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Salt Effects on Steady-State Quantum Yields of Ultrafast, Muslon-Influenced, 
Reversible Photoacid Dissociation Reactions 

Ehud Pines, Dan Huppert, 
Raymond and Beverly Sackler Faculty of Exact Sciences, School of Chemistry, Tel Aviv University, 
Tel Aviv 69978, Israel 

and Noam Agmon*,+ 
Physical Sciences Laboratory, DCRT, and Laboratory of Chemical Physics, NIDDK, National Institutes of 
Health, Bethesda, Maryland 20892 (Received: August 30, 1989: I n  Final Form: July 24, 1990) 

The steady-state fluorescence quantum yields of the protonated and deprotonated forms of 8-hydroxypyrene-l,3,6-trisulfonate 
are determined in three solvents as a function of NaN03 concentration. The measured quantum yields, and therefore also 
the overall dissociation rate coefficients, decrease with increasing salt concentration. in contrast to Brijnsted‘s classical model 
for primary salt effects. This is a consequence of the reversibility and the nearly diffusion-controlled recombination rate 
of the proton in the reaction studied. A quantitative analysis is based on newly derived results for reversible diffusion-influenced 
reactions. Comparison with experiment is made for two screened potentials. Numerical integration with the Debye-Hllckel 
potential indicates that it overestimates the salt effect. A second model (the “naive approximation”) is based on a simple 
screened potential from which analytical expressions for reaction yields and rates are derived. I t  shows better agreement 
with experiment in the range 20-200 mM salt. 

Introduction 
Rate and equitibrium coefficients for recombination of solvated 

ions have long been known to be affected by the presence of strong 
electrolytes. These “primary” and “secondary” salt effects (on 
rates and equilibria, respectively) have become a classical topic 
in the physical chemistry of solutions.’-3 The intensity of research 
that once took place in this field is illustrated by the number of 
review articles published in one review journal during a single 
d e ~ a d e . ~ - ~  The data in these reviews are derived from kinetic 
studies of slow ionic reactions in so lu t i~n”~ and rely on the theory 
of Debye and Huckel (DH)16 for their interpretation. Because 
measurements of ultrafast geminate ionic reactions in solution 
are now feasible,17J8 we believe that the subject of salt effects 
should be revisited and possibly revised.”2’ 

The classical treatment of primary kinetic salt effects on re- 
combination reactions is that of Bronstedg and Bjerrum.lo Con- 
siderably less attention has been devoted to the complementary 
dissociation reaction. For the recombination reaction A + B .s 
AB* - AB, a preequilibrium in the first step of complex formation 
implies9J0 that the infinite dilution (zero salt concentration) rate 
coefficient should simply be multiplied by the ratio of activity 
coefficients, YAYB/YAB’, for the molecules A and B and the 
complex AB’. The additional approximationg that = yAB 
enables one to evaluate the activity coefficients for dilute salt 
solutions using the DH theory.I6 According to this picture, and 
with the exception of some specific ion effects,” the primary salt 
effect on the recombination rate coefficient parallels the secondary 
salt effect on the (recombination) equilibrium coefficient.8 The 
same conclusion follows6J’ from the steady-state solution of the 
Debye-Smoluchowski equation ( DSE)22,23 for a linearized DH 
potential. 

Since the equilibrium coefficient is the ratio of the recombi- 
nation and dissociation rate coefficients, the conclusion from the 
above treatment is that the latter must be insensitive to ionic 
strength.6Js This prediction has been confirmed for slow chemical 
reactions,I2 where dissociation is essentially unidirectional. It has 
been pointed out that if the exponential (rather than linearized) 
form of the DH potential is used in the numerical integration of 
the steady-state DSE, the dissociation rate coefficient should be$ 
and indeed is,” dependent on salt concentration. 

