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Abstract 

The photochemistry of I-naphthol following its electronic excitation in aqueous solution was investigated by a single-photon 
counting apparatus. It was found that following the proton dissociation the excited naphtholate anion decays non-exponentially 
withar- “* dependence over time. This we attribute to a self-quenching reaction of the naphtholate anion by its geminate proton. 
The quenching rate on contact is 3.5 X 10” s-‘. We also found that some of the protons interact adiabatically with a geminate 
recombination rate in D20 of 8 X 10’ s- ‘. The time-dependent escape probability of the naphtholate ion-pair was sampled by 
carrying out the experiment in presence of a proton scavenger. We show that the leading term in the ultimate scavenging 
probability is given by the time integral of the homogeneous scavenging rate of the isolated pair at relatively long times following 
its creation. 

1. Introduction 

The probability that an ion-pair avoids self neutral- 
ization is a classic problem in chemical reactivity [ 1,2]. 
A related problem is the branching between self neu- 
tralization and scavenging in the presence of a scav- 
enger [ 3-71. Photoacids provide an efficient means for 
rapidly creating ion-pairs in the excited state [&12]. 
The photochemistry and photophysics of I-naphthol, 
which is considered a model photoacid [ 13-241, have 
been extensively studied over the past 40 years follow- 
ing the original observations of Fiirster and Weller 
[ 22,231. Two features dominate the kinetic behaviour 
of the excited 1-naphthol molecule and reduce its quan- 
tum yield in aqueous solutions. One feature is an 
extremely fast proton transfer to water [ 15,16,19,21]: 
R*OH+R*O-+H+ (k,=2SX 10” SC’) which is 

’ Present address: The Ben Gurion University, Department ofChem- 
istry, Beer Sheba 84105, Israel. 

among the fastest intermolecular proton transfer reac- 
tions known to date. The second feature is the very 
efficient quenching of the naphtholate anion in strongly 
acidic media [ 14-16.231. We propose that in addition 
to the bimolecular quenching reaction a geminate pro- 
ton-anion self-quenching reaction takes place follow- 
ing the proton dissociation from 1-naphthol. This 
pseudo-nonradiative decay route decreases both the 
quantum yield and the lifetime of the naphtholate anion. 
We have found out that a short transient which follows 
a r - “’ dependence at relatively long times (t > 100 
ps) is apparent in the otherwise monoexponential 
decay of the naphtholate anion ( = 8 ns) following its 
generation by the 1-naphthol dissociation. We also 
have found out that the otherwise mono-exponentially 
decaying population of the dissociating 1 -naphthol acid 
exhibits at relatively long times (t > 2 ns) a slowly 
decaying tail with a r -3’2 dependence over time, sim- 
ilar to that found in reversible geminate recombination 
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reactions [ 25,261. In order to verify our findings, we 
have devised a unique method which unveils the gem- 
inate self-quenching nature of the short transient which 
is apparent on the naphtholate anion fluorescence 
decay. We have been able to show both analytically 
and experimentally that following dissociation the 
evolving time-dependent escape probability of the iso- 
lated naphtholate-proton ion-pair may be sampled with 
the aid of a suitable scavenger, where the ultimate 
escape probability of the pair in the presence of each 
scavenger concentration corresponds to a point on the 
time-resolved escape probability of the isolated gemi- 
nate pair. By taking a series of such points, we were 
able to stop the “internal clock” of the self-quenching 
reaction each time at a different elapsed time and to 
reconstruct from the steady-state quantum yield meas- 
urements the time-resolved fluorescence decay profile 
of the naphtholate ion-pair in the absence of the scav- 
enger. In doing so, we also show for the first time that 
for a general case of pair scavenging the leading term 
in the ultimate scavenging probability [ 61 is given by 
just analytically integrating over time the homogeneous 
scavenging rate of an isolated pair at relatively long 
times where its escape probability assumes a t-“* 
dependence. 

