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Chromotropic acid (4,5-dihydroxynaphthalene-2,7-disulfonic acid) is a chelating agent whose fluorogenic
character has never been explained yet. The excited-state behavior of chromotropic acid itself has never been
reported, despite its relationship with naphthols that are well-known photoacids. The present paper is accordingly
devoted to a thorough investigation of chromotropic acid emission in aqueous solutions, which revealed its
excited-state prototropic behavior in relation with the key role of the ground-state internal H-bond between
the two—OH groups (displayed by the very differeriyalues, 5.4 and 15.6). Experiments were carried out

in the whole acidity range (8 M HCIxo 10 M NaOH) using steady-state and time-resolved fluorimetry. In
concentrated HCIE) competitive quenching processes occurred, due to Ei®€lf and to water, respectively,

but no photoinduced deprotonation was observed. The former quenching was confirmed by studying the
emission of 2,6-naphthalenedisulfonic acid in the same media. Photoinduced deprotonation from the first
—OH group was only observed in diluted acidic solutions ([H§IQ 1 M), within 500 ps, leading to an
intermediate species IS*, which in turn leads to the monoprotonated form®*HGuithin ~230 ps. The
structure of HCA™* is resonance stabilized by an internal charge transfer. The lifetime ofSHd# 2.1 ns.

The structure of 1S* was tentatively proposed to be an ion pair betweeand the hydroxylate form of
HCA3*, The pK* value of the first—OH group ¢1.8) was deduced from the rate constants. A moderate
photoacidity ApK ~ —3.6 K units on excitation) is then displayed. Regarding the sece®i group, its
photoinduced deprotonation was never observed, even in strongly basic solutions (N&OH] < 10 M),

which points out the outstanding stability of HEA. The lifetime of the fully deprotonated form (1.76 ns)

could only be measured after direct excitation in 10 M NaOH.

Introduction CHART 1

Bidentate ligands are compounds whose two complexing HO;§ SO;H
functions are generally acigddasic functions. Some of such OO
ligands are fluorogenic reagents, that means that several of their
metal chelates are much more fluorescent than the free ligands HO 9H ]
themselves. Chromotropic acid (4,5-dihydroxynaphthalene-2,7- Chromotropic acid
disulfonic acid, Chart 1) belongs to this class of compounds.
Although it is a well-known chelating agehiits fluorogenic
character is nevertheless not often reported; most metal deter
minations using chromotropic acid in fact rely on spectropho-
tometric methods. Concerning fluorimetric determinations, there
are only a few papers, which essentially deal with chelations at acidic pH values. However, in chromotropic acid, two
of boron? beryllium? or aluminun:® In these studies, analytical ¢, tional groups are present and one may wonder Whether
methods were developed using the enhancement of fluorescencgynergistiC effects between the’m occur upgn-SS; excitation

obser_ved on chelation. Howev«_—zr, this phenomenpn was Notanq how such effects could influence the possible photoinduced
explained, and even less explained was the possible exc'ted'deprotonation

state processes un_de_rlying_the fluorescence of the f_ree_ ligand. Nevertheless, as far as we are aware, no study of the excited-
Chromotropic acid is a dihydroxynaphthalene derivative. It giate hehavior of chromotropic acid in aqueous solution has ever
can therefore be expected to exhibit very different acidic pgen reported yet. The study presented here is, accordingly,
Towh g hould be add o E-mail barder@ . undertaken with the objective of clarifying this question. The
*To whom correspondence snou € aadressed. £-mall: baraez@cnam.ir. e H H : H :
TCNRS, UMR 8531 (Conservatoire National des Arts étibts et ENS fluprescence emission O.f chromotropic ac!d Wll! be investigated
using steady-state and time-resolved fluorimetric measurements,

de Cachan).
* Instituto Superior Tenico. as a function of either acidity in concentrated perchloric

behaviors in the ground and excited states, as many hydroxyaro-
matic compounds do, for instance, 1-naphth@knaphthof,
‘pyranined? etc. In the latter compounds, the hydroxyl group is

a much stronger acid in the $xcited state than in the ground
state, and a proton is photoejected in aqueous solutions, even
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TABLE 1: Ground-State pK, Values of Chromotropic Acid
ionic strength pKa pK3 pK> pK1
method (M) (H4CA/HsCA") (HsCA/H,CAZ) (H.CA>[HCA3") (HCA3-/CA™) ref
PIS 5.36+ 0.0 15.6+ 0.3 10
P° 0.1 5.53 >12.75 11
S 0.1 5.44+ 0.03 >14 12
pe 0.1 5.38+£ 0.01 13
pd 0.2 4.99+ 0.01 14
pe 0.1 5.50 13.30 15
PIS 0.61+ 0.02 0.73+£ 0.03 5.45+ 0.03 155+ 0.1 16
P° 0 0.09+0.11 0.80+ 0.05 4.61+ 0.02 12.374 0.05 17
pe 0.1 5.35+ 0.01 13.0 18
pe 0.5 53 11.8 19

ap, potentiometry; S, spectrophotometh20 °C. €25 °C. 430 °C. ¢ lonic strength= 0.1 mol L.

solutions, or pH in diluted aqueous solutions, or basicity in
concentrated sodium hydroxide solutions. The results will allow
us to show dissimilar behaviors of the twoOH functions,
together with an outstanding stability of the monoprotonated
form, even in the excited-state where its structure turns out to
be stabilized by intramolecular charge transfer.