A preliminary report2’ of our experimental results concerning 
the steady-state quantum yield (QY) of photochemical proton 
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dissociation has demonstrated that the dissociation rate is indeed 
strongly dependent on ionic strength, quite in contrast to classical 
theory. The reaction considered involvesI8 uitrafast (- 100 ps) 
proton dissociation followed by several cycles of ultrafast, reversible 
geminate recombination prior to the ultimate escape of the proton 
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from the intense ionic attraction. In terms of the Brbnsted- 
B j e r “  the assumption yAB* yAB is no longer justified 
because, in the language of structurereactivity correlations” and 
the Hammond postulate,2’ fast (geminate) recombination means 
that the complex AB* is closer in structure to the contact pair 
than to the bound molecule. 

For a fast, reversible diffusion-influenced dissociation reaction, 
the salt effects on geminate recombination unavoidably affect the 
overall dissociation rate. The theory of reversible diffusion-in- 
fluenced reactions has recently been developed by Agmon and 
Szabo.% This theory leads to an accurate expression for the 
lifetime dependence of the fluorescence QY in the limit of long 
radiative lifetimes. We propose to analyze kinetic salt effects by 
replacing the bare interaction potential in this expression by a 
“screened potential”. Such potentials are obtained from the DH 
theoryI6 and from a recently published model, the “naive 
approximation” (NA).I9 

This paper is structured as follows: First we describe the 
experimental procedures we have used to obtain the steady-state 
QY of 8-hydroxypyrene-l,3,6-trisulfonate (HPTS) in three dif- 
ferent solvents and in the presence of varying concentrations 
(0-230 mM) of a strong electrolyte (NaN03).  It is shown that, 
as expected from simple electrostatic considerations, the strong 
electrolyte accelerates the dissociation reaction. The extra pre- 
cautions taken compared to conventional textbook p r o c e d ~ r e s ~ ~ ~ ~  
make our data suitable for quantitative analysis. Using the 
transient solution of the DSE with rate parameters obtained from 
picosecond fluorescence measurements, we compare the experi- 
mental results with the prediction from the two screened potentials, 
DHI6 and NA.I9 We find that the DH theory overestimates the 
salt effect while the NA agrees well with the data above -20 mM 
salt. 

Experimental Section 
We have undertaken a thorough investigation of the relative 

QY of an organic photoacid molecule in different solvents in the 
presence of a strong electrolyte.21 As in our previous work,’8-21 
the photoacid is 8-hydroxypyrene- 1,3.6-trisulfonate anion (py- 
ranine, HPTS) dissolved in the form of its trisodium salt. We 
have chosen this molecule both because much spectroscopic and 
photochemical work involving HITS  has been done in the 
and because it serves as a nearly ideal example for a reversible 
proton-transfer reaction in the excited state,I8 which proceeds 
adiabatically without quenchingS2” The large ionic charge (4) 
of HPTS in its basic form enhances the influence of geminate 
recombination on the dissociation kinetics.18 At zero ionic strength, 
the ground state HPTS has a pK0 value of 8.1 f 0.1,33 which 
changes in the excited state to pK* = 1.4 f 0.1.l8” Such pho- 
tochemical pK jumps are well documented for aromatic phe- 
nol~.’*~* The HPTS was laser grade from Eastman Kodak and 
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was used without further purification. The typical HPTS con- 
centration was 20 pM. 

Experiments were performed in three different solvents: water, 
D20, and a 50/50 vol % mixture of methanol/water. Water was 
doubly distilled and had a resistivity of at least 5 MQ. D 2 0  was 
99.8% isotopically pure (Aldrich), and absolute methanol (Merck) 
was used without further purification. The typical solution pH 
was 5.5. 

The strong electrolyte used was NaN03, AR grade from Merck, 
which was added to the solutions as a solid. It was preferred over 
other strong electrolytes that produced similar salt effects (KN03, 
LiClO,, NaC104, NaZSO4, NaCI, KI) because it did not produce 
any apparent quenching of the two HPTS excited states (acidic 
and basic) for salt concentrations up to 1 M. Such quenching, 
detected for some of the other salts as a decrease in amplitude 
of the steady-state fluorescence bands, may be due to impurity 
traces. The lack of quenching by NaNOo allows constant QY 
measurements to be performed and isoemissivity points to be easily 
detected. Only those measurements that showed a clear isoemisive 
point (without the usual need for renormalization) were further 
processed. 

