x 107
EACA-NSOH in MeOH 0.65 0.53 1.32% 10° 7.0 x 10
EACA-NSOH in a mixture with HO of Ca 0.55 0.68 0.47 3.6% 10° 1.72 x 108
EACA-NSOH in a mixture with HO of Ca 5.56 0.71 0.400 7.3% 10° 2.95 x 10°
EACA-NSOH in a mixture with HO of Ca 27.7 0.917 0.09 3.6& 10° 3.31x 10°
NH>-NSOH in a mixture with HO of Ca 2.77 0.627 0.594 8.36 107 4.96 x 107
NH2-NSOH in a mixture with HO of Ca 5.56 0.623 0.606 3.36 108 2.03x 10°
NH>-NSOH in a mixture with HO of Ca 27.7 0.598 0.673 8.3% 108 5.65 x 10°

aThe values calculated fromq. (1c) kpt = k2Ca.
b Calculated according tf81] by approximate formulakq = ks((@dir/Pingir) — 1). By further approximation, it was assumed tha{31] is equal to
ket. A detailed kinetic scheme of excited state processes with quenching by geminate protons is ¢B8nsee alsd7,10].
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The results offable 6show that the quenching by gem-
inate protons, with rate constakg influences considerably

the excited state processes of our analogs in MeOH-water

mixtures of low water content. In 100% alcohol and at wa-
ter content Ca) < 21 M/dm?, for most analogs studied,
the ratio ofk,/kpt is near to 0.5 and at high&Za it de-
creases. In low water percent the effect is comparable for the
compounds investigated, including MNSOH, indicating
that by low water addition the quenching by geminate pro-
tons is similar for the compounds investigated. This conclu-
sion is supported by the fact that excited state lifetimes and
fluorescence quantum yieldg§, @) in MeOH are simi-

lar for all compounds studiedréble ). These data caused
us to reject the possibility that the observed differences in

the fluorescence spectra of the 2-naphthol analogs studied @ /@,

by us are due to a various quenching by geminate protons.
For NH,-NSOH the value oﬂc{] increases even atp >

21 M/dn? in contrast to other analogs studied. The differ-
ence between NJHINSOH and the analogs with a carboxyl
group, is probably due to the fact that in the analogs with the
carboxyl group its ionization at higher water content hinders
the quenching by geminate protons.

3.4. The influence of acetic acid on ESPT in methanol

If the differences in the rate of ESPT between analogs
studied are to be contributed to the influence of the carboxyl
group, the problem arises, at which conditions the carboxyl
group can attract a proton released from the excited phenol.
To elucidate this question we studied in detail the influence
of an addition of acetic acid to the methanolic solution of
EACA-NSOH.

The effect of an addition of glacial acetic acid, on the
fluorescence spectra of EACA-NSOH at concentratidnkl
10-®M s shown inFig. 5. No shift in the ROH fluorescence

band position due to acetic acid addition was detected though

a small increase obg (of 10—-20%) was observed.
An addition of a small quantity of acetic acid, to MeOH,
lower than the concentration of the fluorophore, gives only

a small decrease of the phenolate emission. At the acid con-

centration comparable to that of the fluorophore an increase
of @/®¢ and a parallel decrease of /@ takes place. At
the acid concentration about two times higher than that of
the fluorophore intermediate values®i®o and®’/ @) are
attained, which do not change considerably at some acid
concentrations range (plateau54< log[C] < 5.5). Fur-
ther acid addition gives a decrease®f/®; to 0 and an
increase ofd/dg to 1.

The picture obtained suggests that at sufficient organic
acid concentration in MeOH, a complex of our 2-naphthol
analogs with acetic acid is formed, in which the protona-
tion reaction is much faster than deactivation of the ex-
cited state in absence of ESPT. The first inflection point at
log[CH3COOH] near to—4.5 may be due to formation of
1:1 complex with the fluorophore and the second inflection
at about—5.7 to a complex of higher acetic acid content.

ry and Photobiology A: Chemistry 153 (2002) 89—-100

(I)/(I)o 1.00 5

0.80 —

2

I I | I
4.00 5.00 6.00 7.00

- log [CH;COOH] [M/dcm’]

1
8.00

Fig. 5. The dependence df/®o (ROH* emission—upper curve (1)) and
@' /@ (RO*~ band—lower curve (2)) for EACA-NSOH, on the negative
logarithm of acetic acid concentration.

It should be noted that in MeOH-water mixtures the effect

of the acid addition is lower. Probably at high water con-

tent no complex between acetic acid and our fluorophore is
formed. From the results of this section it must be concluded
that the undissociated carboxyl group of an organic acid in
methanolic solution can function only as a proton donor to
the excited phenolate and by no means as a proton acceptor.

