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On-Contact Quenching of 1-Naphtholate by Geminate Protons
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We have carried out temperature dependence studies of the geminate quenching reaction of 1-naphthol utilizing
steady-state and time-resolved fluorescence spectroscopy. The outcome was analyzed using both analytic
and numeric procedures. A novel method for estimating the on-contact quenching reaction rate from steady-
state quantum-yield measurements is described.

Introduction isosbestic point, using 2 nm slits for the excitation. The emission
of the anion was collected at 470 nm, near the emission peak
using 8 nm slits. The pH was adjusted using concentrated HCI
(DCI) and NaOH (NaOD) solutions. Figure 1 shows that the
ratio between the intensity of the naphtholate anion fluorescence
at pH= 12.5 (direct excitation) and its fluorescence intensity

lon pair dynamics are a classic issue in chemical reacfivity.
A related problem is the dynamic branching between self-
neutralization and self-quenchitipf electronically excited dyes
following proton dissociation. Such photoacids undergo rapid
ﬁ]roton d'fo.S(.)C'it'on n t?elr electt_ronl_c excngglos'%t]e, thus_tp;owd- at pH= 6.0 (indirect excitation, following the dissociation of

g an €flicient mean for creating ion pats. € excited- the excited naphthol acid) was practically constant between 430

state photophysics of 1-naphthol, a model photoacid, have been : . . : :
extensively studied in solution over the past 50 y&at8 and 650 nm. The intensity ratio between directly;X and

; X - indirectly excited [jnq) Nnaphtholate was found to be practicall
fO..HOW'n(? the early obfervatlons of photoacidity made by iden'[icaly to the Elqnu?antupm-yield ratio measured ﬁ1 the tv?//o
Fo;;te? an((ji IE)I/ Welle@. f_ b h i hi experiments. The ratio was 1.54 at 25 and was temperature-

Ines ar; h eTlng vr\]/ehrel Irst to o sgrvg the self-quenching dependent (see Results below). Lifetime measurements of the
reaction of the 1-naphtholate anion by its geminate proton i eqily excited 1-naphtholate anion were taken by a single-

following its exm_ted-state proton d|_SSOC|at|6?ﬁS|nce then, t_he __photon counting apparatus, described elsewhEsitation and
coupled quenching and neutralization geminate recombination g yission wavelengths were 350 and 475 nm, respectively
reactions of 1-naphthol have attracted considerable theoretical ' '

and experimental intere3g2-24 Results

In this study, we show how steady-state quantum-yield )
measurements of the 1-naphtholate anion may serve to extract Figure 2 shows the temperature dependence of the naphtholate
the on-contact quenching rate by its geminate proton. The &nion fluorgscen.ce intensity ratio between 430 gnd 650 nm when
proposed procedure provides a readily available and reliable it Was excited directly at pH= 12.5 and when it was excited
method for detection and analyzing this importaalbeit largely indirectly following t_he excited-state acid dlssoc_latlon reaction
elusivel21419 feature of the excited-state photophysics of at pH= 6.0. The ratio was found to decrease_ Wlth tempe_rature
1-naphthol and its derivatives. To do so, we have developed afalling from 1.61 at 5°C to about 1.43 at 55C. Similar behavior
set of analytic expressions using simple kinetic arguments, which Was found for 1-naphthol in £D. In D,O, the intensities ratio
help to clarify and to highlight the main physical features of decreased from 1.62 at°& to about 1.48 at 58C. The inset
this complex kinetic system. The kinetic behavior of 1-naphthol N Figure 2 shows that the intensities of both the directly and
following its excited-state proton dissociation reaction is further the indirectly excited 1-naphtholate anion decreased with
verified using a numerical procedure developed by Agmon et temperature between 5 and 56 (only H,O data is shown).
al®25 We utilize our method to calculate the temperature The lifetime of the directly excited naphtholate anion was

dependence of the on-contact quenching rate of 1- naphthol inMeasured at pH= 12.5 and was found to decrease with the
H,O and DO solvents. temperature between 5 and G (see Table 1).