Experimental Section

Chromotropic acid (4,5-dihydroxynaphthalene-2,7-disulfonic
acid, disodium salt dihydrate) was purchased from Aldrich and
twice recrystallized from waterethanol mixtures. 2,6-Naph-
thalenedisulfonic acid disodium salt (Aldrich, 97%) was used
as received.

Redistilled perchloric acid from Aldrich containing 69.5%
HCIO4 (purity: 99.999%) was used to prepare the acidic
solutions. Every acidic solution was obtained by weighing
appropriate amounts of the commercial concentrated HEIO
volumetric flasks and by addition of water up to the desired
volume. Similarly, every concentrated sodium hydroxide (Al-
drich, 99.998%) solution was constituted by weighing. Thus,
the error on the [HCIG] or [NaOH] concentrations was less
than 0.5%. Buffers were from Prolabo (Normadoses). Millipore
filtered water (conductivity<1l x 107 Q=1 cm™! at 25°C)
was employed to prepare the solutions.

Most of the solutions of chromotropic acid were prepared
by addition of an aliquot of an ethanolic stock solution of
purified chromotropic acid (concentratiar6 x 104 mol L1
to the desired medium. In every case, the addition of ethanol to
the aqueous solution did not exceed 2% v/v. In concentrated

fluorescence emission, in solutions where the ligand concentra-
tion is typically~107° mol L1

UV —vis absorption spectra were recorded on a Kontron
Uvikon-940 spectrophotometer. The corrected fluorescence
spectra were obtained with a SLM 8000C spectrofluorometer.
The excitation wavelength was 316 nm for the acidic and neutral
solutions and 350 nm for the concentrated basic ones (isosbestic
points). To avoid the decrease of signals due to photodegradation
of chromotropic acid under the light source during the recording
of the spectra, especially above pH 4, the solutions were
stirred and the excitation bandwidth was not larger than 2 nm.
Fluorescence quantum yields were measured using PPO in
undegassed cyclohexane as the standd®gd=t 0.90).

The fluorescence decay curves were obtained by the single-
photon timing technique with picosecond laser excitation. The
setup consisted of a mode-locked Coherent Innova 400-10
argon-ion laser that synchronously pumped a cavity dumped
Coherent 701-2 dye (DCM) laser, delivering8ps pulses (with
ca. 40 nJ/pulse) at a frequency of 3.4 MHz. The laser excitation
pulse fexc = 330 nm) was recorded slightly away from
excitation wavelength with a scattering suspension. Fluorescence
was detected through a Jobin-Yvon HR320 monochromator with
a grating of 100 lines/mm. The detector employed was a
Hamamatsu 2809U-01 microchannel plate photomultiplier. The
instrument response function had an effective fwhm of 35 ps.
The temperature of the samples was Z0 The data were
analyzed by a nonlinear least-squares method using Globals
software (Globals Unlimited, University of lllinois at Urbana
Champaign, Laboratory for Fluorescence Dynamics).

basic media, an aqueous stock solution was used i”SteadResuIts and Discussion

because of the impossibility of mixing ethanol and concentrated
sodium hydroxide solutions. For every fluorimetric (steady-state
and time-resolved) experiment, the final concentration was (1.19
+ 0.01) x 105 mol L%,

It must be mentioned that alcoholic stock solutions of
chromotropic acid, kept in the dark, could be stored without

Ground-State Acidity Constants. Chromotropic acid pos-
sesses four acidebasic functions, i.e., two sulfonic acid
functions and two hydroxyl groups. The former functions are
known to be strong and ionized in the usual pH range of aqueous
solutions. The latter functions are of phenolic type. The fully

degradation. On the contrary, aqueous stock solutions could notprotonated form will be further denoted,€lA and the other

and fresh solutions must be prepared prior to each experiment
Otherwise, they became yellow as a result of possible photo-
oxidation. Even the diluted aqueous solutions underwent pho-
tobleaching because of the excitation light, especially above pH
=4,

Moreover, when studying the fluorescence emission of

forms HCA~, H,CA2~, HCA3~, and CA%~ respectively.

Many determinations of the-OH groups K, values were
carried outt®19 On the contrary, only two papers giveKp
values for the—SQ:H functions!®1” Most of the published
values are collected in Table 1. Concerning the sulfonic groups,
even if the two K4 values are not in agreement, their strong

chromotropic acid, the greatest care had to be taken to avoidacidity is confirmed, and they can be considered fully ionized

contamination by metal ions that are able to form fluorescent
complexes with chromotropic acid. Many metal chelates are
much more fluorescent than the free ligand, in particular from
pH = 4—7. Low concentrations of metal ions, such as®0
10" mol L™, may induce a significant contribution in the global

above pH= 1. Consequently, the ionization of the firstOH
group occurs from the disulfonate form {EIA2-).

Table 1 shows that the authors generally agree about the
acidity constantk, of the first —OH function. Most of X,
values are lying in the range of 5:3.5; that is, K, = 5.4 +
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Figure 1. Absorption spectra (expressed by the molar absorption
o 00 o O coefficiente) of chromotropic acid. 1: CA?~ form (same spectrum
Ny N Mg as for the HCA and HCA~ forms). 2: HC&~ form. 3: CA* form
(recorded in 10 M NaOH).
HCA* H,CA”

0.1 at room temperature. This value is about fdgg pnits lower
than the K, values of phenol or naphthols and oni€,punit
lower than the K, value of the first hydroxyl group of 1,8-
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dihydroxynaphthalene (Chart 2), i.e., 6.36. 0.44 HeIo, 1M
The difference between theKp of chromotropic acid and
1,8-dihydroxynaphthalene is accounted for by the presence of 021
the sulfonate groups whose attractive effect usually lowers the ot ==
pKa of the —OH group present on the same ring by ca.K, p 340 360 380 400 420 440

unit. Moreover, the K, gap between 1,8-dihydroxynaphthalene A (nm)

and phenol or naphthols+@ pK units) is usually ascribed to Figure 2. Corrected fluorescence spectra of theCA* form of