The steady-state fluorescence spectra were measured in a 
far-UV quartz cuvette by a Perkin-Elmer MPF-4 spectrofluor- 
imeter. The constant illumination excitation source was tuned 
to 353 nm, which was the laser wavelength used in our time-re- 
solved measurements.I8 No change in the fluorescence spectra 
was observed with excitation wavelength varying in the range 
300-410 nm. The spectra were similarly unaffected by varying 
HPTS concentrations in the range 1-20 pM. 

The HPTS fluorescence spectrum in aqueous solutions consists 
of two bands. The blue band of the acidic (R*OH) form is solvent 
sensitive and blue-shifts from 450 nm in concentrated HClO, 
solutions to 424 nm in absolute methanol. The green band of the 
basic (R*O-) form is almost insensitive to solvent. It shifts from 
510 nm in pure H 2 0  to 508 nm in methanol/water solutions. The 
two fluorescence bands are almost identical in both shape and 
~ i d t h . ) ~ ? ~ ,  Isoemissive points (equal fluorescence intensity for 
acidic and basic species) were detected at  488,486, and 482 nm 
for H 2 0 ,  D20,  and H 2 0 / C H 3 0 H  solutions, respectively. The 
radiative (fluorescence) lifetimes, Tf and T;, are in the range 
4.4-5.5 ns (Table I). 

Because of the small amplitude of the blue band compared to 
the green (ca. 1/23 in water) and the relatively small overlap 
between the two bands (less than 5% at either peak wavelength), 
we preferred to extract the relative QY directly from the relative 
height ratio (RHR) at the peak intensity of the two fluorescence 
bands. The RHR was compared with the relative band area 
obtained from numerical integration of the two spectral line shapes. 
The two procedures agreed to within 5%, 

Several procedures for calibrating the fluorimeter response were 
used, all utilizing HPTS as an internal calibrator: 

1 .  Constant-Absorption (Optical Density) Calibration. To 
measure each of the bands separately, we prepared two solutions, 
one at pH = 0 (pure ROH) and the other at pH = 12 (pure RO-). 
The relative HPTS concentration in the two solutions was adjusted 
to offset the difference in their absorption extinction coefficients 
at the ak of the ROH excitation band at 403 nm (e$& = 2 X 

about unity in both of its fluorescence a RHR different 
from unity can be attributed to the wavelength sensitivity of the 
detection apparatus. 

2. Constant-Concentration Calibration. An alternative way 
to offset the difference in ground-state absorbance was to excite 
at the isosbestic point of the absorbance spectrum (415 nm). In 
this method of calibration, the two solutions had the same HPTS 
concentration and different pH values. We applied this method 
with solutions at  pH = 12 and 5.5, the latter corresponding to 
96% ROH. We also varied the pH continuously and again found 
a clear isoemissive point. 

3. Calibration against Time-Resolved Measurements. When 
fluorescence decay was exponential, with a time constant ~d, the 
relative QY was simply T ~ / T I  (see below). Screening diminished 

lo4, 4 r  = 6.3 X lo3). Since HPTS is known to have a QY of 



668 The Journal of Physical Chemistry, Vol. 95, No. 2, 1991 

geminate recombination in concentrated electrolyte solutions so 
that the fluorescence decay became nearly exponential.20 Using 
picosecond time we measured ~ , m  = 200-550 ps for 
N a N 0 3  concentrations of 2.5-5 M in water. Assuming q = 5.5 
ns, we found a relative QY of 3.6-10%. This result is within 10% 
of a calibrated steady-state measurement of the same solutions. 

The average calibration factor for the R H R  at  the two peaks 
(ROH/RO-) found by the above methods was 0.77 f 0.08. We 
estimate that use of this calibration factor has minimized sys- 
tematic experimental error to less than 10%. 