Experimental Section Discussion

The quenching of the 1-naphtholate emission at neutral pH'’s
following adiabatic proton dissociation was already observed
by the Kuz’min group more than 20 years d§duz’min et

1-Naphthol was from Sigma (9999 and was recrystallized
from a solution of 10% ethanol with water.,8 was triple-
distilled, and DO (99.9% atom purity) was from Aldrich. L int ted thei i indicati f solvent
Absorption spectra were carried out with a HP 8452A diode al. Interpreted their measurements ?S an indication of solven
array spectrometer. The fluorescence spectra were taken Withquenchlng. At neutral and basic pH's, the local concentration

SLM Aminco-Bowman series 2 witi/N ratio better than 750 of the gem_inate proton far eXC‘?e‘?‘S that of the bulk SO'““Q”
The excitation wavelength was at 303.2 nm, which Was. an protons during the excited-state lifetime of the naphtholate anion

(8.0 ns). The self-quenching reaction may be viewed as a static-
* Present sabbatical address: Department of Chemistry, 201 Hildebrand like reaction when measured by steady-state fluorescence

Hall, University of California-Berkeley, Berkeley, CA 94720-1460. Fax: techniques. Pines and Fleming Shqwed th‘?lt the diﬁu;ion-
510-642-6340. Telephone: 510-643-7609. E-mail: epines@zepto.cchem.berkeley.edeontrolled features of the self-quenching reaction may be time-
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Figure 1. (a) Emission spectrum after excitation of 1-naphthol at pH
= 6 (dashed line) and of the 1-naphtholate anion at=pH2.5 (full
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Figure 3. Schematic representation of thecycle reaction scheme of

line) both excited at the isosbestic point (302.5 nm). Due to rapid proton an electronically excited bound state (R*OH) which undergoes both

transfer ¢, = 36 ps) only the anionic emission is observed at$H

reversible geminaterecombination reactiork() and irreversible self-

6.0 and in both cases the line shape is practically identical. (b) Graph quenching reactiorkg). ks is the rate constant of escape of the pair to
showing that the intensity ratio of the two forms is independent of infinite mutual separation.

wavelength between 430 and 650 nm. The wavelength dependence

below 430 nm is due to the residual acid fluorescence centered at 380SCHEME 1

nm which exist at pH= 6.0. The “bumps” above 600 nm are due to
the instrument.
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Figure 2. Ratio between fluorescence peak intensities of indirectly
and directly excited naphtholate anion in®{and QO as a function
of temperature. (Inset) Fluorescence intensities 4@ idf the directly
excited (pH=12.5) and indirectly excited (pH6.0) 1-naphtholate anion
taken at the fluorescence peak (470 nm, uncorrected).

resolved using a high-sensitivity single-photon-counting detec-

tion systent However, the detection of the self-quenching and

ROH i RO ™ ---- H+—ks—> RO+ HY
kr
Kkq
RO™ - H+

TABLE 1: Lifetimes of the Naphtholate Anion in H ;O and
D,O (pH (pD) =12.5) as a Function of the Temperature

T(°C) H,0 (ns) DO (ns)

5 8.56 25.08
15 8.29 2414
18 8.21 23.60
25 7.98 22.55
35 7.77 22.36
45 7.50 21.34
55 7.18 20.46

have remained a very demanding experimental t&skn
comparison, steady-state fluorescence measurements can easily
detect the small changes in the quantum-yield associated with
the geminate quenching reaction (typically-140%) with better
than 1% accuracy; however, such measurements lack dynamic
resolution. For that reason, we have developed a theoretical
method for estimating the on-contact self-quenching reaction
rates of 1-naphtholate and its derivatives using steady-state
fluorescence measurements at solution pH’s where homoge-
neous quenching by bulk protons may be neglected during the
lifetime of the excited state (p&t 5.0).

