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Protolytic Photodissociation and Proton-Induced Quenching of 1-Naphthol and
2-Octadecyl-1-Naphthol in Micelles
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Kinetics of excited-state proton-transfer reactions and proton-induced fluorescence quenching of 1-naphthol
(1N) and 2-octadecyl-1-naphthol (201N) in micellar solutions of cetyltrimethylammonium bromide (CTAB),
polyoxyethylene(23) lauryl ether (Brij 35), and sodium dodecyl sulfate (SDS) was studied by using stationary
and time-resolved fluorescence techniques. The ground-state acidity constant of 201N in cationic micelles of
CTAB was found to be significantly smaller than that of the parent compotipH & 0.5). However, similar

rate and equilibrium constants of the protolytic dissociation were obtained for 1N and 201N in the singlet
excited state. Effects of nonionic micelles of Brij 35 closely resemble those of CTAB. In anionic micelles of
SDS, the protolytic photodissociation was much slower for 201N than for 1N. The protonation rate for the
excited anions in micellar solutions increases by approximately 2 orders of magnitude in the series CTAB,
Brij 35, SDS. Excited-state kinetics was rationalized within the framework of a pseudophase model, which
included micellar effects on the proton-transfer equilibrium and interfacial diffusion of hydronium ions. The
electrostatic surface potential of charged micelles was estimated from the acidity constants of naphthols.

Introduction SCHEME 1

Proton transport in proteins and lipid bilayers is of paramount K .
importance for bioenergetids® This stimulates high research *ArOH--OH, - *ArO” + H;0
activity in the field of proton-transfer dynamics in organized " -1 , .
molecular system&.12 Aromatic photoacids and bases have "‘41[H3O]%V gy + kg 1 /N[HBO ]
found use as proton-transfer fluorescent probes for surfactant 0

i 15

assemblies and macromoleculé$:1° Such probes have been ArOH-~OH, ArO™ + Hy,0

utilized by our grouf®22 and some other worker$>23-29 to
elucidate effects of the microenvironment on the equilibrium ) B ) )
and rate constants of the excited-state proton transfer in micelles,r(?'at'_\/e position of an aIkyI_ Sl_Jbstltuent. In our previous ;tahy,
liposomes, microemulsions, and LB films. Effects of the surface Kinetics of the photodissociation of 2-naphthol (2N) and its long-
potential on apparentq#® and protolytic photodissociation rate ch_aln alkyl der|va_1t|\{es have b(_een_ cha_racterlzed. Unfortunately,
constant#2 correlation between rate constants and apparént p this study was limited to cationic micelles because of slow
in micelles of different charg&2and kinetic nonequivalence photo@ssomanon of 2N derl\{atlv_es in other surfactant as-
of proton-transfer probes in liposom@save been revealed. Semblies. Here, we report kinetic data for much stronger
However, advantages of proton-transfer fluorescent probes argPhotoacids, 2-octadecyl-1-naphthol (201N) and 1-naphthol (1N),
still not fully recognized and utilized in studies of molecular N Positively charged (cetyltrimethylammonium bromide, CTAB),
organized systems, although other spectroscopic probes enjoy'edatively charged (sodium dodecyl sulfate, SDS), and un-
very wide applications in such studitfs.5:30-32 charged micelles (Brij-35). Results of a comparative study of

Recently, we have introduced several long-chain alkyl deriva- 201N and3 IN in homogeneous solutions will be described
tives of naphthoR92t as promising fluorescent probes for elsewheré? 1-Naphthol derivatives provide an opportunity to

complex microenvironments of surfactant assemblies and bio- probe protolytic regctiqns in a variety of micrqheterogeneous
logical macromolecules. Both hydrophobic naphthols and their Systems as well as in mixed homogeneous solutions. Pronounced
anions are expected to be completely solubilized in the organic Photodissociation of IN has been observed in micelles of anionic
microphase, i.e., the interfacial exchange is much slower than and nonionic surfactants, in lipid bilayers, and in negatively

the fluorescence decay. Various derivatives may differ in a charged microemulsiort§ 1222729 -~
reactive-group localization site depending on the size and Analysis of the photodissociation kinetics for 1-naphthol
derivatives is complicated by efficient proton-induced fluores-
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*ArO~ quenching by hydronium ions, arg is the apparent  conditions used in this worké-18 To avoid variations in the
rate constant of radiationless deactivation competing with the micellar surface potential and the hydronium ion activity with
adiabatic dissociation). Kinetics of proton-transfer reactions in electrolyte concentratioH;®all experiments in micellar solu-
micelles and the majority of effects observed have been tions were performed at a constant ionic strength of 250 mM
rationalized within the framework of a similar kinetic scheme stabilized by adding NaCl.

and a pseudo phase model of surfactant assenibligsThe pH values were measured with an ionometer [-120 (Russia)
model treats surfactant aggregates as a “pseudophase” havingquipped with a glass electrode calibrated with standard aqueous
properties different from the bulk aqueous ph&sé’ The model buffers.'H NMR spectra were measured with a Bruker AC-

ignores complex internal structure of micelles and assumes that200P spectrometer. Absorption spectra were recorded with a
all probe molecules located in the micellar pseudophase haveSpecord M-40 (Carl Zeiss Jena) or a Shimadzu UVPC-2101
identical properties due to fast intramicellar averaging. The spectrophotometer. Fluorescence spectra were measured with
pseudophase model also implies fast (relative to fluorescencea Perkin-Elmer LS-50 luminescent spectrometer. In all cases,
lifetimes) exchange of hydronium and hydroxyl ions between relative fluorescence intensities were used instead of quantum
the micellar and bulk phases and operates with apparent acidityyields since no change in the spectral shape was observed at
and rate constants. These apparent constants depend on thall experimental conditions. The ArCfluorescence intensity
activities of hydronium ions in the micellar and aqueous phases corresponding tapy' (see below) was measured at pH12.
and, therefore, on the charge and microscopic polarity of Isosbestic points with the longest wavelength were selected for
micelles. Such a formal treatment has advantages and disadexcitation in order to calculate the fluorescence quantum yield
vantages similar to those of the use of formkland pH scales ratio directly from the intensity ratio. Their values were 315
in nonaqueous systems. But two important merits of this and 316 nm in CTAB and 308 and 313 nm in Brij 35 micelles
approach are evident: possibilities to consider the passive andfor 1N and 201N, respectively. For SDS micelles, deprotonation
active proton transport in complex organized molecular systemsin the ground state is associated with a change in the localization
in terms of local electrochemical potenti&i3® and to use of naphthols, and therefore, the *ArGluorescence quantum
empirical relationships to reveal actual mechanisms and lawsyields in the absence of the protolytic reactions cannot be
governing proton transport in organized molecular systems. measured correctly (see text). Excitation wavelengths of 306
and 317 nm were selected for 1N and 201N, respectively. The
Experimental Section *ArO ~ fluorescence intensityt’) was corrected for the overlap