Theory 
We have previously shownI8 that time-resolved picosecond 

fluorescence measurements of excited HPTS dissociation are in 
quantitative agreement with the transient solution of the spherically 
symmetric Debye-Smoluchowski equation (DSE)22,23 for trans- 
lational pair diffusion in the field of their mutual Coulombic 
interaction and with a boundary condition at  contact applicable 
to reoersible reactions (the “back-reaction” boundary condi- 
tion18*26,36). The agreement is quantitative for more than 3 orders 
of magnitude in time and intensity.IBd Assuming this underlying 
diffusional mechanism, we have also shown18a that integration of 
the time-resolved data agrees with steady-state fluorescence 
measurements in water (at zero salt concentration) to within 
10-2076. 

It is clear that, even in the absence of salt, the above DSE 
description of geminate pair dynamics is only approximate. For 
example, the excitation process results in vibrational and dielectric 
relaxation. These are typically 1-2 orders of magnitude faster 
than the proton dissociation time.188 Similarly, we estimate the 
heat transfer from the excited molecule to occur on a faster time 
scale.18a We neglect the effect of the rotational diffusion of the 
anion, since at  room temperature it too is fast (same order of 
magnitude as proton dissociation). We neglect the spatial charge 
distribution, assuming that all four charges are centered in the 
HPTS anion and that the dielectric constant throughout is the 
static dielectric constant of the solution. This is justified because 
the contact radius already includes the HPTS with about two 
layers of water around it, and the DSE is applied to relatively large 
distances. For the same reason, we neglect distance dependences 
on the relative diffusion coefficient. The short-range variations 
in D arising from hydrodynamic interactions (section 9.3 in ref 
23)  are not relevant to proton diffusion if it occurs via the 
Grotthuss mechanism (a chain of proton-transfer reactions between 
water molecules) and not by actually displacing solvent molecules. 
There may be a different proton diffusion coefficient in the hy- 
dration layers of the HPTS molecule than in the bulk, perhaps 
due to restricted water molecule rotation, but the extent of this 
effect is not really known. All of the above effects are second-order 
a t  best. The present experimental accuracy is not sufficient to 
resolve them. Consequently, we have chosen the simplest model 
that is consistent with the experimental data. The starting point 
of our theoretical analysis is therefore the theory of reversible 
diffusion-influenced reactionsz6 based on the DSE with the 
back-reaction boundary condition. 

This section has two goals. First we present the expressions 
for the steady-state QY and its approximations obtained from the 
general theory of reversible diffusion-influenced reactionsx in the 
case that the excited-state lifetimes of the bound and dissociated 
species are equal. Second, we discuss two screened Coulomb 
potentials that we use for describing salt effects. One is the 
well-known Debye-Hiickel (DH)I6 potential and the other is 
obtained from a “naive approximation” (NA) introduced earlier 
by N.A.I9 The NA leads to some useful analytical approximations 
as derived below. 

Steady-State Quantum Yield and Dissociation Rate 
Coefficient. Our quantitative analysis is based on the exact nu- 
merical propagation in time ( t )  of the spherically symmetric DSE 
for the distance ( r )  distribution, p(r , t ) ,  of reacting R*O-/H+ 
pairs I 8a 

1 .  

Pines et al. 

(36) Agmon, N. J .  Chem. Phys. 1984,81, 281 I .  

with the back-reaction boundary conditions a t  contact 

The probability, P*( t ) ,  that the pair is excited and bound by time 
t ,  obeys the following kinetic equation 

dP*( t )  
dt ( 3 )  -- - -(Kd + 7 ~ ’ )  P*( t )  + K, p(a, t )  

while the probability that the pair is excited and unbound, P*’(t), 
is given by 

( 4 )  

Finally, the probability that the excited molecule has decayed to 
the ground state by time t ,  which we denote by P(t), obeys the 
kinetic equation 

P*’( t )  = 4?rJmp(r,t)  Z dr  

( 5 )  

Evidently, material conservation implies that 
P(t) + P*( t )  + P*’ ( t )  = 1 (6) 

The initial condition that concerns us here is that of an initially 
excited and bound pair: 