n-Cycle Model of Coupled Reversible and Irreversible
Geminate Recombination ReactionsWe analyze a general
reversible dissociation reaction of an isolated ion 5aiith
an additional irreversible reaction on contact; see Scheme 1.
Then-cycle reaction model is portrayed in Figure 3. R@®IT,
the contact reactant pair, may either disappear reactivgly (
andk; represent the irreversible and reversible reaction rates,

the adiabatic geminate recombination reactions of 1-naphthol respectively) or disappear nonreactively by diffusion, which
and its derivatives by time-resolved fluorescence techniquesseparates the isolated ion pair to infinite mutual distakge (
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) o

where D is the mutual diffusion coefficient between the ion
pair,ais their contact radius, arf& is the Debye length which
scales the coulomb interaction,

reaction cycle the probability of irreversible quenchingPis k=

the probability of ultimately separating by diffusionks, and

the probability of the pair to survive at the origin equals the

probability, P;, of back recombining to the bound state. The

bound state then re-dissociates to initiate the next reaction cycle.
From the kinetic scheme we have,

kq k, K, RD=|ZlZZ|eZ )
TR ktk KTtk Rkl ko

Here,Z; and Z, are the charge numbers of the two ioeds
the electron charge; is the static dielectric constant of the
solvent,ksT is the Boltzman factor, anBp = 7.1 x 1078 cm
n for 1:1 charges in watgr at 298 K. For the 1-naphthotdde

= - i pair, we havea = 5.5 A andD = 104 cn¥ s 1. We estimate
P4 PolD)F Pel2) F Po(3) + ++ Py(n) qu(l) @ the uncertainty ina and D to be less than 10% and 5%,
respectively; this makes the total uncertaintidtess than 15%.

whereP(i) is the probability of quenching in thieh reaction Using these parameters, one ges= 4.8 x 10'°s™,

Starting with an initial population of contact ion-pairs, at each 3DR,
3
a

P

The overall probability of the irreversible quenching reaction
aftern cycles is given by

cycle. Comparison of the n-Cycle Reaction Model to the Exact
Substitutingeq for the geometric series iRq(i) one gets Numeric Solution of the Diffusion Equation. To compare
between the simple, albeit exact, analytic predictions of the time-
P independentn-cycle reaction model and the exact numeric
¢q=Py+ PP, + PP, + PP+ PP, = 1 _qp ) solution of the time-dependent diffusion equation, we have

r utilized the numeric algorithm that was used in our previous
publication® Briefly, the procedure of Agmon et al. for solving
the sphericat symmetric Debye Smoluchowski (SSDS) equa-
tion®25 was adjusted to include contact quenchirfgigure 4
shows the time behavior of the population of the ion pair using

Substituting forP; and Py (eq 1), we finally get for the total
yield of the irreversible quenching reaction

Kg reaction parameters similar to that of the excited 1-naphthol
ke + ks + kg Ky 1-naphtholate system. In Figure 4, the ion pair is initially
$q= k. = kq + kg 4 generated from the bound state and then is allowed to separate
1-—— by diffusion while the residual population on contact remains
kst kq reactive and either back recombines reversibly to form the initial

) ) bound state or disappears irreversibly by a parallel quenching
The population of the bound state, ROH, after> « cycles is reaction.

given by The different population curves were generated using a set
of geminate recombination rate constaik} \hile keeping all
[ROH],,...=P"=0 other parameters constant. As predicted by eq 6, all normalized
population curves (the time-dependent escape probabilifigs, [
Since for any finitek,, P, < 1. of the ion pair) converge at long times to a single ultimate
The ultimate escape probability of the ion pair to form the survival value,¢y(«), regardless of their different transient
free RO™ and H' ions, ¢s is given by behavior at short times; see Figure 4a. The two limits of the
reactionsk. — 0 andk; — o are clearly realized in Figure 4.
$.=P.+ PP+ P2P 4+ .. 4 PP (5) For k. — 0, the system approaches the irreversible quenching
S s nso s res reaction limit with an apparent time transient given at long times
P, k, by Hong and Noolandl
bs=7—p5 = (6)
1-P ktKk, [6d, = b, + Kt 12 )

S0¢s + ¢q = 1 as it should be.