2. Experimental 

I-naphthol (Puriss, > 99%, Fluka) was recrystalli- 
zed from 10 ~01% ethanol-water mixtures to yield col- 
orless-white feather-like crystals. The fluorescence 
maxima of the anion and the acid were at 475 and 378 
nm. The excitation wavelength was at 303 nm which 
is an isosbestic point [ 141. The data was collected away 
from the peaks at 350 and 480-5 10 nm to minimize the 
overlap between the two fluorescence bands. Water was 
Baker HPLC reagent and DzO was MSD isotopes 
99.9%. Potassium acetate was BakerAR and used with- 
out further purification. Acetic acid was Aldrich 
99.7 + % ACS reagent. The time-resolved fluorescence 
intensities were collected by a time-correlated single- 
proton counting system described in detail elsewhere 
[ 271. The instrument response function was 55-70 ps 
full width at half maximum. The resolution was varied 
between 5.4 and 107 ps/channel. Typical concentration 
of I-naphthol was 5 X 10e5 M. Between 2X 10’ and 
lo6 counts were collected in the peak channel. The 

anion fluorescence background at the acid band at 350 
nm was subtracted from the data by the following 
method. Following data collection at 350 nm the pH of 
the sample was changed to 12.5. The residual fluores- 
cence light emerging from the anion band at 475 nm 
was then collected over the same sampling time at 350 
nm, normalized according to the relative peak reading 
at 475 nm and subtracted from the previous data record. 
Solutions containing 1-naphthol were at pH 6.0 f 0.5 
and solution containing the naphtholate anion were at 
pH 12.5. All measurements were taken at the magic 
angle and were repeated at least 10 times with similar 
results. Measurements were carried out at room tem- 
perature (23 f 1°C). Steady-state fluorescence spectra 
were measured with a Spex Fluorolog spectrofluori- 
meter. 

3. Results 

Fig, 1 shows the time decay of the naphtholate anion 
following the dissociation of the excited I-naphthol at 
pH = 6.0 and the same decay following the direct exci- 
tation of the naphtholate anion at pH 12.5. The two 
fluorescence decays were first normalized and then tail 
matched for display. The fluorescence decay of the 
anion at pH 12.5 is mono-exponential with a lifetime 
of 7.95 f 0.05 ns. The fluorescence decay at pH 6.0 is 
non-exponential exhibiting a short initial transient 
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Fig. 1. Time-resolved decay of the naphtholate anion following exci- 

tation at 303 nm. Top: indirect excitation at pH 6. Bottom: direct 
excitation at pH 12.5. The single photon counting decay curves 
(2 X 10’ counts in the peak channel) were normalized and tail 
matched. 



E. Pines, G.R. Fleming/ Chemical Physics 183 (I 994) 393402 395 

0 2 4 6 0 10 

TIME Cns) 

Fig. 2. Same as Fig. 1 with an additional fluorescence decay curve 
taken at pH 6.0 in presence of 50 mM potassium acetate (middle 
curve). 

before becoming almost purely exponential. The final 
portion of the decay has an identical lifetime to that of 
the directly excited anion at pH 12.5. Fitting the decay 
profile to a single exponential decay over a limited time 
range produced a time range dependent lifetime starting 
at = 7.0 ns over the first 2 ns of the decay and ending 
at = 7.8 ns when an extended time range of 25 ns was 
fitted (not shown). Fitting the decay curve with more 
than one exponent revealed that it contains very rapidly 
decaying components starting at = 40 ps. Judging from 
the relative amplitudes of these multi-exponential fits, 
the fast transient carries 40 f 10% of the total decaying 
population amplitude. 

Fig. 2 shows the same data as in Fig. 1 with the 
additional decay profile of the naphtholate anion in 

buffer acetate 50 mM at pH 6.0. The fluorescence decay 
now is almost identical with the decay of the directly 
excited anion at pH 12.5. Some residual short transient 
is present at the very beginning of the decay profile. 
The average lifetime of the naphtholate decay exclud- 
ing the first nanosecond is 7.8 ns. Judging from the 
amplitudes of a multiexponential fit the residual short 
transient consists of 15 f 5% of the decaying popula- 
tion. 