P*( t )  = 1 P(t) = P*’ ( t )  = 0 (7) 
Definitions for parameters in the above equations: 
U(r)/kBT,  where V(r) is the potential of interaction of the excited 
pair, kB is Boltzmann’s constant, and Tis the absolute temperature; 
D is the sum of the two diffusion coefficients (of proton, which 
is the major contribution, and anion); a is the contact radius, where 
the back-reaction boundary condition is imposed; Kd and K, are 
the “intrinsic” dissociation and association rate parameters (to 
and from contact, respectively) that enter into this boundary 
condition. In comparison with eq 5 of ref 18a, K, = 4 . n ~ ~ ~ ~ .  Finally, 
the fluorescence lifetimes of the bound and dissociated states are 
denoted by Tr and T’,, respectively. 

The above formulation generalizes that of ref 18 by allowing 
for two different lifetimes in the excited state. The equations may 
still be solved by using the same methods, namely by converting 
them into a master equation (discrete space, continuous time) and 
propagating them by the Chebyshev algorithm.’8a The absolute 
steady-state QY’s are subsequently obtained by numerically in- 
tegrating this solution 

V(r)  

4 and 4’ are conventional notations in the photochemical litera- 

4 + $ ’ = 1  (9) 
The relative steady-state QY is #/4’. 

Analytic approximations for the QY may be obtained under 
the simplifying assumption that 7r = T ’ ~  Let us denote the sep- 
aration probability for infinite excited state lifetimes by 

for acid (ROH) and base (RO-) QY’s and obey 

S(t) P*’(tlTr”#r=m) = 1 - P*(tlTr‘T’f=”) (IO) 
S ( t )  is the same as Q(t)  in ref 18. The time integral of P*(r) in 
this case is just the average lifetime of the bound molecule, namely 
the average time for the proton to detach and escape, which we 
denote by18a 

7,R x m [ l  - S(t)]  dt 

The steady-state dissociation rate coefficient, koR, is defined by 
kom = 1/rOToTf. For equal but finite lifetimes, one has 

P*( t )  = [ I  - S(r)]e-l/‘f P*’( t )  = S( t )  e-+r (12 )  
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so that under these conditions, one may first solve for S(t) and 
then calculate the QY’s from 

( 1  3 4  4 = T { ’ X * [ 1  - s ( t ) ]  exp(-?/rr) dt 

Mathematically, eq 13 is a Laplace transform. Denoting the 
Laplace transform of an arbitrary function, At), by 

(14) 3 s )  X * f ( t )  exp(-st) dr 

one can rewrite eq 13b as 
4’ = kf $ k f )  (15) 

where kr l / q .  Subsequent theory in this subsection will deal 
only with the case that Tr = 1’1. 

Even for equal (and infinite) lifetimes, it is generally not p s i b l e  
to obtain an analytic solution for the DSE with a back-reaction 
boundary condition at  contact and a spherically symmetric po- 
tential of interaction. It is nevertheless possible to findx the small-s 
expansion of S(s), provided that U(r) - 0 as r - m. The first 
two terms in the s - 0 expansion are 
Kd[fI - s ( s ) ]  1 + 

(~*D)-’K, exp[-V(a)] [a,n-I - (s/D)’/’] + ... (16) 

The effective reaction radius, aeff, is defined by the integral 

aef{’ x m e x p [  V(r)]f2 dr  (17) 

It reduces to the contact radius, a, when V = 0. Both the long-time 
behavior of the fluorescence decay profileI8” and the long-lifetime 
dependence of the QYza will follow from eq 16. 

In this work we are interested in an attractive Coulomb potential 
V(r) = -RD/r (18) 

where the Debye radius, which determines the range of the 
Coulomb interaction, is RD Iz!z21e2/(tks7‘), zi are the ionic 
charge numbers, e is the electronic charge, and t is the solvent’s 
static dielectric constant. For this potential, the effective reaction 
radius becomes 

RD 
1 - exp(-RD/a) aeff = 

For a strong Coulomb attraction, such as that of the 4-times- 
charged HPTS anion, the exponential in the denominator is 
negligible and aeff - RD. For a weak attraction (RD/u << l),  one 
may Taylor-expand the exponential and verify that aeff = a. In 
general therefore, aeff varies in the range a to RD. 