: . : : chromotropic acid in concentrated HGI®olutions fexc = 316 nm).
the respective position of the hydroxyl groups, which brings Dotted lines, from bottom to top: [HCKP= 8 and 7 M. Solid lines,

about the strong increase in the mobility of the first leaving ¢, top to bottom: [HCIG] = 6, 5, 4, 3, 2, and 1 M. Insert: Evolution
proton (see below). What about the second leaving proton?  of the fluorescence intensity measured at 352 nm as a function of the

When looking at Table 1, discrepancies can be noticed decreasing [HCIG] values.

concerning the K, of the second-OH group, i.e., fa(HCA®/ structure becomes further blurred, and the red shift increases
CA*), according to the experimental determination method, (Amax = 351, 367, and 382 nm).
potentiometry, or spectrophotometry. In facK,ps too large Fluorescence Spectra and Time-Resolved Measurements.

to be determined by potentiometry and must be measured by arpe fluorescence emission study was carried out in the whole
spectrophotometric method. The actual valueltf is reported  cigity range similar to that for the absorption spectra. The
in refs 10 and 16. This valueKg = 15.6 + 0.3, could be chrompotropic acid concentration was the same in every solution
conflrmed _by us (see below the spectra recorded in strongly (see the Experimental Section). The evolution of the spectra
basic media). The ground-state monoprotonated form HCA 5,4 the time-resolved measurements will be described consider-
is then of utmost stability. _ ing successively three reduced acidity ranges.

It is worth noting that the correspondingkp for 1,8- Concentrated Perchloric Acid Solutions (1 M[HCIO,] <
dihydroxynaphthalene is also very large, reported to be too high g ). In concentrated perchloric acid solutions, progressively
to be measuret? An internal H-bonded structure is usually  giluted such as [HCIQ decreased from 8 to 1 molL, the
assumed to be responsible for the lack of ground-state acidity shape of the fluorescence spectra obtained on excitation at 316
of the monoprotonated forms for both compounds. Besides, thenm remained strictly the same, but the fluorescence intensities
internal H bond is supposed to be retained in thEAF~ species depended on the HClOconcentration (Figure 2). The wave-
and to cause the mobility of the firstOH proton! Chart 3 lengths of the maxima weranay = 352, 369, and 386 nm. The

shows the structure of HCA and HCA®". No other conform-  spectra in the most concentrated perchloric acid solutions
ers were ever shown to exist. ([HClO,4] = 8 and 7 mol 1) were slightly red-shifted~1

Absorption Spectra. The absorption spectra were recorded nm) compared to the other spectra, and an increase in the
in the whole range of acidity, fra 8 M HCIO, to 10 M NaOH. fluorescence intensity was observed by dilution of perchloric
In HCIO4 solutions, dilution from 8 mol L! to pH = 3.4 did acid from 8 to 6 mol L. Then, further dilution led to a

not modifiy the absorption spectrum, showing that deprotonation continuous decrease that became weaker when approaching
of the sulfonic acid groups has no effect on the spectrum. Then,[HCIO,] = 1 mol L% The insert in Figure 2 shows this

all of the forms HCA, HsCA~, and HCA®™ have the same  evolution of the fluorescence intensity at the maximum wave-
absorption spectrum (number 1 in Figure 1) with vibronic length 352 nm, upon progressive dilution of the perchloric acid.

maxima at 315, 331, and 347 nm. In this acidity range, the only species present in the ground-
Figure 1 also shows the spectra of the HCAnd CA- state is the fully protonated A form. The question is then,
forms. The spectrum of the HGA form could be recorded in ~ Can the evolution of the emission spectra be ascribed to
moderately basic solutions, i.e., from pH7.4 to 0.1 mol photoinduced deprotonation of the excitedy,GA* form?
NaOH. It is less structured and red-shiftegh{x = 330, 346, However, excited-state deprotonation is expected to lead to

and 360 nm) compared to that obtained in acidic medium. In another emitting species and to some resulting modification
10 mol L~ NaOH (concentration corresponding to the saturation (even slight) of the spectrum shape, which is not observed.
at room temperaturgy_ = 16.29), the absorption spectrumis  Consequently, some medium effects may rather be thought to
supposed to be nearly that of the €Aform. The vibrational be responsible of the observed evolution of the spectra.
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0.6 TABLE 2: Quantum Yields, Decay Times, and Deexcitation
> 05 Rate Constants of Chromotropic in Concentrated Acidic
Z_ 7] Solutions When HCIO, Was Diluted from 8 to 1 mol L1
o wn
EE 041 [HCIO,)? ™ D k/108 Knd 10°
g 2 031 & 2 4 6 (M) (ns) (sH° (s)°
8 £ PH=7 [HC|04] M
2% 02 8 1.39 0.13 0.90 0.63
s T 7 1.71 0.17 0.97 0.49
i 014 6 1.82 0.18 1.00 0.45
o fHCIOJ=8 M 5 1.60 0.16 1.00 0.53
320 340 360 380 400 4 1.23 0.12 0.98 0.72
A(nm) 3 0.79 0.085 1.07 1.16
Figure 3. Corrected fluorescence spectra of NDSA as a function of i 822 (?.(?5639 11f50 21.(;567
HCIO, concentration. From bottom to top: [HCJP= 8, 7, 6, 5, 3, ' ' ' '
and 1 M and buffer pH= 7. Insert: Plot of the ratiao/t (o being a Accuracy< 0.5%.° Accuracy= 5%. ¢ Accuracy= 8%. ¢ Accuracy
NDSA lifetime in pH= 7 buffer (where no quenching occurred) and = 13%.¢In this case, the decay was better fitted by a sum of three
7 the NDSA lifetime in each acidic solution) as a function of [HGJIO exponentials, rather than by a single exponential (see Table 3).
For both experimentste,c = 312 nm. Nevertheless, the 0.46 ns component is predominant (fractional

preexponential factor between 0.83 and 0.90).