Fig. 3 shows steady-state fluorescence measure- 
ments of I-naphthol in aqueous solutions containing 
various concentrations of acetate buffer at pH 6.0 f 0.5. 
Starting from the indirectly excited naphtholate anion 
at pH 6.0 the quantum yield increases progressively as 
a function of the acetate anion concentration approach- 
ing the quantum yield found for.the directly excited 
anion at pH 12.5. Judging from the peak heights the 
quantum yield between the indirectly and directly 
excited naphtholate anion is 0.63 f0.03. In D,O this 
value was found to be 0.64 f 0.03. 

The fluorescence decay of the I-naphthol acid in 
DzO is shown in Figs. 4a and 4b. The decay is non- 
exponential at longer times. Multi-exponential fit of the 
decay reveals that it contains a dominant 133 f 15 ps 
decay component and also contributions from more 
slowly decaying components starting at = 600 ps. The 
major decaying component was 36 f 5 ps in Hz0 with 
slower components starting at = 250 ps (not shown). 
However, even with four exponents the fit was poor at 
early times indicating that the decay profile is highly 
non-exponential in nature. 

a ,.--.._ s . . 

Fig. 3. Steady-state fluorescence emission spectra of the naphtholate anion excited at pH 6.0*0.5 in presence of various concentrations of 
acetate anion. From top to bottom: (a) directly excited naphtholate anion at pH = 12.5; (b-d) indirectly excited (following dissociation) 
naphtholate anion at pH 6.0f0.5, (b) 600 mM, (c) 40 mM, (d) 0 mM acetate anion. The concentration of the naphtholate anion was kept 
constant. 
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Fig. 4. (a) Fluorescence decay of I-naphthol in DzO. The single- 
photon counting decay ( lo6 counts in the peak channel) is shown 

after background substraction and was normal&d. (b, insett) Ver- 
tical scale expansion of (a) ( X 50). The fluorescence curve at long 
times is not exponential and has a slowly decaying tail. 

Table 1 summarizes the major kinetic parameters of 
excited 1-naphthol as measured by us and by several 
other investigators. A comparison between these results 
show that in general our measurements reproduce the 
previously reported kinetic values. 

Table 1 

Kinetic parameters for electronically excited 1 naphthol 

4. Discussion 

4.1. Recombination probability of an isolated reactive 
pair 

The dynamics of an isolated reactive pair is usually 
treated with the Debye-Smoluchowski equation 
[ 28-301, which assumes a diffusive flux of reactants 
towards the reaction centre [ 1,6,30,3 11. To account for 
chemical reactivity on contact, a radiative boundary 
condition at the contact is usually used [ 321. In that 
approach one assumes that the reaction rate on the 
reaction surface is proportional, in turn, to the diffusive 
flux at that surface, the proportionality constant being 
the chemical reaction rate on the contact, k, 

ap(r, 6 
ar 

= Ma, 0 . (1) 

In this expression the reaction space is assumed to be 
spherically symmetric, D is the mutual diffusion coef- 
ficient of the reactive pairs, p is the relative density of 
particle B around A, V is their interaction potential 
which is assumed to be Coulombic, and a is the pair 
separation at “contact” where the chemical reaction 
takes place. k, is the chemical reaction constant on 

Compd. Temp. rd 
a ,b 

rr 
PE 

rr &,,(pH 6.0)/c&&pH 12.5) ’ Ref. 

(R) (ns) (ns) 

direct ex. indirect ex. 
1 -ROH 296*1 36f5’ 7.95 f 0.05 6.9-7.9 ’ 0.63 f 0.03 this work 

295rtl 40 1211 
300 35f49 8.1 7.1-7.9 s 0.65 f 0.03 [I91 
2% 33 i 8.0 7.5 f 0.4 0.66 [I51 
298 8.OrtO.2 0.68 r141 

l-ROD 296rtl 133*15= 23.2kO.l 19-23 ’ 0.64 f 0.03 this work 
300 85flOs 23.6* 1.1 0.61 kO.03 [191 
298 100’ 20.0* 1.0 17.2* 1.0 0.66 f 0.05 [ 161 

’ Fluorescence lifetime of I-naphthol in HZ0 or D20. 
b Fluorescence lifetime of the naphtholate anion at pH 12.5 kO.5. 
’ Fluorescence lifetime of the naphtholate anion at pH 6.0 f 0.5. 