-~ o of *ArOH and *ArO~ fluorescence spectra
1IN (Merck) was purified by vacuum sublimation. 201N was

synthesized according to slightly modified procedures from =1, — 1 (i) /i) 1)
literature3® A mixture of 1N and stearic acid with a molar ratio ep Texp 070

of 1.25 was heated in C@lor 2 h. Gaseous Bfwas constantly
bubbled through the solution. 2-Octadecanoyl-1-naphthol ob-
tained was recrystallized several times from ethanol (melting
point T, = 86 °C). A toluene solution of 2-octadecanoyl-1- . :
naphthol was mixed with aqueous HCI containing freshly &t the same wavelengths &s, and lex, respectively. The
prepared Zn/Hg. The mixture was bubbled with gaseous HCI corresponding intensities in t_he emission spectra of the proto-
and heated for ca. 30 h. 201N,{ = 62 °C) was purified by nated forms qf 1N and .20.1N in hexanql or ethanol (no excited-
column chromatography on silica gel (Chemapol) with toluene state protolytic d|ssoc[at|on occurred in 'Fhese solvents) were
as an eluent. Thin-layer chromatography on silica gel (Kavalier) US€d to correct the anion spectra according to eq 1.

whereleyp andley, are the experimental values of the fluores-
cence intensities at the *ArOand *ArOH emission maxima
andig’ andig are the *ArOH fluorescence intensities measured

with the same solvent gave & value of 0.4.2H NMR (300 Fluorescence decay curves were measured with a time-
MHz, CDCh, room temperaturel/Hz): o = 8.18 (dd, 1H, 8 porrelated S|.ngle-ph'oton counting techmque. A homemade
arom.,J = 5.8 and 2.8); 7.76 (dd, 1H, 5 arond.= 5.6 and instrument with an air-flash Iamp (full width at half maximum
2.4); 7.36-7.51 (m, 2H, 6 and 7 arom.); 7.38 (d, 1H, 3 arom., ~ 1 ns) and ORTEC electronics was usepl. The excitation
J=8.0): 7.23 (d, 1H, 4 arom.) = 8.0); 5.14 (s, IHHO- wavelength of 313 nm was selecteq with an !nterference filter.
group): 2.75 (t, 2H, €l,—Ar, J = 7.8); 1.72 (m, 2H~CH,— Deca_y curves were _analyzed by using a nonlinear least-squares
CH.AT), 1.12-1.52 with a maximum at 1.33 (m, 30H, meth- iterative deconvoll_mon procedure. All the rate constants were
ylene chain); 0.86 (t, 3H, B3, J = 6.0 and 6.9). determined from time-resolved and steady-state data by using

the same approach as that developed for the reactions in

CTAB (Sigma), polyoxyethylene(23) lauryl ether, Brij 35 homogeneous solutions (see ref 33 and Appendix).

(Merck), and SDS (Aldrich) were free from fluorescent impuri-
ties and used as received. HCI and NaOH were of analytical
grade. Deionized water was used in all experiments. Sodium
chloride was recrystallized from water. All experiments were  Cationic Micelles of CTAB.In a 1N solution containing 50
performed at room temperature (222 °C), except for mea- mM CTAB (pH =~ 6, 40°C), weak but distinct fluorescence of
surements in CTAB micellar solutions, which were done at 40 ArOH (As = 362 nm, Figure 1la) was observed. The *ArO

°C. The micellar solutions containing naphthols were prepared to-*ArOH emission intensity ratiol('/ly) in this solution was

as follows: a surfactant and naphthol were initially dissolved much smaller than that in bulk water (see Table 1). This
in absolute ethanol, solvent was removed in a vacuum, and thesuggested a decrease in the photodissociation rate constant in
residual was dissolved in hot water. The surfactant concentra- CTAB micelles. Increasing the HCI concentration in this solution
tions were kept constant and equal to 50, 10, and 100 mM for resulted in the quenching of the *ArOemission {s = 453
CTAB, Brij 35, and SDS solutions, respectively. These con- nm), but the *ArOH fluorescence was only slightly enhanced.
centrations were well above critical micellar concentrations. Figure 1b shows the fluorescence spectra of 201N in CTAB
Concentrations of 1N and 201N did not exceed 0.1 mM. At micelles measured under the same experimental conditions as
pH < 7, 1N was almost completely solubilized 99%) in the those for 1N. At neutral pH, thig//ly ratio was slightly smaller
micellar phase formed by various surfactants under experimentalfor 201N than for 1N. This might be attributed to a decrease

Results
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TABLE 1: Kinetic Parameters of Protolytic Photoreactions of 1N and 201N in Micellar Solutions

CTAB Brij 35 SDS

compound IN 201N IN 201N IN 201N
InN'/In 13.6 8.35 1.52 1.03 0.31 0.05
on'led 0.80 0.65 0.34
w/ns 0.68 0.82 2.1 1.6 2.5 2.6
w'/ns 18.7 21.2 15.2 13.9 9.7 6.3
T0/ns 18.9 21.6 154 14.3
pK 9.5 10.0 10.1 11.6 10.5 >13
ki/nst 1.222 0.8, 1.2 0.3 0.2Z,0.22 0.09' 0.02
n 0.9, 1.7 0., 1.0 1.1 0.57d 0.5 0.1
(ko1 + k)M nst 0.65 0.43 7.0 8.8 19 19
k4/M~1ns?t 0.2Z, 0.40, 0.33 0.16, 0.2 3.9,5.2 3.5 1.4 18 <19
KyM~tns? 0.43, 0.25, 0.30 0.27 0.22 3.151.8 5.4, 7.4 1f <19
n' 0.3,0.6,0.3 0.4,0.8 0.6,0.8 0.4, 0.2 0.9
pK* (-0.5)— (-1 (—0.6)— (—0.7) 1.1:-1.2 0.8-1.2 2.3 ~3
kyM1nst <0.18f <0.1° 0.7%,0.5 1¢ 18, 20 11¢
knr/KouT <0.1 <0.3 <0.1 1 1 7
knr/K-r 0.6-1.9 1.6-1.7 0.3-0.8 1.5-53 0.1 0.1
K-r/Kout <0.1 <0.3 <0.1 0.2-0.6 20 90
kr/nst 1-3 1-2 0.3 1 2-8 12
kn/M~Inst 3-5 1-2 12 20-40