Considering the increase of the emission intensity when going
from 8 to 6 mol L, it can be due to the weakening of a

guenching process usually attributed to the protonation of the

naphthalene ring by the strongly protonating perchloric acid.

This hypothesis was checked by studying the behavior of 2,6-

naphthalenedisulfonic acid (NDSA) in perchloric acid solutions. th
Such a quenching was indeed observed, as shown in the

decays, monitored at 350, 369, 386, and 410 nm, showed similar
single exponential decreases at each wavelength. Thus, the
H4,CA* lifetime t was determined for each perchloric acid
concentration. Results are given in Table 2.

The radiative and non radiative decay rate constants were
en calculated from

fluorescence spectra (Figure 3). The concomitant decreases of E 1-®,

the NDSA fluorescence emission and lifetime, when [HEIO k= T Kne = -

increased, revealed the existence of a dynamic quenching.

However, the plot of the ratioy/t (7o being NDSA lifetime in In fact, the radiative rate constakt remains constant from

pH = 7 buffer, in absence of quenching, andeing the NDSA [HCIO4 = 7 to 1 mol L1, whereas the non radiative rate
lifetime in each acidic solution) as a function of [HGldsee constantky, varies, increasing with dilution for [HCI§ < 6
insert in Figure 3) showed a marked departure from Stern mol L™ (Table 2). This is consistent with a quenching process
Volmer linearity, especially for the highest acid concentrations. due to water, opposite to the quenching due to HCIO
Such a departure from linearity may be due to static quenching Unfortunately, in such conditions, it appears to be impossible
often taking place at high concentrations of quencher in addition to determine the actual lifetime of the;,8/A* form, indepen-
to dynamic quenching; this results in nonlinearity of the Stern  dently of any quenching effect.
Volmer plot. However, the variations af/t vs [HCIO4] could From [HCIO4] = 1 M to [NaOH] = 0.1 M. The fluorescence
not be satisfactorily fitted to a second degree polynomial spectra recorded from [HCUP= 1 M (pH ~ 0) to [NaOH]=
function (expected from a 1:1 association of NDSA with the 0.1 M were obtained by excitation at 316 nm, i.e., at the
guencher HCIG) nor to an exponential function (expected from isosbestic point wavelength (Figure 4). The studied solutions
the model of active sphere). In the present case, another reasorcan be divided into three parts, according to the value of their
for nonlinearity can be invoked: the variable [HG]Ovas pH compared to theKy value (K = 5.4 & 0.1). For pH=
inadequate for representing the strong protonating power of the3.3, the predominant ground-state species j8Af~, whereas
concentrated HCIQ solutions, but the use of the Hammett it is HCA3~ in basic media (buffer pH= 10, NaOH 102 and
acidity functionHp as a variable still led also to a similar 101 M). When pH increases from 3.9 to 7, the ground-state
nonlinearity (not shown). The quenching processes thus turnedH,CA?~ form progressively converts into the HEAform.
out to be quite complex, and a better understanding would For pH < 3.3, when the only ground-state species was
require further investigations that are out of the scope of the H,CA?2~, a continuous change of the shape of the fluorescence
present paper. spectra was observed between gH and 2.9. The variation

By comparison with NDSA, the variations in fluorescence was pronounced until p 2.6 and very small between pH
intensity of chromotropic acid upon dilution of HCl@re quite 2.6 and 2.9. Above pH 2.9, the spectra were invariant until pH
different. In the case of NDSA, the continuous increase of the = 3.3 (Figure 4A). The bands at 352 and 369 nm progressively
fluorescence intensity when HCJ@vas diluted from 8 mol L* decreased, with the lowering of the former band being somewhat
until pH = 7 showed a sole process of proton quenching. In more pronounced than that of the latter (Figure 4B). Besides,
the case of chromotropic acid, the increase in the fluorescencethe band at 386 nm and a new wide band, whose maximum is
intensity from [HCIQ] = 8 to 6 mol L"! was followed by a around 430 nm, began to rise up. This evolution shows that the
marked decrease occurring below [HG]JG= 6 mol L~L. This excited HCA?~* form underwent an excited-state transforma-
behavior may be correlated to the presence oftt groups tion, whose apparent dependence on pH became weaker when
on the naphthalene ring and, consequently, to some additionalthe pH increased.
nonradiative deexcitation pathway when solvation built up an  Between pH= 3.9 and 7, excitation swung from,BAZ~ to
hydrogen bond network around theOH groups. This inter- HCA3~. The spectral evolution started again in line with the
pretation was supported by both quantum yields and decay timesprevious one (Figure 4 parts A and B). At pH5.2, the bands
measurements. at 369 and 386 nm were higher than the band at 352 nm. From