’ Ratio between the quantum yield of the naphtholate anion at pH 6.0 (following dissociation) and pH 12.5 (direct excitation). 
’ The fastest component in a multi-exponential fit. 
’ Average lifetime fitted over different sections of the decay profile. See text for details. 
g Measured by fitting the rise time of the anion taken by a streak camera. 
’ Lifetime altered by various concentrations of NaCI. 
’ From computer best fit analysis of both steady-state and timemsolved measurements. The actual time-resolved decay profiles shown are 
somewhat slower than the computer simulated decay profiles. 
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contact and has units of length/time. The boundary and 
initial conditions for isolated pairs generated at the ini- 
tial separation, a, are given by [ 3 1 ] 

4lrPp(r, 0) =6(r-a) , (W 

lim p(r, t) =0, (2b) 
r+m 

where 6 is the delta function and we assume that the 
pair is generated at the contact where it either recom- 
bines or separates by diffusion. At any given time fol- 
lowing the initial generation, the pair population is 
distributed between recombined pairs and separated 
pairs. The probability of finding a pair still separated at 
time t after generation may be found by summing up 
all separation distance probabilities, i.e. [ 311 

m 

P,(t) =41r 
I 

p(r, t)r2 dr, (3) 
0 

where P,( t) is the survival probability of the separated 
pair at time t after generation. The total probability of 
finding the pair either separated or recombined is unity 
assuming infinite lifetimes of the reactants, 

p,(r) +P,(t) = 1 9 (4) 

where P,( t) is the recombination probability of the pair. 
Eq. (4) implies that P,( t) and 1 -P,(r) have the same 
functional dependence on time. The functional form of 
P,(r) at long times may be guessed since the reaction 
rate at long times follows the decrease in the relative 
concentration of the reactants which is given by the 
reciprocal of their time-dependent separation volume. 
The separation volume in turn depends on the dimen- 
sionality of the diffusion space, d, 

p( a, r) a r -d’2; (5) 

in three dimensions one has [ 251 

R(r) ap(a, r) are3j2, (6) 

where R(r) is the time-dependent recombination rate. 
The well-known result for the overall recombination 

probability at long times (r 2 At) is found by integrat- 
ing R(r) over time, i.e. 

PA0 a I rc3j2dr a r-“‘+C, (7) 
ht 

where C is a constant. 
Following the analytic derivation by Hong and 

Noolandi [ 311 one can rewrite their analytic solution 
for the long time behavior of P,(r) and P,(r) in the 
form of 

P,(r) =P,(m) -Kr-L’2, UN 

P,(r) =P,(m) +Kr-1’2, (8b) 

where K is a constant having the units of s”~. P,(m) 
and P,(m) are the ultimate recombination and escape 
probabilities which may be found by steady-state meas- 
urements. At any given time P,(r) + P,( r) = P,( m) + 
P,(m) = 1. 

In our case P,(r) is given by [ 311 

P,(r) =Ps(m) 1+ PP)a2k, 
D(TD)“’ ex 

with 

K=Pz(m) a2k, R, 
D(TD)“~~~ PO a ’ 

_ 112 1 9 (9) 

(10) 

R, is the Onsager length which scales the Coulombic 
interaction between unit charges, 

(11) 

where e is the electron charge, ea the static dielectric 
constant and k,T the Boltzmann factor. 