a Uncertainties in the decay times were about 10®iexponential fluorescence decay was observed; the second decay time was®®;7=ns.
QDN'/¢0')(T0'/TN')/TN, eq A13.d kl = [((pN'/(pN)/((po'/(po)s]('L’o'/‘L’o)S/TN', eq Al4; @N'/(PN) = IN'/IN; ((po’/(po)s = (|o’/|o)5 = 0.64 and 0.54 and,"(o/'fo)s =
1.9 and 1.6 for 1N and 201N, respectively, in absolute eth&ok andk, from slopes and intercepts of the plotsgaf/g against ong')/(@@'n),
eq A10.f From time-resolved fluorescence data (see eqsAB andk; values.? k-, andkq from slopes of the plots in the coordinates corresponding
to egs A1l and A12.

350 450 550 10000 ¢
gl 1IN (@)
1000}

!

3

<
£ 2 100}
= = :
O Q
E0 ©

3]

<

2

: 10
£4
=

Time / ns
Figure 2. Fluorescence decay curves of neutral (*ArOH) and anionic

0 3J50 * = 450 350 species (*ArO) of 1N in 50 mM CTAB micellar solution at pH: 6.
The solid lines are the best fits to the data convoluted with the
A/ nm instrument response function labeled as “flash” (dotted line with

Figure 1. Fluorescence spectra of 1N (a) and 201N (b) in 0.05 M Symbols).
CTAB micellar solutions in the presence ©0.001 M NaOH (dashed

line) or HCI (solid lines). Arrows with numbers refer to *ArO quenched, and *ArOH emissioiq( = 364 nm) intensity was
fluorescence and represent an increase in HCI concentration, WhiChchanged very little.

was 0 (1), 25 (2), 50 (3), 92 (4), 150 (5), 200 (6), 250 (7), and 500 Ejgre 2 shows fluorescence response functions for neutral

mM (8) for 1N and 0 (1), 6.2 (2), 12.5 (3), 25 (4), 50 (5), 100 (), 150 and anionic species of 1N in the CTAB solution at neutral pH.
(7), 200 (8), 250 mM (9) for 201N. X ;

The *ArOH fluorescence decay was practically single expo-

nential with a lifetime ty) of 0.68 ns A < 0.01, see egs Al
in the photodissociation rate caused by the alkyl substituent. and A4). Fluorescence kinetics for *ArGn the same solution
Addition of HCI to the micellar solution affected the 201N was well described by a two-exponential function (eq A2) with
fluorescence spectra in a similar manner as it did for the parenta rise time,r;, similar to the *ArOH decay time and a decay
compound; the *ArO fluorescence As = 483 nm) was time 7, = 7y’ = 18.7 ns. These data confirmed validity of
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= — D) (p¢'N)/(¢'¢n) (circles) vs. [HO']s for 1N (filled symbols) and
= 201N (open symbols) in 50 mM CTAB micellar solution.
l& other factors besides the polarity of the microenvironment could
~ | contribute to an increase in the anion lifetime.
S -3 | The photodissociation rate constak (vas determined from
I the *ArO~ fluorescence quantum yield and the *ArOH fluo-
0.0 ; ‘ ; 0'4 : ; * 0.8 rescence decay time at pd 7 (eq A13). Thek; value was
) ,'/ , ) also estimated fronhy'/ly by using an intensity ratiold/lo)s
oy Mop'y) measured under conditions of direct excitation of Ar@nd
Figure 3. Plots of gon)/(png') — 1 vs [HsO']s (a) and ¢n/gp — ArOH in ethanol (eq Al4). The sum of the apparent rate
1)/[H:0"]s vs (@ng)(@en') (b) for 1N (filled symbols) and 201N constants of *ArO protonation k-1) and proton-induced
(open symbols) in 50 mM CTAB micellar solution. quenching K;) was obtained from the fluorescence quantum

Scheme 1 for 1IN in CTAB micellar solutions. Fluorescent vyields plotted against [¥D*]s according to eq A9 (see Figure
lifetimes of 1N in micellar solutions (see Table 1) that were 3a). Values of 12.1 and 9.1 Mwere obtained fork( 1 + kq')zn/
obtained in this work are in agreement with those reported for in CTAB micellar solutions of 1N and 201N. Figure 3b presents
similar systems by Mandal et #.It is important to note that  the plots in the coordinates corresponding to eq A10. Negative
*ArO ~ fluorescence decay was found to be single exponential intercepts for these plots were interpreted as negligible rates of
and *ArO~ fluorescence maximum to be the same for all pH the proton-induced fluorescence quenchirkg) for neutral
values studied. The fluorescence lifetime and emission maxi- species of both compounds. Time-resolved fluorescence data
mum of the 1-naphtholate anion are known to be sensitive to for 1N confirm this conclusion on negligibli, in cationic

its microenvironment®2%4%A longer lifetime in CTAB solutions micelles; values of (T4 + Alr)/(1 + A) = 1o + kg + kit

(o' = 18.9 ns for 1N) as compared to bulk water (8.0 ns) and kq[H3O"]sx (see eq A5, data not shown) were found to be
a large blue shift of the *ArO fluorescence maximum in CTAB  constant over the entire range of HCI concentration studied. The
micelles relative to water, ethanol, and aqueous acetofftrile values of the apparent bimolecular rate constants determined
indicated that the 1N anion was localized in a less polar from steady-state and time-resolved data were in good agreement
environment. Therefore, the protolytic photodissociation of 1IN (see Table 1). Similar values kf; andk, were obtained from
took place in the micellar phase and the excited anion remainedthe *ArO~ fluorescence quantum yields plotted against the
bound to positively charged micelles. Similar behavior was proton concentration according to egs A11 and A12. Good linear
expected for strongly hydrophobic 201N. Parameters of 201N correlations for these data (see Figure 4) provided additional
fluorescence decay curves in neutral and basic CTAB solutionsevidence for the negligible rate of the proton-induced fluores-
are presented in Table 1. Very long fluorescence lifetimes of cence quenching for neutral species in CTAB solutions.