Thus, for each acid concentration studied in the range [HICIO pH = 5.6 to 7, the bands at 369 and 386 nm progressively
= 8 to 1 mol L7, the quantum yieldPr of the HiCA* form disappeared, whereas the broad band wjtfx = 430 nm grew
was measured and the fluorescence decays were recorded; thep.
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TABLE 3: Decay Times of Chromotropic Acid in

1 ;'S':?f‘s‘“" Moderately Acidic, Neutral, and Moderately Basic Solutions
0.5 —1  pH=1.9 ([HCIO 4 = 1 M to [NaOH] = 0.1 M), Obtained by Global
A -f--- pH=2.6 Analysis of the Fluorescence Decays Recorded at 350, 369,
Z g4 -] PH=2.9 386, 420, and 500 nm, Respectively, for Each Solution (09
2 7 el pH=338 2> <1.2)
se -1 pH=3.9
g S 0.3 p:=g.§ solution pH  7:(ns) 72(ps)  Ta (PSP
g S 1 §H=6' [HCIO,] = 1 M ~0 0.8-1.7 460+ 40 50+ 10
85 0.2 —~ pH=7 [HCIO4 =3.5 x 102M 1.4s 0.94+0.2 460+ 50 200+ 15
gg —— Buffer pH =10 [HCIO) =1.0x 102M 20 1.2+0.1 400+ 500 200+ 50
LI_D. 0.14 NaOH 10°, 10" M (or buffer pH: 2)'3
[HCIO) =3.2x 10°M 25 1.6+0.1 450+ 300 220+ 10
0 [HCIO) =1.0x 10°M 3.0 2.0+0.1 440+ 207 215+ 15
(or buffer pH= 3)°
[HCIO4) =1.3x 10*M 3.9 2.10+0.05 500+50 250+ 25
[HCIO) =6.3x 10°M 5.2 2.154+0.05 520+ 20 230+ 10
oA buffer 6.0 210+0.1 230+ 30
| pH=15 buffer 7.0 2.15:0.05 270+ 40
| pH=1.9 [NaOH] = 1.0 x 1073 M¢ 2.10+ 0.05
> | pHo26 [NaOH] = 1.0 x 101 M¢ 2.10+ 0.05
ég f:g::i:g aRise time at 420 and 500 nhiThe reproducibility of the
£5 pH=3.9 measurements carried out in the perchloric acid solution was checked
§ 2 |- pH=5.2 in a buffer solution Decays only recorded at 369, 386, 420, and 500
8= — pH=5.6 nm.
835 — pH=6
o~ - =
i r_g':f;; pH =10 acid (Figure 5, solid line) is striking Because the emission of
NaOH 10°, 10" M other metal chelates is similar to that of the aluminum chéfzte,
one may wonder whether some metallic contamination could

340 360 80 400

have been the reason of the intermediate fluorescence emission.
However, this hypothesis can be ruled out when considering
the results of the time-resolved experiments. The fluorescence
decays could be analyzed in a sum of three exponentials from
pH ~ 0 to 5.2 (see below, and Table 3). If one of these
components was a chelate decay, this would signify that a metal
chelate could be formed already at pHO, which was never
observed at so low pH valde>2?! The chelate lifetime would
rather be an additional constant decay time only between pH
~ 2.6 and 5.2. Howeverr; occurs from [HCIQ] = 1 M (pH
~ 0) to [NaOH]= 0.1 M, 73 is always a rise time, ang appears
in some analysis as a rise time. Moreover, no time evolution of
. s the chromotropic acid spectra was observed as soon as the
350 400 435 samples were made, whereas complexation~xdf0—> M

A (nm) chromotropic acid with an undesirable metal ion, expected to
Figure 5. Dotted line: Corrected fluorescence spectrum obtained by be at a Concent_rat'on lower than~£OM, should O_CCUr over
subtracting the spectra recordedd M HCIO, and in pH= 10 buffer, more than 10 min at pH+ 42" The last argument in disfavor
respectively, from the emission spectrum of chromotropic acid at pH Of the presence of a chelate is that the evolution of the emission
= 3.9 (or 5.2), after appropriate normalizations at 352 and 500 nm, spectra from pH= 2.6 to 5.2 was unchanged in solutions
respectively. Solid line: Corrected fluorescence spectrum the 1:1 pyffered with ~0.1 M citric acid/sodium citrate. In such
2{“{;?;”:“2‘ ‘;23'?;? gfr;tri‘go[g‘ﬁmﬁ:fma}f['ﬁg;i‘gdl%d (/'l” ag“;fé‘sn ;c)"“t'on solutions, a citric buffer behaves as a masking agent for most
Both speétra were normalized at 386 nm for compegcrison. metal ions that are preferentlally complexgd by C|tratejons than

by a ligand whose typical concentrationas0~> mol L.

In basic media (buffer pH= 10, 1073, and 101 M NaOH), Therefore, the intermediate band can rather be ascribed to
the sole ground-state form undergoing excitation was FiCA  an intermediate species arising between two successive excited-
The fluorescence spectra turned out to be identical (Figure 4A). state processes following excitation oL, EA%*. The first
They mainly consisted of the broad band whose maximum is mechanism to be considered is composed of two successive
at 430 nm. excited-state deprotonations from®A2* to CA*~*. The first

The whole evolution of the emission spectra did not show a step would lead to HCA*, which is consistent with an
single isoemissive point, but an intermediate rise of the vibronic enhancement of acidity of the firstOH group upon excitation,
band at 386 nm coupled with the band at 369 nm, particularly as often observed for hydroxyaromatic compounds (see the
from pH= 2.6 to 5.2. It was possible to extract this intermediate Introduction). However, the fluorescence spectrum of*CA
contribution by subtracting the spectrum ofGA2—* (recorded obtained by direct excitation of CAin 10 M NaOH (see below,
in strongly acidic media, for exampley 4 M HCIOy), plus the and in Figure 6) is different from the spectrum recorded in

3
A(nm)

Figure 4. (A) Corrected fluorescence spectra of chromotropic acid,
when going from pH~ 0 ([HCIO4 = 1 M) to 10 M NaOH. (B)
Zoom on the blue edge of these spec#gd(= 316 nm).