It follows from eq 4 that the total yield of the irreversible
reaction in such a kinetic system is independentkofthe 2
reversible geminate recombination rate of the contact pair. This K=¢ 2 @ kq expRy/a) (10)

whereK is a constant given by

is an interesting and important outcome of the reversibility of s D(JTD)”2

the on-contact recombination reaction; i.e., the reversible inner

sphere recombinatierdissociation process does not affect the Whenk, — o, the amplitude of the population transient goes
total yield of the irreversible quenching reaction on the boundary to zero and the asymptotic long-time behavior of the escaped
of the inner spherepy andgs may be, thus, used as a convenient pair is delayed to longer and longer times due to the efficient
way for calculatingky irrespective of the magnitude &f. The trapping of the ion pair in its bound state. Figure 4b is alog
second constant appearing in eq 4 is the diffusion-limited rate log plot of [¢s]; — ¢s against time. It clearly shows that at long
constant of separation of the ion pair to infinity (or “escape”), times all curves coalesce to a single-slope asymptote given by
ks, which may be calculated from the physical properties of the the t=¥2 dependence predicted by eq 9. This shows not only
solvent and solute using the steady-state solution of the diffusionthe ultimate yield of quenching to be independent of the
equation reversible recombination rate constant but also that the long-
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Figure 4. (a) Survival probability of an infinitely long-lived ion pair,
[¢41, which undergoes self-quenching reaction, following dissociation

as a function of the reversible geminate recombination rate constant,

k.. Parameters used for the calculationsre 1074 cn? s, Ry = 7

A a=5Aki=28x 10 s, k=3 x 10°s7%; from top to bottom:
k=0,23x 10°°s1, 1.2 x 10" s%, and 3x 10" s™% (b) log—log

plot of [¢g]: — ¢s as a function of time, using the same data set shown
in part a. The solid line represents the= 0 case. All the decay profiles
coalesce at long times to a single slope-di.5 as predicted by eq 9

in the text.

TABLE 2: Comparison of the Escape-Probability of
1-Naphtholate Anion Calculated by a Numeric Procedure
and by Eq 68

kq (A/ns)  ¢s(25ns) ¢s(50 ns) ¢s (o) (calcdy  ¢s (o) (analyticy

0 1.000 1.000 1.000 1.000
10 0.903 0.902 0.900 0.900
50 0.648 0.646 0.642 0.642

500 0.156 0.155 0.152 0.152

aSee text for details gp(») = ¢4(50 ns) — [HKt ™12 dt; K is
given by eq 10°¢ ¢s = kd(ks + kg).

time quenching yield is independentlgfas well. This behavior
was recently studied analytically by Gopich and Agniér*

Table 2 compares the ultimate escape probability calculated

analytically from eq 6 with numeric simulations similar to the

ones shown in Figure 4 using an identical set of rate constants

(kg ki, ks). The numeric calculations were carried out for 25 ns
and for 50 ns, and the finite-time valug, (50 ns) was corrected
analytically to infinite times by integrating eq 9 from 50 ns to
infinity. The numeric value ofs() was found to be identical
to the third decimal point to the result of the analyticycle

reaction model, eq 6. For further applications, the accuracy of
the numeric calculation was judged to be adequate when the

calculation was truncated after 50 ns following the initial
creation of the bound state.

Analysis of the Excited-State Acid-Base Dynamics of
1-Naphthol using then-Cycle Reaction Model.Equations 16

J. Phys. Chem. A, Vol. 105, No. 42, 2004677

SCHEME 2
R*OH == === R10"- oK peo+ 1+
Kkt -K's lkq
ROH RO H*

are exact for ground-state reactions where the lifetimes of the
bound and the unbound states are infinite. For excited-state
reactions, the lifetimes of the bound and unbound states are
finite and the ultimate survival probability of the pair in the
excited state becomes zero.

Below, we show that for the electronically excited 1-naphthol
system one can use the simple form of eq 6 in combination
with the quantum-yield rati®q;/Qing and calculate the corre-
spondingky values to within 16-20% of the exact numeric
calculations. Several algebraic approximations are involved in
the analytical calculation d;, but neither of them is severe as
long as the lifetimes of the acid and base forms in the excited
state are relatively long; i.gg andk's < kg, ki, kg, andks. Where
(k)~tand k)t are the excited-state fluorescence lifetimes of
the acid (bound state) and base (ion-pair state) forms, respec-
tively. These conditions are met for 1- naphthol and its
derivatives wheréds andK's are typically about 19s™! and alll
other kinetic parameters are about 2 orders of magnitude larger.