1IN and 201N naphtholates determined from purely exponential  Nonionic Micelles of Brij 35. Figure 5 shows fluorescence
decay curves exclude slow solvation of these fluorophores in spectra of 1N and 201N in 10 mM Brij 35 solutions at various
micelles. So, we do not think that the slow transient effects are HCI concentrations. At pHx~ 6, the I\'/ly ratio for both
responsible for a hypsochromic shift of the anion fluorescence compounds was much smaller than that in the CTAB solution.
spectra. Most probably the latter is due to static solvation effects Thely'/Iy values in Brij 35 micelles were comparable to those
(lower polarity, etc.). Itis noteworthy that the fluorescence decay obtained in 66 vol % aqueous acetonitrile (1.8 and 0.9 for 1N
time of 201N anion increased strongly in cationic micelles as and 201N, respectively). An increase in the acid concentration
compared to a MeCNH,O mixture (2:1 viv,7o’ = 10.8 ns). led to effective quenching of ArOH and ArGluorescenceAf
Contrary, the fluorescence maximum for this anion was only = 443 and 475 nm for 1N and 201N, respectively). In a Brij
slightly sensitive to the environment. This suggested that some 35 solution with pH~ 6, fluorescence of the neutral form of
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Figure 6. Fluorescence decay curves of the neutral and anionic species
of 1N in Brij 35 micellar solution at pH~ 6 (open symbols) and 12
(filled symbols). The solid lines are the best fits to the data convoluted

) . with the instrument response function labeled as “flash” (dotted line
Figure 5. Fluorescence spectra of 1N (a) and 201N (b) in 10 MM wjith symbols).

Brij 35 micellar solution in the presence of NaOH (pH13, dashed
lines) or HCI (solid lines). Arrows with numbers refer to *ArO [H O+] /M
fluorescence and represent an increase in HCI concentration, which 30k

was 0 (1), 5 (2), 8 (3), 13 (4), 25 (5), 50 (6), 150 (7), 250 (8) and 1000 0.00 0.05 0.10 0.15
mM (9) for IN and 0 (1), 5 (2), 17 (3), 25 (4), 50 (5), 83 (6), 200 (7), L

500 (8) and 1000 mM (9) for 201N. The spectra of basic solutions
were multiplied by a factor of 0.5.

1IN (A4 = 363 nm) decayed exponentially with a lifetime of 2.1
ns (Figure 6). Fluorescence response function of the 1N anion
was well described by a two-exponential function (eq A2). The
rise and decay time were found to be 1.7 ns and 15.2 ns. In
contrast to CTAB solutions, the *ArOfluorescence decay in
basic Brij 35 solution (pH~ 12 in Figure 6) could only be
fitted with a sum of two exponentials with decay times of 6.7
ns and 15.4 ns. A substantial decrease of the *AflGorescence
guantum yield and a red shift of the emission maximum (see
Figure 5) were observed under basic conditions. The short-living
component in the *ArO fluorescence decay observed in the
basic Brij 35 solutions was ascribed to emission of the anion
localized in the aqueous phase. For 201N, the *Ard2cay
was found to be monoexponential and the emission maximum
to be constant at all pHs studied. These data suggested
localization of the neutral and anionic species of this hydro-
phobic compound in the micellar phase formed by the nonionic
surfactant Brij 35.

Noncomplete solubilization of the 1N anion in the micellar 1oL .
phase makes impossible the correct determinatiopgffor 0.0 02 0.4
this compound. Fluorescence data obtained for the neutral Brij (o0 Y(pp')

35 solution and ethanol were used to estimataccordingto _— I)N e [IljbO*] (@ and o/
eq Al4. Feasibility of this procedure is proven by similar values 1)?H3O+]z Vs (¢N(pl)/(¢§:') (k(f)Nf(gr IN (filed symbgls) . 201NN¢(Open

of k; obtained with the two methods (eqs A13 and A14) for symbols) in 10 mM Brij 35 micellar solution.

both naphthols in CTAB solutions and for 201N in Brij 35

solution (see Table 1). Figure 7a presents the plots of the preted in terms of variations of the equilibrium constant for the
fluorescence quantum yield ratipgn')/(¢png') against [HO™]s hydronium ion exchange between the aqueous and micellar
in Brij 35 micellar solutions. In contrast to the CTAB solutions, phases. This constant should decrease with the acid concentra-
these plots were nonlinear. Sublinear dependences may be intertion because of electrostatic repulsive interactions between

W) -1

N

’

(o

+. 1
(py/p-1YHO ], M
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Figure 8. Fluorescence spectra of 1N (a) and 201N (b) in 200 mM 1 T T
SDS micellar solution in the presence of NaOH (H.3, dashed lines) 0.00 0.02 0.04 0.06
or HCI (solid lines). Arrows with numbers refer to *ArGluorescence : : + ’ ’
and represent an increase in HCI concentration, which was 0 (1), 1.2 [H3O ]z /M

(2), 2.5 (3), 4.2 (4), 6.7 (5), 17 (6), 25 (7), 58 (8) and 250 mM (9) for

Figure 9. Plots of @on)(eng') — 1 vs [HO]x (a) andgn/e vs
1N and 0 (1), 1.6 (2), 3.2 (3), 6.3 (4), 12.5 (5), 25 (6), 50 (7), 100 (8), ; .
and 250 n(ﬂ\zl ©) fgr)201l\(l.) “) ®) ©) ™) (8) [H3O"]s (b) for AN (filled symbols) and 201N (open symbols) in 100

mM SDS micellar solution.