Fluorescence intensity

spectrum obtained in basic media (for example, at=pH0), diluted 1072 and 101 M NaOH (Figure 4A), which rules out
from the spectra obtained at either pH 3.9 or 5.2. Similar the hypothesis of two successive excited-state deprotonations
results were obtained (Figure 5, dotted line). from H,CA2~*, Thus, in pH= 10 buffer or in either 18 or

The analogy between this difference spectrum and the 1071 M NaOH, the ground-state species is HCAand the
emission spectrum of the 1:1 aluminum chelate of chromotropic emission spectrum is therefore that of the HCA form.
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Mom) fluorescence decays were recorded at five emission wavelengths:
350, 369, 386, 420, and 500 nm (excitation at 330 nm). They
could be analyzed in (i) a sum of three exponentials from pH
~ 0to0 5.2, (ii) a sum of two exponentials at g6 and 7, and
(iii) one exponential in 16° and 16 NaOH solutions (Table
3).

From pH~ 0to 5.2, HCA?~ was either the only form present
in the ground state (pH 0, 1.4, 2.0, 2.5, and 3.0) or the main
one (at pH= 3.9 and 5.2). Two cases can be distinguished when
N considering the decay times: (i) At pH 3.0, the values of the
x(nmf’éo 400 decay times were pH dependent. (i) At pH 3.0, the three

decay times; = 2.1 ns,72 ~ 500 ps, ands ~ 230 ps) became

Figure 6. Corrected fluorescence spectra (A) and absorption spectra independent of pH, within experimental error.

(B) of chromotropic acid in concentrated NaOH solutions {&¢ =
350 nm; B, concentration of chromotropic asidl.1 x 1074 mol L™3). Moreover, at the longest wavelengths 420 and 500 1y,

was always a rise time (negative preexponential factor). The

HCA3* must then be the ultimate excited-state species obtained €Xistence of three decay times, one of them being a rise time at
by photoinduced deprotonation 0sEA2* at lower pH values. ~ the longest emission wavelengths, is consistent with the occur-

[NaOH]

2

Absorbance

300

Consequently, the excited-state conversion eCA2—* into rence of two successive photoinduced processes frabik*.

HCA3~* turns out to be a two-step process. The corresponding kinetic equations and complementary com-
Before considering in detail a possible mechanism, let us Ments will be given below. .

examine the structure of the monoprotonated form ACAn Above pH= pK; = 5.4, the predominant ground-state form

the excited state. The shape of its emission spectrum isis HCA3~. However, still at pH= 6 and 7, a biexponential decay
noteworthy. The spectrum mainly consists of a broad and (1 = 2.1 ns andrs &~ 230-270 ps) was observed; being a
structureless band whodg.ay is 430 nm, which looks like a rise time at the longest wavelengths, 420 and 500 nm. However,
charge transfer band. A charge reorganization is then expectedthe contribution of thes component became weak (consistently
leading the molecule to possibly adopt ketonic forms. HCA with the decreasing contribution 0b8A2™ in the ground state),

is greatly stabilized by resonance (Chart 4). The internal H bond and the accuracy on thg value was getting worse. The 2.1 ns
can be maintained between the hydroxyl group and the carbonylcomponent was dominant, and extraction of a third component

group. out of the decay was not reliable. These results show conse-
Concerning the intermediate species, further denoted 1S, its quently that the lifetime of HCA ™ is 2.1+ 0.1 ns, consistently
possible structure will be discussed below. with the single decay time in 18 and 10! NaOH solutions

Let us see now the time-resolved measurements carried out(Table 3).
in the same pH range as the steady-state study. Thus, the At pH > 3, when the decay times appear to be independent
experiments were performed in seven perchloric acid solutions, of pH, the following mechanism of the photoinduced processes
whose pH’s werex0, 1.4, 2.0, 2.5, 3.0, 3.9, and 5.2, in two  triggered by excitation of fCAZ~ and/or HCA~ (according
solutions buffered at pH= 6.0 and 7.0 and in two sodium to pH) can be proposed (Scheme Wioca, kis, and kyca
hydroxide solutions (1 and 101 M). For each solution, the  represent the reciprocal ob,BA2*, IS*, and HCA3~* intrinsic

G)03 SO(39 6033 SO? eO3 Q SOEa
R @ @
o_ 0 o\ 0
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lifetimes. k; andk, are the first-order rate constants of the two CHART 5

successive steps in the excited state. o o
Actually, in the excited state, the back reprotonation of 03 5053

HCA3~* may be observed in sufficiently acidic solutions for OO

allowing the diffusional recombination to occur.K$ denotes

the second-order diffusional rate constant, recombination is then

expected whekp [H '] is competitive with the deexcitation rate

constant of HCA~*. Because of the three negative charges of CA% and CA+

HCA3~*, kp is expected to be larger than the valuesef x

10 mol~1 L s~*assumed at infinite dilution for recombination CHART 6

of a proton with a neutral molecule and can reach biol*

© ©)
L s~1.22With the lifetime of HCA~* being 2.1 ns, the excited- 04 OO SO;