The long-time behavior of S(?) is obtained from the Laplace 
inverse of eq 16. Since the inverse of a constant is 6(f), the leading 
time-dependent contribution comes from the s l l 2  term. Hence 
for t - 03 one finds 

where the - denotes an asymptotic expansion. This agrees with 
the result we found earlier (eq 23 of ref 18b) using more heuristic 
arguments, and we have demonstrated its quantitative agreement 
with experiment. IEbud 

The expression for the lifetime dependence of the absolute QY, 
in the limit of a long-lived excited state, is obtained by combining 
eqs 15 and 16. This gives 

where we have identified 
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Td = l / K d  is the “intrinsic” dissociation time obtained from the 
initial exponential decay of the fluorescence signal. Equation 22 
agrees with eq 21b of ref 18b. The origin of the correction term 
in eq 21 is the same as that of the leading term in the long-time 
behavior, eq 20, and both differ from the prediction based on a 
system of chemical rate equations. 

Better approximations for the QY are available. For example, 
in ref 26 it is shown that 

For free diffusion, i.e. V(r) = 0 and aeff = a, eq 23 is exact, and 
whenever aeff2/Drr is negligible, it reduces to the chemical kinetic 
r e s ~ l t ~ ~ ~ ~ * ~ *  

which holds if the excited state decays exponentially, 1 - S(?) = 
exp(-t/.rr). When Torr << q, 4 approaches roff /q irrespective of 
whether simple rate equations or a diffusive mechanism is assumed. 
When aer t /Drr  is small but not negligible, one obtains the cor- 
rection term of eq 21, whose form is typical of a diffusive 
mechanism. 

It is interesting to note that the expression for the overall 
dissociation rate coefficient, k0r = l/roff, can also be obtainedlEb 
from a two-stage mechanism 

R*OH & R*O--H+ C k k - 9  R*O- + H+ (I)  
K. k( --a) 

This mechanism6 involves a “chemical step” of dissociation and 
association at contact and a “diffusional step” of product separation 
and approach. The corresponding chemical kinetic formulation6 
gives 

koff = Kd k(a+=)/[K, + k(a*(.)] ( 2 5 )  

The steady-state rate coefficient for spherically symmetric diffusion 
from radius rl to r2 can be obtained from the steady-state solution 
of the DSE with an absorbing boundary at  r2 and constant density 
a t  rl (e.g. ref 18b). This gives 

The rate coefficient in eq 26 has units of a bimolecular rate 
constant (volume per unit time per particle). It is more physically 
realistic for the rate coefficient for disintegration of the complex 
R*O--.H+ to have unimolecular units. This is achieved by dividing 
by the volume of a sphere of radius ri.Iab Since these volume 
factors cancel anyway in the final expressions, we adopt a con- 
vention where they are set to unity. By substituting k(~--) into 
eq 25 and rearranging, we rederive eq 22. Hence, the steady-state 
formulation in eqs 25 and 26 is completely consistent with the 
Laplace transform derivation as far as the overall dissociation rate 
coefficient is concerned, but it cannot be generalized to yield the 
correct expression for the QY itself. 

Use of the kinetic scheme (I) also yields an expression for the 
overall recombination rate coefficient a t  steady state6 

(27a) 

(27b) 

kon = K, k(m+U)/[K, + k(a-”)] 

k,, = 4*Daefi/{l + 4*D e ~ p [ V ( a ) ] a , ~ / ~ ~ I  
and for the (dissociation) equilibrium coefficient, K, we find 

This intuitively evident expression for the equilibrium coefficient 
for diffusion with back-reaction can be verified by alternative 
meth0ds.l” The results summarized in this subsection are rigorous 
for an isolated pair that evolves according to the DSE with the 
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back-reaction boundary condition, and the approximations are 
valid when the radiation lifetimes of the bound and dissociated 
species are equal. 