hydronium ions and Brij 35 micelles charged by protons the same manner as it was done for Brij 35 micelles; absorption
absorbed. The initial slopes (§8]s < 25 mM) gave k-; + of hydronium ions by micelles resulted in a change of the surface
kq¢)7n' values of 106 and 123 M for 1N and 201N, respec-  potential and, therefore, in a decrease of the activity coefficient
tively. The same procedure as for CTAB micelles was used to of HsO" and of the apparent rate constants. Similar sublinear plots
determine separately all bimolecular rate constants. The valueshave also been observed for the proton-induced fluorescence
obtained from the fluorescence quantum yields agreed well with quenching of 1-substituted naphthalenes in SDS mic&li€ke
the values determined from parameters of fluorescence decaylatter results have been described by the ion exchange formalism.
curves measured as a function of the proton concentration (sedn this work, only initial slopes were used to estimalte(+
Table 1). k¢)Tn'. Values of 187 and 122 M were obtained for 1N and
Anionic Micelles of SDS.Fluorescence spectra of 1N and 201N, respectively. Separate determinatiofkafandk, was
201N in 100 mM SDS micellar solution are presented in Figure done only for 1N by using parameters of fluorescence decay
8. Only very weak emission of anionic species was observed curves measured as a function of HCI concentration. Plots in
in the fluorescence spectrum of 201N (Figure 8b). An increase the coordinates corresponding to eqsA& were also strongly
of 7y and a decrease of'/Iy in SDS micelles as compared to  nonlinear, and only initial slopes were used. As can be seen
CTAB and Brij 35 solutions indicated that the protolytic from Figure 8, strong proton-induced quenching of *ArOH
photodissociation slowed when the interfacial electrostatic fluorescence was observed in the anionic micelles. The *ArOH
potential was switched to a negative value. Noncomplete fluorescence quenching rate could be easily determined from
solubilization of the 1N anion was observed in SDS solutions the plot ofpn/@ vs acid concentration (the second term in the
at pH > 11. This was evident from the emission maximum of right part of eq A10 could be neglected because the photodis-
the 1N anion {s = 472 nm) that was close to that in bulk water sociation rate in the SDS micelles was relatively small).
even at pH~ 7 and the biexponential decay of *ArO
fluorescence. In contrast, fluorescence decay curves for anionic
species of 201N remained single exponential at all pHs studied. The proton-transfer kinetics in micellar solutions is strongly
Complete dissociation of 201N in the ground state could not affected by the rate of reactants’ migrations between the micellar
be observed because of SDS coagulation atptB. All these and aqueous phases. In our previous studié8we have shown

Discussion

effects made impossible determination @f for both com- that many aromatic hydroxycompounds in the ground and
pounds in SDS micelles. THe values estimated from tHg'/ excited state could be almost completely solubilized in the
In ratio according to eq Al4 are presented in Table 1. micellar phase, i.e., the rate of *ArOH exit from the micellar

Figure 9a shows the *ArOH-to-*ArOfluorescence quantum  phase was much smaller than the fluorescence decay rate. The
yield ratio, which is plotted in the coordinates corresponding to exit of aromatic anions (*ArO) from the micellar phase into
eqg A9. The plots for both naphthols in SDS micelles strongly the aqueous phase was found only in like charged anionic
deviated from linearity. These results were interpreted in much micelles!¢¢dThe rate constant for the exit of the excited anions
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SCHEME 2
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hydronium ions 4') can be expressed as
1 = Ky/(ky + Ky) = Koyr/(Kout * Kngr) (5)
n' =kol(ky +Kg) =k g/(kgt+ kye) (6)

These quantum efficiencies were determined from experimental
data (see egs Al5 and A16) and used further to evaluate some
rate constants introduced in Scheme 2. Valudsafkour, knr/

k_gr, andk_r/kout were obtained by using eqs 5 and 6. These

of chlorosubstituted 2-naphthols from SDS micelles was esti- [atios of the rate constants were utilized to calcukatandkiy

mated to be~0.1 nsl. Even in this case, the exit was rather

from the values ok; andk-; according to eqs 2 and 3. The

slow to affect substantially the rate and equilibrium constant "€Sults are presented in Table 1.

values determined from fluorescence quantum yield and/or

A shift of apparent g* in micellar solutions (K* m) relative

fluorescence decay measurements. The interphase exchange raf@ that in bulk water (K*v) was obsgrved for 1N df ziﬁvatives
for other reactants, particularly for hydronium ions, should be (Table 1) and other hyd*roxyaromatlc compouftig* Ac-
high, and it is, therefore, very important to take it into account €ording to eq 4, the i difference can expressed in the

in analyzing proton-transfer dynamics in micelles.
Our data forks, k-1, and @gK* in micellar solutions are

collected in Table 1. Kinetics of the protolytic reactions in
micelles was rationalized in terms of a simple model including
an intramicellar proton-transfer equilibrium and interfacial

exchange of hydronium ions (Scheme 2).

following form
ApK = pK*, — pK*,, =
log [(kin/kour)/ (KredKsed] — 109 [(ke/k_g)w/(Ke/K_r)w] (7)

pK* values of 1N and 201N in nonionic micelles appeared to

Scheme 2 is formally quite similar to a kinetic scheme be very close to those in MeCNH,0 mixture (2:1 v/v). This

commonly used for homogeneous solutiéh&43Here,kr and

implies similar values okg/k-gr provided that the diffusion

k_r are the rate constants of the forward and backward proton parameterskin/kout andkredksep) are not substantially different

transfer along hydrogen bonds in reactive complekgs,is

in these media. ThelF shift in aqueous acetonitrile was shown

the rate constant of radiationless decay of a reactive ion pair.to be mainly caused by a ca. 40-fold decreasie:df This effect

The rate constantgy andkoyr refer to formation and separation

was only partly compensated by an increasekgpi/krec. A

of the ion pair inside the micellar phase. It must be emphasized comparable decreaselef might be anticipated in micelles. Data
thatky andkout correspond to interfacial exchange processes. in Table 1 show thakr values in the micellar solutions are

In contrast, the analogous parametdqssc and ksgp for a

indeed very close to those in the MeEN,O mixture. Notice

reaction in homogeneous solution refer to the rate constantsthatk; in the series CTAB, Brij 35, and SDS showed much
obtained from the steady-state approximation for diffusion. larger variations tharks. In cationic micelles of CTAB, the
Nonstationary effects related to geminate recombination seemapparent g* value of 1N was found to be smaller by2 units

to be of minor importance and can be neglected for many than that in nonionic micelles. The excited-state acidity of this
photoacids and photobases. However, these effects are essentigompound in cationic micelles was even greater than in aqueous
for kinetic studies in the picosecond time domain and they can solution'4-2446When Brij 35 micelles were compared to anionic

be used to unravel some mechanistic detail$>
Apparent ratek;) and equilibrium K* = ki/k—;) constants

for the excited-state protolytic dissociation in micelles can be

written as
k — I(RkOUT — k|NK* (2)
! Kgrt ke Tkour 1+ (Kyg + Kour)K g
k — k—RkIN — kiN (3)
1 kfR + kNR + I(OUT 1+ (kNR + kOUT)/kfR
K* = k]_/k—l = (kR/k—R) (kOUT/kiN) 4)

Experimental values ofi* for 1IN and 201N in CTAB, Brij

micelles of SDS, a smaller increase &L unit was found for
IN. Its ground-state K increased only by 1 unit in the series
CTAB, Brij 35, SDS. In contrast, comparable variations by more
than 3 units were observed foKp and K of 201N in these
micellar solutions.