Qo 00
Na Na®

state proton recombination may be observed in acidic media
until pH ~ 2.5-3. 0® 0
After a o-pulse excitation of the sole &A%~ species, the Naf
following rate equations may be written from the kinetic scheme: 1:1 Aluminum chelate of chromotropic acid
d[H,CA? *] 230 ps, given thatyca = 1kuca = 2.1+ 0.1 ns. None of the
—a —(K; + Kpen)[H,CAT™] two successive excited-state reactions is then rate-determining,
which explains that it could be possible to observe the emission

diis* . 2y of the intermediate species IS* in the suitable pH range.
da ~(ks T KIS + ky[H,CA™ ] [NaOH] = 0.1 M. The emission spectra obtained when
increasing the concentration of sodium hydroxide showed the
d[HCA® #] _ 34 N progressive appearance of the emission of theé"®Aorm
dt = ~kucaHCA™ ] + k[1S7] (Figure 6A). The fluorescence spectrum of this form was
obtained in 10 M NaOH, where the most predominant form in
and the decays obey the following equations: the ground state was the fully deprotonated*CAorm. The
wavelength of the maximum emission is then 420 nm. The
[H,C AZ_*] =[H,C AZ‘*] Oe—(k1+kHZCA)t emission spectrum does not include any charge-transfer band,

contrary to the emission spectrum of HEA. The hydroxylate

[HZCAZ’*] oKy groups may then be fully stabilized by the sodium ions, in such

[1S1] = XV [—e (atheent 4 g-leth) a concentrated NaOH solution, as shown in Chart 5.
The evolution of the fluorescence spectra exactly matched
a H 2CAZ’*] okiks i et the evolution of the absorption spectra around the valuef p
[HCA™ ] = —— — — [(X=Y)e ™ + = 15.6 (Figure 6B). This implies that no excited-state depro-
[Y = Xl[kuca = XILY — Kycal tonat . : e
onation of HCA~* ever occurred despite the strong basicity
(K — X)e tehislt 4 (v — ke (athinzenl] of the medium. This important result has already been taken
into account when the mechanism of the excited-state processes
where occurring in dilute aqueous solutions was built up. It means
that the species HCA* has no photoacid character.
X=K +tKpca Y=k +Kkg Lifetime determination of the C&* form could be carried

out either in 10 mol £ NaOH or, upon selective excitation at

In the decay of [HCA*], the sum of the preexponential factors 390 nm, in solutions of sodium hydroxide of concentrations
is equal to 0. larger than 5 mol L. The result wagca = 1.76 & 0.01 ns.

None of the decay times are, in fact, pH-dependent. On the No quenching effect due to the large concentrations of NaOH
contrary, for pH< 3, a more sophisticated model must be was observed.
proposed, including two back reactions in the excited state. One |S* SpeciesConsidering the results as a whole, a tentative
of them may be the diffusional reprotonation, and the corre- structure of IS* can now be proposed. The analogy between
sponding pseudo first-order rate constdgt[H "], depends of IS* fluorescence spectrun.fax = 369 and 386 nm) and the
course on pH. The expressions of the decay constants are theemission spectrum of the 1:1 aluminum chelate of chromotropic
more complex and pH dependent. acic®! reported above (Figure 5) must be reminded. The

The results of the steady-state experiments carried out for Oaluminum complex, that bears one positive charge on the
< pH = 5.2, and given above (Figure 4), are also consistent aluminum atom bound to the oxygen atoms (Chart 6), cannot
with those equations. The evolution of the emission spectra undergo the charge transfer from the chelating oxygen atoms

obtained by excitation of JCAZ~ went on between pH= 0 to the naphthalene ring, and in fact, its spectrum exhibits no
and 2.9 (Figure 4A), but at pH= 2.9 and 3.3 (HCAZ™ still charge-transfer band.

being the only excited species), identical spectra were recorded If a similar situation exists for the intermediate species, it

(see above). would mean that the negative charge on the hydroxylate group

For the pH values where HCA is the main ground-state  generated by the deprotonation is not free to move. It could be
species, i.e., at pH 6 and 7 in the present study, the decaysbalanced by the positive charge of Hvith the proton remaining

contained the overwhelming 2.1 ns componentf). The only in the Coulomb cage of the anion bearing three negative charges.
observed component characterizing thgCK2—* conversion IS* might then be an ion pair (Chart 7).
was the rise time of 230 ps. The kinetic scheme should then include a geminate recom-

The results of the time-resolved measurements (Table 3) allow bination proces$24as the first reverse step in the excited state
us to conclude that { + Kuaca) ~ 500 ps and 1K, + kis) = and, at pH=< 3.0, a diffusional reprotonation as the second
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CHART 7 and HCA~* The result is a broadening of the emission
spectrum over 250 nm, and in particular, between-pHd and

Q Q : " :
038 503 7 (i.e., under the usual pH conditions for metal ion complex-
ation), the lack of any prominent emission band. The so-called
)

JECC “fluorogenic” character of the ligand chromotropic acid is,
Ny consequently, based on the fact that the free ligand displays an
apparently “flat” spectrum, compared to the emission spectrum
Tentative structure for IS* of fluorescent chelates.
In concentrated basic media, fluorescence from the fully
CHART 8 deprotonated CA™* form is only observed after direct excitation