The absolute quantum yield (AQY) of a separated 
pair having a fluorescence lifetime, r;, is the total sum 
over time of the exponentially decaying population 
P,(r) multiplied by the emission rate kf, where 
( 7;) - ’ = k;, and ki = kf + k, is the overall decay con- 
stant of the excited state [ 331 

m 

c-&, = kf 
I 

P,(r) exp( - k;r) dr . (12) 

0 

&, is the AQY of the separated pairs (in our case 
R*O-). In order to calculate C& we use as a first 
approximation the long time approximation for P,(r) 
(Eq. (8b) ) . Although this analytic approximation of 
P,(r) becomes progressively poorer at shorter times 
than Rz/D [ 3 1 ] we tactically integrate from time zero 
as the short time contribution to the total quantum yield 
is negligible. We get 
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Fig. 5. Log-log plot of P.( f) - Ps(m) as function time. The slope of 
the full line is -0.5. The experimental data ate taken from the 
indirectly excited naphtholate anion shown in Fig. 1. 

m . 
4sp =k, J [Ps(m) +Kr-“*I exp( -k;t)dt, (13) 

0 

+bK t c -“* exp( -k;t)dr . (14) 
J 
0 

II I 

t 0.7 -I\ 
-L I\ I 

I r I ’ I ’ 1 ’ I 

0 2 4 6 8 10 
TIME (ns) 

Fig. 6. The survival probability of the indirectly excited (after dis- 
sociation) naphtholate anion. The data are taken from Fig. 1. Full 
line: long time solution for the escape probability given by Eq. (8b) 
with K= 1.6X 10m6 s”’ and P,(w) =0.595. The ultimate escape 
probability Ps(m) is shown as a broken horizontal line. 

The first term in ( 14) is just (/+lki)P,(m) while the 
second term is given by 

X,K j t-“2 exp( -k~t)dr=~K(k~)-“Z~( l/2) , 

0 

(13 

where r is the gamma function, r( l/2) = ml’*. Sub- 
stituting ( 14) we get 

AP= (16) 

We now make use of the fact that in the case of direct 
excitation of the naphtbolate anion the AQY is given 

by 

$:, =Mk;, (17) 

where &, is the AQY in the case of direct excitation. 
Dividing by c#$, and rewriting for P,(a) we finally 
have 

P,(m) =C#J /c#J’ -K(+rk;)“*. 
SP SP (18) 

Thus Ps(m) may be estimated from the steady-state 
measurement of &p/&p and knowledge of ki. K may 
also be independently estimated by fitting the time 
resolved measurements to E!q. (8). 

Fig. 5 shows a log-log plot of P. - P,( 01) assuming 
that P,(m) =0.595 and taking +Spl<b&, as 0.64. This 
gives K= 1.6~ 10m6 s”*. The slope of the line shown 
is - 0.5 and the decay profile of the naphtholate anion 
approaches it from below. The asymptotic long time 
slope is reached by = 500 ps after the proton dissoci- 
ation. The survival probability was reconstructed from 
the amplitude of the fluorescence curve by multiplying 
it by exp( kit) and assuming the calculated value (Eq. 
(8b) ) of P, = 0.62 at 4 ns after the proton dissociation. 
Fig. 6 clearly shows that most of the quenching reaction 
occurs within the risetime of the naphtholate anion, i.e. 
within the first 100 ps following the proton dissociation. 
The fluorescence decay curve of the naphtholate anion 
is fit very well by Eq. (8b), shown in Fig. 6 as a solid 
line. Substituting the value of K = 1.6 X 10 -’ s”* into 
Eq. ( 10) and setting P,(m) = 0.595, a = 6 X 10 -’ cm, 
D= 10m4 cm* s-l and l&l =7.1 X lop8 cm, we get 
for the self-quenching constant of I-naphthol 

k, =0.068 (A/ps) , (19) 
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which may be converted to the more common units of 
a first-order reaction rate (s - ‘) according to 

3k, =- 
a (4 

x10’2=3.4x lo’Os-‘, 

(20) 

(21) 

where u(a) is the reaction volume with radius a. It 
follows that the self-quenching rate on contact is very 
high (29 ps- ’ ) . This is in accordance with our exper- 
imental finding that most of the quenching reaction 
occurs within the first 100 ps following the proton dis- 
sociation. This high rate of quenching may be explained 
by the close proximity of one of the suggested quench- 
ing sites to the hydroxyl 1 position, i.e. the adjacent 8 
position on the aromatic ring. The other proposed 
quenching site is the 5 position [ 16,341. 