To gain a better understanding of micellar effects on the
protolytic dissociation, we converted ouK plata into micellar
surface potentials, which should be independent of a probe used.
The interfacial electrostatic potentigh) can be calculated from
the (K shift according to eq 815

2.30RT

Y =""20 AAPK, (®)

whereAApK = ApK(y) — ApK(0) = pKm(y) — pKm(0). Here,

35, and SDS micelles were very close to each other. This pK(0) was taken to be equal to a value in neutral Brij 35
indicates that the presence of the alkyl substituent did not resultmicelles. The micellar surface potentials obtained from our data
in a significant change of the localization of the reactive group for 1N derivatives are presented in Table 2. For comparison,
so that the ratio kgr/k—_g) did not differ much for these two  the y values were also estimated from ground-state titration
compounds. Somewhat different effects have been observed fordata forw-(2-hydroxynaphthyl-1)-decanoic aciiThey values

2N derivativesg* In CTAB micelles, the g* value was larger obtained with the use of the strongly hydrophobic 201N are in
by ~0.5 unit for alkyl-substituted 2N than for the parent good agreement with one another and with data reported for
compound. This has been explained by a different localization CTAB and SDS micelles at the ionic strength ugg#p2148
(orientation) of the alkyl substituted compounds in the CTAB Discrepancies im\pK observed for the singlet excited and
micelles that resulted in largely different energies of anion ground state of 1N as compared to 201N were attributed to an
solvation. Quantum efficiencies of the protolytic photodisso- implicit difference in the meaning ofpand K*. The ground-
ciation ¢7) and of the adiabatic protonation of *ArOby state X obtained from the spectrophotometric titration corre-



1-Naphthol and 2-Octadecyl-1-Naphthol in Micelles J. Phys. Chem. A, Vol. 108, No. 40, 2008219

TABLE 2: Micellar Surface Potentials Calculated from the Ground- and Excited-State (K Values of Naphtholg

probe state CTAB Brij 35¢ SDS
2-octadecyl-1-naphthol G +95 (10.0) 0(11.6) <—83 (>13)
E +106 (—0.7) 0(1.1) —112 (3)
1-naphthol G +35 (9.5) 0(10.1) —24 (10.5)
E +101 (-0.6) 0(1.1) —71(2.3)
w-(2-hydroxynaphthyl-1)- G +89 (10.0) 0(11.5) —18(11.8)

decanoic acid

2 Electrostatic potentials are given in mV; numbers in the bracketskaneafues.” Letters “G” and “E” refer to the ground- and excited-state
data.c Zero value of the surface potential was assigned to Brij 35 micelles.

sponds to an equilibrium established for all reagents. This The rate constart_r can be expressed as a function &f gy

guantity in micellar solutions can be expressed as using the following expressions
[ArO 1,,0A[Hs0 "], 014 k_r = ke ©XPAGIRT) = kg® exp[(AG — AG')RT] (12)
me = _IOQ =
[ArOH],, oA _ "
AG = 2.3RT[pK* — log(kn/Koyr)] (13)
pApH el
pK,, — log ~ pKy — 109 pa Py (9) . , o1
PaH AG = AG/2 + [(AGI2) + (AGy )] (14)

wherepan, pa, andpy are the distribution coefficients between
the micellar and aqueous phase for ArOH, At@nd HO™,
respectively. An approximate equality was obtained by assuming
that pa ~ panpa®, wherep,® is the electrostatic contribution
to the distribution coefficient of ArO. The ground-state ko
shift depends largely on the distribution coefficients of ArO log(k /s’l) _
and HO™. In contrast, the excited-staté&pis obtained from 9Ky
the rate constant ratid{k 1) under steady-state conditions and  a — pK* — log{ exp[1.1518—pK*) + (1.325@ — pK*)? +
assumptions that *ArOH and *ArOare completely solubilized 2\1/ -
in the micellar phase. ThusKp shift depends only on the b%)*expl2.303] + exp[-2.3031} (15)
interfacial distribution of HO™ and does not depend on the wherea= log(Mkin/kout), b = AGG*RT, ¢ = log(ks%s™2), and
interfacial equilibrium for *ArOH and *ArO. For highly d = log(kout/s™2). For the reactions in watea, = log(Mkgred
hydrophobic compounds, the electrostatic contributiopptoan ksep andd = log(kseds 1). Experimental data obtained in this
be neglected and, therefore, botk pnd K* depend mainly  work and found in the literatufé15-17:4450-57 for water, cationic
on the distribution of HO*, which is largely governed by  micelles (CTAB, tetradecyltrimethylammonium bromide, and
electrostatics. Very good agreement between micellar surfacedodecylpyridinium chloride), and nonionic micelles (Brij 35,
potentials calculated from Kp and [K* values of 201N 56, and 58) are presented in Figure 10. It should be emphasized
confirmed this conclusion. Theki values for 1N also provided  that experimental data both for the ground-state and excited-
reasonably good estimates for the micellar potential, although state reactions were used in the same plots. For aqueous
a significantly smallegy value for SDS micelles indicated that  solutions, we simultaneously analyzed data for acids of different
the excited anion of 1N leaves the negatively charged micelles. charge. As one can see from Figure 10, variatiorlg iind g<
Ground-state I§ values for 1N andv-(2-hydroxynaphthyl-1)-  caused by the electrostatic effects on the diffusion rate constants
decanoate gave very small values of the surface potential ofappeared to be relatively small and comparable to variations
SDS micelles. This showed that their deprotonated forms are caused by other (unknown) factors. Results of fitting the kinetic
localized in the aqueous phase. data to eq 15 are collected in Table 3. Generally, good
A deeper insight into mechanisms of the protolytic reactions description within the formalism presented above was achieved
in micelles can be gained from analysis of a correlation between for the reactions in micelles and aqueous solutions.
ki andK* for a set of compounds in micelles of a certain charge ~ When we used four-variable parameters in fitting the data
type. From eq 2, one can easily obtain the following relation for homogeneous aqueous solution, we obtain&d*/RT~ 0
and logkr%s™) = 11.3 &+ 0.3. This means that the limiting
log(ky/s ) = rate of proton transfer is characterized by a time ofl8 ps
N ek (1%, which coincides with the dielectric relaxation time of
loglen/s ) — pK 10g(1+ (ke * kour Vk-r) (10) water p = 8—9 psp8 within the accuracy of the analysis. It is