HO;S SOH of this form present in the ground state. With the corresponding
ground-state I§ being 15.6, one can see that the species HEA
does not exhibit any photoacid character at all.
HO The excited-state stability of the monoprotonated form
1-Naphthol-3,6-disulfonate HCA3~* must thus be pointed out, together with the completely

asymmetric excited-state behavior of the tw®H groups of

reverse step. It is noteworthy that geminate recombination was chromotropic acid, despite the symmetry of the molecule. The
shown to occur after deprotonation of the parent compound first proton is photoejected for [HCiplower than 1 mol L%,
1-naphthol-3,6-disulfonate (Chart 8). The kinetic analysis and the corresponding{g* value was evaluated to be 1.8. With
should then require us to take into account the time-dependentthe ground-stately being 5.4, the i change upon excitation
diffusion equatiort This aspect will be the subject of a further is ApK ~ —3.6 K units. The displayed photoacidity is then
investigation. moderate compared to the well-known photoacids 1- and
Finally, an evaluation of the excited-statk for chromo- 2-naphthols whoseApK’s are ~—9 and ~—7 pK units,
tropic acid can be done from the rate constants. In a first respectively. As for the second proton, it cannot be photo-
approach (which is to be refined if geminate recombination is €jected, even in concentrated sodium hydroxide solutions.
confirmed to occur)Ky* can be considered as the ratigkp. )
Given that 1/k; + kizca) & 500 ps and that kfzca is expected Acknowledgment. The authors wish to thank Professor
to be at least 1.8 ns (even if it was not possible to determine its Bernard Valeur for fruitful discussions, and acknowledge ICCTI
value precisely, see experiments in concentrated [&@tions ~ and the French Embassy in Portugal for financial support.
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References and Notes

difference of ca—1 pK unit between the two excited-statk3 83 ga:(, B-}?-;lfellksBi, E#/Iilrro?hiln;ézcﬁlggz 108, 275.
aksl, K.; Pal, b. K.lalanta , .
values and the two ground-statep values of the two (5) Park, C.-1: Cha. K.-WTalanta 2000 51. 769.
compounds (see above). (6) Krishnan, R.; Lee, J.; Robinson, G. \3/. Phys. Chem199Q 94,
6365.
Conclusion (7) Farster, T.Z. Elektrochem195Q 54, 531.

(8) Bardez, E.; Goguillon, B. T.; Keh, E.; Valeur, B. Phys. Chem.
The present work, which deals with the excited-state behavior 198? ;38, 1909. . .
; id i ; ; 9) Pines, E.; Huppert, DChem. Phys. Lett1986 126, 88.

of chromotropic acid in aqueous solutions, relies on a close o Loy 5 Gohbaenbach, Gels, Chim, Actal951 34, 1876.
investigation of its prototropic bghawor and quor_escenc_e (11) Zollinger, H.; Bichler, W. Hels. Chim. Actal951, 34, 591.
emission from strongly acidic media to strongly basic media  (12) Sakaguchi, M.; Mizote, A.; Miyata, H.;" B, K. Bull. Chem. Soc.
([HCIO4] = 8 mol L to [NaOH] = 10 mol L ). PR3 Linsuroum. G. A Martell, A, EJ. Inorg. Nucl, Chem1966 28

In concentrated perchloric acid solutions ([HGIG 1 mol (13) L'Heureux, G. A Martell, A. EJ. Inorg. Nucl. Chem1966 28,

L™, two fluorescence quenching phenomena of the fully (14) Athavale, V. Y.; Mahadevan, N.; Mathur, P. K.; Sathe, R.M.
protonated HCA form, due to HCIQ, on one hand, and to  Inorg. Nucl. Chem1967 29, 1947.
water, on the other hand, occur competitively. Below [H§IO (15) Banerjee, A.; Dey, A. KJ. Inorg. Nucl. Chem1968 30, 995.

= . . . . (16) Budesinsky, BTalanta1969 16, 1277.
= 1 mol L™, the sulfonic acid groups of chromotropic acid are (17) Kas, T. S.; Egorov, A. MZh. Fiz., Khim.1972 46, 2151.
deprotonated. Excitation of the ;A% form triggers the géls)lOLfitIY<eman, P.; Martell, A. E.; Motekaitis, R. J. Coord. Chem
photoinduced dEprOt.onatlon of oreOH group within~500 ' (:?9) (':hal"let, P.; Deloume, J. P.; Duc, G.; Thomas-DavidB@l. Soc.
ps, and two successive steps lead to the monoprotonated forngpim 'rr 1985 5, 683.
which rises withirr=230 ps. The characteristic times of the two (20) Yagil, G.J. Phys. Cheml967, 71, 1034.
steps are of the same order of magnitude; thus, none of them is (21) Destandau, E.; Alain, V.; Bardez, E. Submitted. -
rate determining, and the emission spectrum of the intermediateNe(ﬁaoffqg%egecgf gSheg::gzIt;mZeucsBamford, C. H., Ed.; Elsevier:
species IS* could be isolated. The lack of any charge-transfer (23) Pines, E.; Huppert, DChem. Phys. Lett.986 126, 88.
band in this spectrum, contrary to the spectrum of HCA (24) Agmon N. InTheoretical and Computational Models for Organic

i * i i Chemistry Formosinho, S. J., et al., Eds.; Kluwer Academic Publishers:
allowed us to tentatively propose that IS* be an ion pair. Thus, Norwell, MA,K 1991; pp 315-334.

between [HCIQ] = 1 mol L™* and pH= 7, the fluorescence (25) Masad, A.; Huppert, DChem. Phys. Lettl991 180, 409.
spectrum consists of the three contributions g€CH2—*, IS*, (26) Dergacheva, L. DOpt. Spektrosk196Q 9, 209.