4.2. The ultimate escape probability of an isolated 
pair in the presence of a scavenger 

Fig. 7 shows the dependence of the fluorescence 
quantum yield of the naphtholate anion at 
pH = 6.0 f 0.5 on the concentration of added acetate 
ion. The relative quantum yield &/&, increases as 
the square root of the acetate concentration where & 
is the fluorescence quantum yield of the naphtholate 
anion in the presence of the scavenger. We attribute 

0 2 4 6 8 10 12 14 
(k, (1). cs 1% x 1O-6 

Fig. 7. Relative peak intensities of the indirectly excited naphtholate 
anion in presence of acetate ion (data taken from fluorescence decays 
similar to those shown in Fig. 3) as compared to the peak intensity 
of the indirectly excited anion with no acetate present. The relative 
intensities are plotted against (k,(I)=,) I’*. From the slope of the line 
shown K may be estimated to be I .15 X 10m6 s”‘. 

this effect to the proton scavenging reaction by the 
acetate anion (AC-) which is diffusion controlled [ 91. 
We further assume that ZC, depends on the ionic strength 
according to the Bronsted kinetic salt effect with 
numerical values suggested by Weller [ 91, 

1.02z1’* 
l%kW =logku=o) - 1 +2z,,* 9 (22) 

where Z is the ionic strength which in our case of a 1: 1 
electrolyte is equal to the concentration of the electro- 
lyte. 

The ultimate probability of a pair to escape recom- 
bination in the presence of a scavenger (P,,) may be 
approximated at relatively low concentrations of scav- 
enger by assuming a homogeneous scavenging reaction 
independent of time or pair separation [ 61. In this case 
the problem of calculating the ultimate escape proba- 
bility in the presence of a scavenger is analogous to the 
quantum yield problem, i.e. 

m 

P6J-J) = kc, p,(t) exp( -kc,t) dt , (23) 
0 

where the fluorescence lifetime of the pair is assumed 
to be much longer than (ksc,) - ’ the effective lifetime 
of the pair in the resence of the scavenger. In Eq. (23) 
P,,( 03) is the ultimate escape probability of the pair in 
the presence of the scavenger and P,(t) is given by Eq. 
(8b) and is, as before, a long time approximation for 
the time-dependent escape probability of the isolated 
pair. Substituting for Z-‘,(t) and solving we get 

Psc(m) =Ps(m) +k,c,K(7rk,c,)1’*, (24) 

which is identical with the solution obtained by Sano 

and Tachiya [ 61 by a more elaborate procedure. Defin- 
ing an effective lifetime of the pair, t, = ( ksc,) - I, we 
finally get 

0 

-112 

P,,(m) =P,(m) +K 5 . (25) 

A comparison with Eq. (8b) reveals that P,(t) and 
P,,( 03) have an identical form up to a factor of ml’* in 
the time-dependent term. Eq. (25) implies that one 
could reconstruct the time-dependent profile of P,(t) 
by measuring P,,(m) at several scavenger concentra- 
tions. Eq. (25) may be further simplified if we assume 
that the self-quenching reaction is fast compared to the 
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Fig. 8. Reconstruction of the time resolved profile of the indirectly 

excited naphtholate anion fluorescence decay from the steady-state 
intensities of the naphtholate ion in the presence of a proton scav- 

enger (acetate ion, Fig. 3). The scavenger concentration was varied 
between 3 mh4 to 1 M of acetate anion. For scaling purposes the 

effective scavenging lifetime was taken as (k,(l)c,lu) -“2. The full 
line is identical with the one shown as the best fit for the time-resolved 

fluorescence decay (Fig. 6). 

lifetime of the excited state. In this case the relative 
quantum yields of the anion in the presence of the 
scavenger roughly equal the relative escape probabili- 
ties, i.e. P,,(m) lP,( m) = &/A,. In this case we may 
rewrite Eq. (25) as 