Nonradiative deactivationkg) is negligible for the majority generally believed that_ the intrinsic 9barrier f_or proton tr_ansfer
of aromatic compounds in agueous solutions. Although the rate Petween heteroatoms is very snfai® l/ery high uncertainty
of this process for 1N derivatives in water and in micelles (S€veral orders of magnitude) in théS/RTvalue obtained in
appeared to be comparable with the diffusion-controlled separa-CUr analysis precludes further discussion of this quantity. When
tion of the ion-pair (see Table 1 and refs 33 and 44), the term W€ fitted the data usindi and kour fixed to the values
kar/k_r was still smaller tharkour/k_r for these systems. If calculated for the diffusion-controlled reaction of a monoanion

we neglect the radiationless decay of the reactive ion-pair, we With HsO™ (see Table 3 and ref 33), we obtained practically

whereAG andAG* are the reaction and activation free energies
for intramicellar proton transfer with the rate constantand
AGq* is the activation energy of the isoergonic reactitG(=

0 andkr = k_g).*® Combining eqs 1414 we obtained

can rearrange eq 10 to the same values of the intrinsic barrier and the_limit_ing rate
constant. These parameters were found to be quite different in
Iog(klls_l) — cationic micelles. Of special interest is an approximately 60-

fold decrease ikgC. This change is accompanied by an increase
log(kin/kour) — PK* — log([1k_g+1/koyql/s) (11) in the activation free energy of the isoergonic reaction. The
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TABLE 3: Kinetic Parameters Obtained by Fitting Eq 15 to the Data Shown in Figure 10&

log(kr%s ™) AG*IRT log(Mkin/Kout) log(kout/s™)P log(kn/M~1s71)P
water 11.3(11.3) 0(0) 0.0 -0.3) 10.6 (10.9) 10.8
cationic micelles 11.2 (9.46) 5.3(1.5) 0.1(0.14) 9.5 (22.5) 9.6
nonionic micelles 11.2 7.7 17 8.9 10.6

a2 The rate constants for diffusion-controlled steps were kept constant and equal to the calculated values shown. Values in the brackets were
obtained by using four variable parameteérBor water,ky andkour correspond to the steady-state diffusion rate constants denotegceand
kser For uniformly reactive spheres, the following equations were uggd= krec = [47NAaD/1000][0/(e’ — 1)], kout = ksep = [3D/a[ /(1 —
e7)], whered = —€%/(4resc a RT), D = 1.0 x 104 cni¥/s, T = 295 K, ¢ = 78, anda = 7 A for water;0 = yF/RT, a= 27 A, andy = 0 and
+100 mV for nonionic and cationic micelles, respectively. For diffusion-controlled reactions of a uniformly reactive sphere B witRRgadids
a sphere A with radiuRa that has a reactive hemisphere with radiyghe rate constants calculated for micelles were multiplied by a steric factor
(f) of 0.19, that was estimated using egs 6, 19, and 20 from reR66: 20 A, Rs = 1 A, I, = 7 A. Only minor changes ifiwere obtained when
Rs was varied from 1 to 5 A.

2 0 2 4 6 8 10 5.3 and the limiting rate of proton transfer similar to that in
b ' ' ' ' ' water. The latter result suggests similarity of dielectric relaxation
(@ 7 times in these media, which is also supported by available
] experimental data for mixed MeCN solutiotfskr = 2 ns?
andk_r/kout = 0.1 calculated from the fitting parameters for
an acid with i = —0.7 also compare well with the experi-
mental results for 1N and 201N in CTAB micelles (Table 1).
We usedks? and AG*y/RT obtained by fitting the data for
cationic micelles together witkiyy andkoyr calculated for ap
value of —100 mV to calculatég andk_g for an acid with K
= 3 in anionic micelles. Although we could not reproduce the
absolute values obtained for 201N in SDS micelles, the
calculated parameters showed the same tendency as seen for
this compound in CTAB and SDS micelles. The lack of the
data for X < 1 in nonionic micelles prevents independent
estimation of all four parameters. When we used the calculated
- values of the diffusion rate constants akgf obtained for
cationic micelles as fixed parameters, we obtaingfy/RT =
7.7.

Analysis of experimental data for homogeneous aqueous
solution showed that, for compounds witk p 0, k_g > ksgp
and kygr, and therefore, reaction kinetics is mainly controlled
by the protolytic equilibrium in the solvent cage and by the
) 0 5 4 6 3 10 proton diffusion rate

Pk keksep
Figure 10. Plots of logki/s™) (a) and logk-/M~* s™%) (b) vs (K* in k= m ~ (Ke/k_g)Ksep (16)
aqueous solution (circles), cationic micelles (triangles), and nonionic R R EP
micelles (diamonds). Solid lines correspond to the fitting curves K
obtained by using eq 15. Fitting parameters are presented in Table 3. KN

log (k,/s™)
~ (@) (e e] 5

N

log (k,/ M's! )

k j=7——F775—~ a7
L o . ! k—R + kNR + I(SEP kiN
fitting results for cationic micelles showed that the rate constant
of the diffusion-controlled separation of the ion pais(r) was In micellar solutions, this kinetic regime appears to be realized
indeterminate (a fitting error of10'2 for log(kout/s™?). If we only for very weak acids (§ > 5). For the vast majority of

assume that the reaction of a naphtholate anion buried in aphotoacids, the protonation rat&_g) is comparable to the
micelle and a hydronium ion can be modeled by a diffusion- diffusion-controlled rate of the proton exitdyt) and the plots
controlled reaction of two uniformly reactive spheres with radii of log(ki/s™1) vs pK* are expected to be essentially nonlinear.
of ~20 A (micelle) ad 7 A (proton), we obtain unrealistically ~ For compounds with i§* < 1, the photodissociation rate
large values of the diffusion rate constants (kng= 11.3 and constant ki) in cationic micelles should be close to the rate
10.3 for nonionic and cationic micelles, see Table 1 and footnote constant of proton-transfer inside a micelklg)(and it may be

for Table 3). To obtain more reasonable estimates for theseused to directly characterize water properties in the micellar
quantities, we used approximate relati®nfer a steric factor interior.