We start the analysis of the excited-state 1-naphthol system
by the n-cycle reaction model by observing that the absolute
excited-state quantum yield of the 1- naphtholate anion (base)
is given by

Q=1kyfy [#*dict
wherek; is the purely radiative decay rate of the base and

[¢*d: is the time-dependent survival probability of the naph-
tholate ion in the excited statepy: may be written as

[¢*d = [¢d expCKt)

11)

(12)

where p; is the time-dependent survival probability of the
naphtholate anion in the unbound-state decaying time frame.
Scheme 2 describes a coupled reversitileeversible gemi-
nate recombination reactions between a bound and unbound state
having finite excited-state lifetimes; and t';, respectively.
Scheme 2 is drawn in the unbound-state (base) decaying time
frame.
¢'s, the (time-independent) ultimate escape probability in the
electronically excited base time frame, may now be calculated
with the n-cycle summation procedure:

n
%=%&+H%¢d“"+WﬂWH=KZWﬂ%
£

(13)
o Pdps _ Ps
¢S_1_ PdPr_l_ P (14)
Py r
where
Kk _ Kk Kk
P Tk TRk TR R
P S s

9Tkt T K
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Pq is the dissociation probability and all other symbols have TABLE 3: Intensity Ratios |4/l and On-Contact

the meaning of the text. Quenching Rate Constants of 1-naphtholate Following Its
Substituting in eq 14, we have Photodissociation in HO and D,O
x 10710 kg x 10710

Ks T lino/lai (S 0@ G 0

—kr kK (°C) HO DO H,0 DO Kkg(D:0) HO DO Kky(D20)
bs=7— KT = 5 1613 1.618 212 129 164 202 1.44 140
ke —Kitky K 15 1565 1595 242 159 152 233 176  1.32
K, k +k+ kg 18 1.553 1590 247 166 149 242 185 1.31
25 1536 1572 271 187 145 262 206 1.27
Ks 35 1503 1.548 2.98 212 141 291 234 124
kK (16) 45 1473 1513 322 228 141 315 254 124
f 55 1433 1478 3.31 2.39 1.38 3.25 2.69 1.21

kst Kyt (k + kK + kq)(T)
a Numeric calculation using the SSDS prografi®> Pa=5.5 A k.

= 2.7 x 100 571, ky(H;0) = 27.8 x 10° 5L, ky(D20) = 7.14 x 10°

\t/)Ve notice that the overall dissociation lifetimey, is given s ¢ Calculated from eq 20.
y
TABLE 4: Reaction Parameters Used for Calculating
1 k- + kq + kg Quenching Rates in HO and D,O
= =1 1 ° 17
Toft = k P. Kk, a7 e Ro (A) D x 10° (cm?s )
T(°C) D,02  HO° D,0° HO° DO H,04
SO, 5 85.76  85.48 6.99 7.01 4.73 6.73
15 81.95 81.62 7.05 7.08 6.05 8.47
L= ks (18) 18 80.84 80.49 7.10 7.12 6.46 9.00
S
+k + kz —K 25 7830 7793 713 7.6 7.45 10.1
ks kq ks Oﬁ(kf f) 35 74.82 7442 7.21 7.25 8.92 121
Equation 18 is identical to the expression given elsevfiéfe gg Zé:g5 g:gg ;ng ;ig 1%?) i‘;‘_i
using much more elaborated procedures. kor (Kt — ki) _ ) o )
andk: < (ks + kg), q 16 is reduced tg, ~ ky(ks + kg) = ¢s. angec\:nc?uslly pléblls_heéll._ PDreV|0usI)_/i_pgbI|shfe;ﬂ]%D°Callcullateéj ]from
So in these conditiong. is roughly independent dé, similar eq 8.° Calculated using = Duapninolaret Dy With D calculated from

. 2 . conductivity dataD = RTA/|Z|F?, A4+, andAp+ were taken from earlier
to a ground-state situatiop{= ¢sin the special case whedy work® and assuM®apninoae= keT/675a. 7 values were taken from