(26) 

Eq. (26) corresponds to the full line shown in Fig. 7. 
From the slope of the line we get K= 1.15 X 10 -’ 
S “2. We stress the point that this value was found with 
no free parameters. Taking into account the approxi- 
mate nature of our approach we consider the agreement 
between the time-resolved and steady-state data as 

remarkable. 
To illustrate our point further, we plotted the survival 

probability of the pair found from the steady-state data 
as a function of (t,,/T) - 1’2 (Fig. 8). The solid line is 
identical with the one shown in Fig. 6. It is of interest 
to note that the steady-state scavenger data is capable 
of sampling the escape probability of the isolated pair 
at very short times which in time-resolved measure- 
ments are buried within the experimental dissociation 
lifetime of the proton. It follows that the long time 
approximation roughly holds in this case down to times 
on the order of 50 ps, which is the time given by 

R;lD. 

4.3. Adiabatic proton recombination in 1 -nuphthol 
dissociation 

The contribution of the adiabatic proton recombi- 
nation to the total QY of the acid form of I-naphthol is 
very small. As shown in Fig. 4 the geminate recombi- 
nation [ 2526,341 contribution to the decay profile of 
1-naphthol becomes apparent in DzO. Here both the 
proton dissociation and the fluorescence lifetimes are 
some three times longer than in H,O. As a result one 
has a much better signal-to-noise ratio at the fluores- 
cence tail of l-ROD as compared to that of I-ROH. A 
log-log plot of Fig. 4 shows that at the tail the fluores- 

cence tends to a t -3’2 dependence on time (Fig. 9). 
Such a dependence is characteristic of the long time 
behavior of a reversible geminate recombination reac- 
tion [ 2526,351. 

This dependence is approximately given by [ 261 

Zf( r) -= 
Kw 

MO) (4nDt) 3’2 ’ 
(27) 

where Zr( t) and I,( 0) are the fluorescence intensities at 
time t and immediately following delta function exci- 
tation of the acid, respectively. K_, is the equilibrium 

constant between the bound ROH state and the ion-pair 
state defined at the contact distance, a, and has the unit 
of volume, 

“1 

2. 5 3 3. 5 4 4. 5 
LOG TIME (ps) 

Fig. 9. A log-log plot of the undeconvoluted decay curve shown in 
Fig. 4a. The experimental fluorescence. intensities were multiplied 
by an exponential factor to correct for the finite lifetime of the 
naphtholateanion in 40 7; = 23.2 ns; f’(r) = I( Z) exp( t/7;). Where 

I’(r) is the intensity after correction. The full line shown has a slope 
of - 1.5. 
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Kq= 
4ma’k” 
r exp(%la) , 

kd 

where k: is the adiabatic recombination rate and kd is 
the proton dissociation rate. Rearranging, we get for 

k: 

M 0 
k: = (bir) “2a -‘kd - 

MO) 
ex (29) 

Substituting for the experimental values Z&t) / 
Z,(0)=2.5X10-5att=31.6nsandkd=7.5X109s-’ 
and inserting the kinetic parameters a = 6 X lo-* cm, 
R,=7.1 X lo-’ cm, D=6SX 10m5 cm2 s-’ we find 
using Eq. (20) 

k,” -8.2x lo9 s-’ (D,O) . 

Assuming that the recombination rate at the contact 
distance obeys a linear free.-energy law [ lo], we can 
estimate the value of k: in H20 by comparing it to the 
value found for 8-hydroxypyrene 1,3,6-trisulfonate 
[ 351, which belongs to the same family of hydroxy 
photoacids as I-naphthol and has a similar pK: in the 
excited state (0.5 compared to 0.4 of I-naphthol) . In 
this case recombination rate in Hz0 was larger by a 
factor of about 2 [ 26,331. Applying this factor to l- 
naphthol we can estimate k: ( H20) 

k; = 1.6x 10” s -’ (H,O) . 