3.5. ESPT in aprotic organic solvents

Fluorescence spectra of EACA-NSOH in various aprotic
organic solvents are compared to those in MeOlHigs. 6
and 7

100.00 —
80.00 —
60.00 —

40.00 —

20.00 —

0.00
300.00

I
400.00

A [nm]

500.00 600.00

Fig. 6. Corrected and normalized fluorescence spectra of EACA-NSOH
(Cg = 2.6x 1076 M) in (1) in acetonitrile, (2) in MeOH, and (3) in DMF
(Cg =1.3x 10°6M).
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Fig. 7. Corrected and normalized fluorescence spectra
(10® < Cg < 14 x 1008M) of (1) NH2-NSOH in MeOH, (2)
NH,-NSOH in DMF, (3) Gly-NSOH in DMF, (4) LA-NSOH in DMF.

97
Table 7
Parameters characterizing the solvents used
Solvent & o B
MeOH 32.7 0.62 0.93
AN 375 0.19 0.31
DMF 36.7 0 0.69
THF 7.4 0 0.55

THF and DMF. The shape of the fluorescence spectrum of
NH2-NSOH in DMF and THF is practically identical with
that in MeOH Fig. 8) though the peak position is shifted in
DMF to the red by 3nm.

The properties of the solvents investigated: static dielec-
tric constant£ [33]), the ability of hydrogen bond formation
as proton donora( [34]) and acceptorf [34,36)) are com-
pared with correspondent properties of MeOHTable 7
From a comparison dfable 7with Figs. 6 and 7it is visible
that solvents of very similar dielectric constant near 30 (AN,
DMF, MeOH) differ essentially in their influence on ESPT.
Therefore, the differences in the rate of ESPT, in 2-naphthol
analogs studied, observed in solvents of intermediate polar-
ity cannot be ascribed solely to solvent polarity effects.

It can be seen that the phenolate fluorescence and con- However, it must be noticed here that in nonpolar solvents

sequently also the rate of ESPT is highest in dimethylfor-
mamide (DMF) and practically equal to zero in acetonitrile
(AN). In tetrahydrofurane (and MeOH) intermediate inten-
sities of RO~ fluorescence are found.

A comparison ofrFigs. 3 and &lemonstrates that the rel-
ative intensity of the phenolate band of EACA-NSOH is
much higher in DMF than that in MeOH. Analogously, for
Gly-NSOH Fig. 7, curve 3) and Phe-NSOH (not shown) in
DMF, a more pronounced RO fluorescence band is found,
that that in MeOH.

The bandwidth of the protonated (ROHform in AN
seems to be lower than in other solvents. RQidnd po-
sition is shifted to the red on going from AN to MeOH,

such as CHGland hexane no ESPT reaction can be found in
analogous compound: 2-hydroxy-naphthalene-6-sulphona-
mide of dodecylamine (results not shown). Therefore, it must
be predicted that decreasing medium polarity betow 10

will hinder ESPT reaction in 2-naphthol derivatives stud-
ied. The results oTable 7indicate that a rise of proton ac-
ceptor ability enhances significantly the rate of ESPT and
an increase of the proton donating ability inhibits this re-
action. For such an effect to appear, the carboxyl group is
necessary since no phenolate fluorescence was observed for
NH>-NSOH in DMF or THF. Some other features of ESPT
reaction found in MeOH solution are paralleled in the aprotic
solvents: unexpected enhancement of the reaction rate with

(CH) |

25

Fig. 8. Some possible types of interactions between the excited naphthol derivative and a solvent: (A) direct proton transfer to solvent (Bjiaeproton
by double proton transfer (C, D) charge separation in EACA-NSOH catalyzed by the carboxyl group.
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a decrease of a fluorophore concentration and considerablgéhe phenolic system, within this molecule, though a direct

aggregation of solute molecules detected by light scattering.

3.5.1. ESPT in EACA-NSOH dissolved in
acetonitrile—water mixtures

The band position of the original (ROHexcited form
of EACA-NSOH in AN is shifted to the red with increas-

contact between these groups seems improbable on the
ground of a simple molecular modeling. Hydrogen bond-
ing, however, between the phenol and carboxyl groups,
mediated by solvent, is possible. Some probable interac-
tions in EACA-NSOH between the excited phenol, the
carboxyl group and a hydroxylic solvent, are depicted in

ing water content. No phenolate emission is present in theFig. 8.

spectra in AN but an addition of water causes the appear-

A solvent mediated hydrogen bond, between the phenolic

ance of the phenolate fluorescence near 443 nm (results noaind the carboxyl group, in the conformer in which the dis-

shown). The amount of water required for this effect to ap-
pear is higher (o = 5M/dm?) than that in MeOH. Fit-
ting of the parameters dEq. (2) to the experimental data
yields kpt = 1.97 x 10’s ™1, Ry = 6.64 x 10 %cm and

y = 0.9. The quality of the fit 2 = 22.77 for 15 experi-
mental points) is worse than for methanolic solutions. Using

tance between these groups is optimal, may disable reproto-
nation (such as ifrig. 8B) and enable double proton transfer,
after excitation of the phenolic group. Double proton trans-
fer in such a system of hydrogen bonds in EACA-NSOH
molecule, leading to charge separation, is represented in
Fig. 8C and D Proton transfer by such a chain system may

various ranges of the experimental data for the fit, leads to be thought to be characterized by rather high activation bar-
the conclusion, that the error due to a change of the solventrier [35,37], which would result in the ESPT rate too low,

properties on water addition, is higher in the case of AN
than in MeOH. This effect may be ascribed to a stronger
interaction of water with AN than with MeOH what is also
confirmed by the experimental results and calculations of
[19].