derived for the diffusion-controlled reactions of one uniformly Figure 10 shows that kinetic data for long-chain substituted
reactive molecule (proton) with another one having a reactive naphthols fit in with the common picture of the protolytic
hemisphere (micelle with naphthol). This model seems to dissociation of aromatic compounds. There is hardly any specific
provide more accurate parameters than the more popular modekffect of hydrophobicity on the kinetic parameters. The steric
of reactive patche%. The model parameters used can be found hindrance plays an important role in cluster experiments where
in Table 3. The calculated rate constants for anisotropic diffusion one can measure high-resolution spectra of Ar% isomers
were in reasonable agreement with estimated from experi- ~ where A is a proton acceptét.However, studies in liquid
mental data for cationic and nonionic micelles (see Tables 1 solution deal with the statistical distribution of all possible
and 3). Fitting the data for cationic micelles with the diffusion conformers and aggregates. Our experimental findings in
rate constants as fixed parameters yieldefiGy*/RT value of homogeneous solutioffas well as in micelles demonstrate that
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excited-state proton-transfer rates are somewhat smaller forsolutions, where proton activity could be estimated from the
201N than for 1N but not much, probably because of nature of concentration, total concentration of an acid added was used as
water cluster as proton acceptor. Ttralkyl group seems not  [H3O"]x in our studies of micellar solutions. All the bimolecular
to disrupt (HO), and (HO)H™, structures critically. In nonionic  rate constants had therefore apparent values. The rate constants
micelles, iK* and k; for LN and 201N are practically identical can also be obtained from *ArOkij and *ArO(¢') fluores-
and close to the corresponding quantities in aqueous acetonitrilecence quantum yields measured as a functions g®{f:;, when
solution33 Only minor discrepancies between acidity constants the data are plotted according to the following equations
and rate constants of 1N and its hydrophobic analogue were
observed in cationic micelles. This suggests similar average (p@)(¢.e") ={1+ (k_,+ kq')rN'[H30+]z}/klr0 (A8)
localization sites for the hydroxy group of 1-naphthol and its
hydrophobic derivative inside the micellar phase. The conclusion ' "N — A +
is supported by our NMR studies that showed similar localiza- @g'ong) =14 (ko b kq JnTHO Lz (A9)
tion of naphthols and their alkyl derivatives in CTAB micelfés.

P g (@0 — DIHOT; = Kyt — kit a7 (g Vg ry)
Conclusions (A10)

2-Octadecyl-1-naphthol in the ground state was found to be

a weaker acid than the parent compound in micellar solutions. (@ol9' — 1) — (@olpy — L) @en)(@' on) =
In the singlet excited state, 1-naphthol and its octadecyl L "
derivative showed similar rate and equilibrium constants of the kq 7o[HO']s (Al1)
protolytic dissociation in CTAB and Brij 35 micelles. Although
the long-chain alkyl group appeared to have little effect, if any, @oly' — 1= 1Uk) + kq'TO'[H30+]2 +
on the 1-naphthol localization in micelles, hydrophobic deriva-

] r —+
tives are clearly better probes for negatively charged systems, (kg + kq )70 [H30 15/ (ky7)s (A12)
and they can provide further insights into mechanisms of proton- ) L
transfer reactions in surfactant assemblies. Here, ¢o = kito and g’ = ki’ are the fluorescence quantum

A comparative study of the excited-state proton-transfer yields of *ArOH and *ArO™ in the absence of the excited-state

reaction of naphthols and their long-chain derivatives allowed Protolytic reactionsgy andg¢' are the fluorescence quantum
proposing a kinetic model of the reaction in micellar solution. Yi€lds of *ArOH and *ArO™ measured at pH- 7, when all
The central point of the model is the direct proton exchange Pimolecular processes can be neglected,=1/1/ro + ks and
between micellar and aqueous phases that is strongly dependerfit S the ArOH fluorescence decay time at pH close to neutral.
on the micellar surface potential. Analysis of the correlation Equations All and A12 are valid only kifki < ky'7o".
between rate constants arid for various compounds suggested "€ Pphotodissociation rate constari)(can be directly
significant differences in the mechanisms of the protolytic ©Stimated from the fluorescence data obtained at-pH
dissociation in water and in micellar solutions. Available K = (oo (el e AL3
experimental data for cationic and nonionic micelles can be 1= (@n'190) (7o 1ty ) Ty ( )

rationalized if one considers anisotropic reactivity for diffusion- The fluorescence quantum vield was corrected for a difference
controlled steps and assumes much higher intrinsic barrier (or. 4 y

A h ) .
lower limiting rate) for the proton-transfer step in the micellar in the 'ArO fluoresc_ence decay_tlmes,at neutrfY and basic
interior. pH (z0"). In some micellar solutionspy’ cannot be measured

correctly because anionic species in the ground state are
Appendix localized in the aqueous phase. For such systémsan be
Excited-state proton-transfer reactions in micellar solutions determined frompn'/gn and the radiative rate constant ratio
of 1N derivatives are described by Scheme 1, which is similar (kf/k). The latter quantity is assumed to be insensitive to
to that used for homogeneous solutidg\ccording to this environment and is evaluated using independent measurements

scheme, the fluorescence kinetics of *ArOh g¢nd *ArO~ (I') of the fluorescence quantum yields and lifetimes in the absence
has to obey the following equations of proton transfer
I(t) = I [lexp(—t/z,) + A exp(—t/z,)] (A1) _ (onTon) (ro/7o)s (A14)
1 | ! (¢O,/¢0)S TN'
I'(t) = Iy [exp(=t/zy) — exp(-tizy)] (A2)
Here, (o'/gpo)s and o'/t0)s are the ratios of the quantum yields
where and decay times in a selected solvent S, where no excited-state
proton transfer takes place.
Tty = (u+ w2 £ [(u — )14+ kik_,[H;0'1]"* (A3) Quantum efficiency of the adiabatic protolytic dissociation
of *ArOH (1 = ki/(ki + kq)) is calculated according to the
A= (Ury — ))l(p — 1ity) (A4) following equations
w =1ty + ky+ k+ kq[H3O+]2 =1+ A)I(1+ A 1 = (o 10g)(Telty (L — Tp/7) (A15)
(A5)
, , , '/ 74 /T
W=y + (K, +KJHO Ty =1, + L, —u  (A6) = ((”N, 7 (%/mds : (A16)
N (®olpo)s (Lry — Lrg)ty
ki K 4[H3O ]s = pu’ — 1(z,7)) (A7)
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