Comparison of this value with the value of kz reveals 
that the quenching reaction is about 2.1 times faster 
than the adiabatic proton recombination. A similar con- 
clusion is reached when one compares the total quench- 
ing yield (40% of the total pair population is quenched) 
with the total yield of the adiabatic proton recombina- 
tion which we crudely estimate from a multi-exponen- 
tial analysis of the fluorescence decay of I-naphthol 
(see below). Judging from the relative areas of a four- 
exponential fit, the combined weight of the slowly 
decaying components is = 0.15 f 0.05 of theareaunder 
the initial 36 ps decaying component. The ratio between 
the quenching yield and the adiabatic recombination 
yield is then = 0.40/O. 15 = 2.6 f 1 in a close agreement 
with our previous estimation. The total proton recom- 
bination rate at the contact distance is k: + k: = 5.0 X 
10” s - I, a rate comparable to the diffusion-controlled 
limit of the bimolecular reaction between the naphtho- 
lateanionandtheprotonk,=5X10’“M-’~-’ [14], 

where kD is the diffusion-controlled bimolecular rate. 
For that reason we expect that in strongly acidic media 
the bimolecular proton recombination rate should 
approach the diffusion-controlled limit. Assuming no 
site preference at early times of the pair recombination 
one may conclude that the measured homogeneous 
rates of proton quenching and adiabatic recombination 
should scale as their corresponding es, i.e. a ratio of 
about 2 : 1 between the homogeneous quenching reac- 
tion and the homogeneous adiabatic recombination. 
This conclusion agrees very well with the bimolecular 
homogeneous rate constants reported by Harris and 
Selinger [ 141, k: = (2.8f0.5) X 10” M-r s-‘, 
k:=(1.4f0.3)X10’0M-‘s-‘,(k~lk,a=2.0~0.4). 
In combination the two recombination rates approach 
the diffusion-controlled limit, k? + k: = (4.2 + 0.8) X 
10” M - ’ s- ‘. Our values are in less good agreement 
with those reported by Webb et al [ 161, ky = 3.4 X 

10” M-r s-‘, k:=6.8X 10” M-r s-l. We believe 
that this reported value of the adiabatic homogeneous 
recombination rate is too large since even without the 
additional quenching reaction it exceeds the diffusion- 
controlled limit. Furthermore, it follows that our anal- 
ysis agrees very well with the data of Harris and 
Selinger [ 141 who considered steady-state relative 
quantum yields and worked in an environment where 
the homogeneous quenching was much larger than self 
quenching, i.e. strongly acidic solutions. Less agree- 
ment exists with the analysis of Webb et al. [ 161 who 
attempted to optimize both the steady-state and time- 
resolved data to a single self-consistent set of kinetic 
parameters, without taking into account the self- 
quenching reaction which is important in neutral solu- 
tions. 

5. Conclusion 

We have shown that the naphtholate anion decays 
non-exponentially following the proton dissociation 
reaction from the 1-naphthol molecule. The long time 
dependence of the decay suggests a self-quenching 
mechanism of the naphtholate anion. This explains both 
the shorter lifetime of the naphtholate anion and the 
decrease in its quantum yield as compared with the 
corresponding parameters of the directly excited anion. 
We further suggest that the actual fluorescence lifetime 
of 1 -naphthol is long, so the additional loss of excitation 
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due to the non-radiative decay of 1-naphthol is small. 
We have also demonstrated that some of the protons 
may combine adiabatically in a reversible geminate 
recombination reaction. We find a ratio of about 2: 1 
for quenching to adiabatic recombination. This agrees 
well with steady-state measurements of I-naphthol in 
strongly acidic media where both homogeneous 
quenching and adiabatic recombination were observed 
with a similar branching ratio. The existence of the self- 
quenching reaction may be demonstrated by using 
suitable proton scavengers which deminish the self- 
quenching reaction. We have also shown that this reac- 
tion may be treated analytically for times longer than 
100 ps. We also demonstrate that the time-dependent 
escape probability of the isolated pair may be recon- 
structed from a set of steady-state measurements taken 
at various scavenger concentrations. 
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