4, Discussion and conclusions

It is visible from our results that the rate of ESPT, in
2-naphthol derivatives in media of low polarity, is greatly en-

hanced by the presence of a carboxyl group in the molecular

environment of a proton donor. This finding seems to be in a
contradiction to the results of Tolbert and Haubrj8hand

of Solntsev et a[10] who studied CN substituted 2-naphthol
analogs. It can be concluded from the works cited that in

2-naphthol analogs, investigated in the present work, hav-

ing 6-SGQNH- substituent characterized by a lower electron
withdrawing strength than 5-CN group, ESPT though ther-
modynamically allowed, would not be observed in MeOH,

for its observation during the lifetime of the excited state.
It has been shown howev§s8-42] in the case of double
proton transfer in the formic acid dimer, that even small
distortion of the structure of the proton donor and acceptor
greatly reduces the height of the barrier. It is probable that
the arm linking aromatic system with the carboxyl group in
the molecule of EACA-NSOHHig. 8C) leads to a strain in
the system of proton donor and acceptor bonds. Based on
this consideration, we can explain the catalytic effect of the
carboxyl group in ESPT in EACA-NSOH by double proton
transfer in a system of distorted hydrogen bonds.

In LA-NSOH similar catalytic effect of the carboxyl
group, to that in EACA-NSOH, may occur. For other
analogs studied, containing a carboxyl group: Gly-NSOH
and Phe-NSOH, a similar catalytic effect of the carboxyl
group, consisting in a distortion of the structure of a proton
donor and acceptor and their molecular environment, may
take place in aggregates present in organic solvents of low
water content. In aprotic solvents (DMF, THF) the lack of a
reprotonation effectKig. 8B) is probably responsible for a

by the steady-state fluorescence methods. In accord with thishigher intensity of the phenolate fluorescenE®$. 6 and

analogy 2-naphthol-6-sulphonamide (MNSOH), contain-

7, Section 3.5 as compared to that in MeOH. Solvent me-

ing no carboxyl group shows no phenolate emission in 100% diated hydrogen bonding between OH and COOH groups

alcohol. The appearance of ESPT in a MeOH solution of

must also play some role in this case.

the analogs containing a carboxyl group seems unexpected The mechanism catalyzing the process of the proton sep-

in this context.

aration in ESPT consists in the stacking of the carboxyl and

The hypothesis that the charge separation in ESPT, ofthe phenolic groups in an alcohol solution. Such an interac-

some 2-naphthol analogs, is catalyzed by the carboxyl group
may seem questionable, because—it was showBeirtion
3.4—acetic acid added to MeOH plays a role of a proton
donor and not of a proton acceptor to the excited phenol.
This apparent contradiction probably will be solved, by tak-
ing into account the ability of alcohols and other organic
solvents, to form mixed hydrogen bonds in solutions, with
water and polar groups of dissolved compoufiy.

By an analogy to the complex of EACA-NSOH with
acetic acid in MeOH $ection 3.4, it can be supposed,
that the carboxyl group of EACA-NSOH is attracted to

tion may lead to two opposite effects: rapid protonation of

the excited phenolate in the complex of EACA-NSOH with
acetic acid and deprotonation of the excited phenolic group
of EACA-NSOH in an intramolecular process in absence of
the acid. The difference between these two cases, shifting
the direction of proton transfer, consists in intramolecular
strain in the structure in the last case.

The adhesion of polar groups: carboxyl and phenoalic, in
solvents of intermediate polarity is inhibited by an addition
of water. This is manifested by the disappearance, of the
effect of the protonation of RO by acetic acid, on water
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addition to MeOH $ection 3.4 In the presence of wa-

99

of Wroctaw for making accessible the apparatus for single

ter another catalytic mechanism appears in the compoundsphoton counting measurements.

studied, consisting in proton transfer by chains of hydrogen

bonded water molecules. Both these mechanisms depend on

the catalytic role of the carboxyl group in our 2-naphthol
analogs, and probably at low water concentration in MeOH
they act parallel.

ESPT in 2-naphthol analogs with electron withdrawing
substituent, containing a carboxyl function, dissolved in low
polar solvents, may be a good model for proton translo-
cation in proteins. It is supposed that proton transfer in
the biological systems is enabled by the changes of their
pKa values, caused by protein conformational transitions.
It is supposed14,23-25]that proton transfer in the bio-
logical systems is enabled by the changes of tkg yal-
ues of the carboxyl groups, caused by protein conforma-
tional transitions. The changes d{pwould lead to the shift
of the function of a given carboxyl, from a proton donor
to a proton acceptor, enabling cyclic repetition of the pro-
cess. It is possible that even without changeskf, some
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