= ks, including the trivial ground-state cagkg = ki = 0). earlier work3*

Finally, Pines and Fleming have shown that]{ is well . . . .
approximated by the long-time behavior of the irreversible in ky(T) in the temperature range studied) resulted in less than
quenching reactiof. Integrating ], over time, they have 0.8% total change in the area under the decay curve. The area
come out with an approximate analytic expressiongonsing under the decay curve (the absolute quantum yield) was then

readily observable steady-state quantum-yield parameters: fitted to the exper_ln_]entally measu_red quantum yield, Vk&h.
used as the only fitting parameter in the program. All reaction
Qind

parameters were taken from the literature (see footnotes to Table
P~ o K (k') 2 (19) 3). kg was not varied in our simulation. Under our approxima-
dir tion, ky has no effect onp, as long as Ky)~* is very short
compared to the fluorescence lifetimes of the 1-naphthol and
the 1-naphtholate molecules. In actuality, the error associated
“with this assumption is less than 1%. For the analytic calcula-
ing to the total quantum yield of the naphtholate anion. This tions, Wf% used the time-independent expression as described in
contribution of the quenched population to the total quantum the text.
yield is usually very small (it is assumed to be zero at the so- kg
called “static” quenching limit) compared to the contribution o k+ kq o, "1,
of the unquenched population, and in the case of 1-naphthol, it dir  Tdir
is only about 3% using (25 °C) = 1.6 x 1076 s¥24 We thus or
conclude that th&—term in eq 19 may be neglected altogether
in the case of 1-naphthol and that a simple relatifiis Qind/
Quir, between the excited-state escape probability and the ke ™ ks(|__ - 1) (20)
measured steady-state quantum yields ratio, holds within reason-
able error bars (about10—15%; see below). ks was calculated using eq 7 with reaction parameters identical
Table 3 summarizes the experimental findings. The calcula- to those used in the numeric fit (Table 4). A comparison between
tion of the quantum yield of the naphtholate anion was carried the analytic and numeric methods reveals the simple analytic
out using the numeric simulation of the naphtholate decay up procedure to be as informative as the numeric one, the difference
to 50 ns following its initial creation. The numeric procedure between the two sets of quenching constants being almost
was carried out using the finite lifetimes of the naphtholate anion constant and small;-25% in the case of 1-naphthol in,B
(Table 1) and the naphthol acid (4.5 ns) as additional reaction and 10-12% in the case of 1-naphthol in,O. In comparison
parameter8 k; was held constant at its room-temperature value with the full kinetic analysis of the time-resolved decay profiles
as the total area under the simulated decay curve is practicallyof both 1-naphthol and 1-naphthol&téhe absolute values of
independent ok;; simulating the decay curves with a 25-fold the quenching reaction at 2& were about 20% and 10% lower
change irk; around its room-temperature value uskag= 3 x for H,O and DO, respectively. These differences are much
1 1andk = 8 x 10'*°s™1 (about 15 times the variation found  smaller than the overall uncertainty in determining the absolute

whereK is the constant given by eq 10. The term in eq 19
which depends oK describes the contribution of the population
of the naphtholate anion which undergoes rapid contact quench

Qi Ling
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Figure 5. Arrhenius plot ofk, in H>O against the reciprocal absolute
temperatureE, = 1.8 kcal/mol.

n (cp)

values ofk, from extremely demanding time-resolved measure- Figyre 6. (a) On-contact quenching rate) plotted against the mutual

ments and analyzing the time-resolved data with the spherical-proton-anion diffusion coefficient in the temperature range o5

symmetric diffusion equation in a multiparameter fit while °C. (b) On-contact quenching reaction ralg) plotted against solvent

applying a continuum interaction model. We conclude that Viscosity. The solid lines are the data fit using eq 22.

relatively simple quantum-yield measurements are proven to . ) ) ) . )

be very useful in predicting the magnitude of the on-contact formally |dent_|c_al with a thermally activated barrier crossing

quenching rate constant of 1-naphtholate following its photo- Process® As it is not clear what is the actual mechanism of

dissociation. In future experiments, this procedure may be the quenching reactio?;* we have chosen a form Of, eq 21

utilized to estimatek, directly from the steady-state measure- which uses an empirical relation motivated by Kramers' th&bry

ments via eq 20. This considerably simplifies the complex and

time-consuming experimental and numeric procedures involved kq = EﬂeXp(—Ea/RD (22)

in the time-resolved measurements and avoids the tedious curve- i

fitting procedureg® Our analysis also provides, in combination

with simple steady-state fluorescence measurements, a generavherey is the solvent viscosity, anlandB are parameters to

method for the detection and estimation of the self-quenching be determined by the best-fit procedure. The motivation for

rate constant of many 1-naphthol derivatives, which exhibit Usingz as a fitting parameter stems from the observation that

kinetic features similar to the parent 1-naphthol molecule. ~ the isotope effect onk; ky(H20)/ky(D20), appears to be
Temperature Dependence ofkq. In Figure 5, ky(H20) independent ofy and was found to be 1.32 0.03 whenk,

calculated by the numeric procedure (Table 3) was plotted Was plotted againsy, Figure 6b. A fit of ky(H20) by eq 22

against the reciprocal temperature. At 25, the activation  YieldedB = 2.55 x 10% (cp, s%), f = 0.42, andEa ~ 0. A

energy,E, was found to be 1.8 and 2.4 kcal/mol fop® and similar fit of ky(D20) yieldedB = 1.90 x 10 (cp, %), 8 =

D-O solvents, respectively. The frequency factor was abotdt 10 0-49, andEa~ 0, with an isotope effect iB, By+/Bp+ = 1.34.

s~1for the two solvents. These observations and the magnitude The parameters of the fit demonstrate once more that the on-

of the isotope effecti,(H20)/ky(D20) = 1.4 + 0.1 at 25°C, contact quenching process is nearly activationless on the proton

are consistent with a proton-transfer process in water which is reaction coordinate. They also show the formal dependence on

nearly activationless on the proton coordinate and has a smallthe solvent viscosity to be fractional. Interestingly, the magnitude

activation barrier which originates from the solvent bath. In ©f 3, the fractional factor, is similar to the ones found in several

Figure 6aky is plotted against the diffusion coefficient ofH ~ nonradiative rate process¥s.

and D. The two sets of diffusion coefficients tend to correlate )

linearly with k, in the relatively narrow range of temperatures onclusion

used in our experiment. To show that this is not a unique  The on-contact quenching rate of 1-naphtholate by its

correlation, we have used a semiempirical relation describing geminate proton following the photodissociation of 1-naphthol

the quenching reaction rate as a solvent-dependent frequencyvas found to be temperature-dependent with a small activation

factor times an activation factéf: energy of about 1.8 kcal/mol in4® and with a small isotope
effect of 0.6 kcal/mol. The reaction parameters point toward a
ky = WeXp(—E,/RT) (21) reaction, which is mediated on-contact by the solvent, although

it is not yet understood by what mechanism. In this respect, the
where Ws is a solvent-dependent prefactor. Equation 21 is identification of an efficient proton self-quenching reaction
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following the photodissociation of 1-naphthol has not solved
the general problem of elucidating the various quenching
mechanisms of 1-naphthol and the 1-naphtholate ahién.

Additional kinetic data on the quenching reaction of 1-naphthol

Pines et al.

(13) Webb, S. P.; Yeh, S. W.; Phillips, L. A; Tolbert, L. M.; Tolbert,
M. A.; Clark, J. H Abstr. Pap. Am. Chem. Sot984 188116-Phys.

(14) Webb, S. P.; Phillips, L. A.; Yeh, S. W.; Tolbert, L. M.; Clark, J.
H. J. Phys. Chem1986 95, 5154.

(15) Lee, J.; Robinson, G. W.; Webb, S. P.; Phillips, L. A.; Clark, J. H.

and its derivatives is clearly needed before this question mayJ. Am. Chem. Sod.986 108 6538.

be resolved. Such additional kinetic data may be easily obtained

by the procedure outlined in this study.
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