2. Modeling Salt Eflects. The basic idea in modeling salt 
effects is to define a "screened potential" as an approximate 
description of the effective pair interaction in the field of all the 
other ions and to use it in place of the pure Coulomb potential, 
eq 18. The best known example for such a potential is the De- 
bye-Hiicke! (DH) potential 1-3~16 
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corrected for a finite average ionic radius, which for simplicity 
is assumed equal to the contact distance, a. The Debye distance, 
RD, is defined following eq 18, and KDH-' is the radius of the "ionic 
atmosphere", given by 

I is the ionic strength, defined by 

I = f/zcc,z: (31) 
i 

c, is the concentration of ion i in units of particles per unit volume. 
Other constants are as defined for RD. For a single, univalent 
electrolyte (zl = 1, z2 = -1) of concentration c, I = c. As I - 
0, the DH result becomes exact. 

The equilibrium constant, eq 28, depends on the potential at 
contact 

VDH(a) -RD[u(~  + KDHa)]-' - -RD(u-' - KDH) (32) 
The last term on the right side of eq 32 is conventionally defined 
as In yi2 -RDKDH, where yt is the average activity coefficient, 
hence the famous c1I2 dependence in the DH theory.'+ It can 
be seen that in a linear expansion of the D H  potential, the term 
RDKDH cancels in  the multiplication exp[ V(a)]aefr. Hence, Torr 
in eq 22 is independent of KDH and one obtains the BrBnsted- 
Bjerrum resultlo that the dissociation rate coefficient is independent 
of ionic strength. This is no longer true when the full form of 
the potential in eq 29 is retained and the integration in eq 17 
performed n~merical ly , '~  as we shall see in the next section. 

It has been known for many years37 that while a c112 law is 
asymptotically correct, a c1I3 dependence represents experiment 
better a t  concentrations above several millimolar. A similar 
observation has been made for fluorescence quenching.3s This 
conclusion is supported by the more rigorous statistical mechanics 
theories of s o l ~ t i o n . ~ ~ ~ ~  To account for this behavior, Fuoss and 
Onsager'" have suggested subdividing space into two regions: Up 
to a certain arbitrary separation of, e.g., RD/2 they assumed no 
screening, while for larger separations the DH screening, eq 29, 
applied. A refined picture would have the critical distance depend 
on c. Such a picture can be motivated from the observationlac 
that when an ion pair is confined to a finite sphere of radius R, 
the behavior of its equilibrium coefficient with decreasing R is 
qualitatively similar to that of the activity coefficient of a strong 
electrolyte with increasing c. 

To each ion in an electrolyte solution corresponds a sphere that 
is on the average free of other ions of the same charge. For a 
symmetric electrolyte (zl = -22) of concentration c particles per 
unit volume, this average radius, R,,, may be defined as 

R,, = (4rc/3)-'/) (33) 

(37) &mal, J. D.; Fowler, R. H. J .  Chem. Phys. 1933, I ,  515. Frank, H. 
S. J .  Chem. Phys. 1945, 13,507. Frank, H. S.; Yen, W.-Y. Discuss. Faraday 
Soc. 1957. No. 24, 133. Frank, H. S.; Thompson. P. T. In The Strucrure of 
Elecfrolyric Solufions; Hamer, W. J., Ed.; Wiley: New York, 1959; p 113. 

(38) Stevens, B. Chem. Phys. Lrr f .  1987, 134, 519. 
(39) Friedman. H. L. In Modern Aspecfs of Electrochemistry, No. 6 

Bockris, J.  OM.,  Conway, B. E., Eds.; Plenum: New York, 1971; p 1. 
Rasaiah, J. C. J .  Chem. Phys. 1970, 52.104. 
(40) Olivaree. W.; McQuarrie, D. A. Biophys. J .  1975, IS, 143. 

Alternative definitions, such as the peak of the nearest-neighbor 
d i s t r i b u t i ~ n , ~ ~  would result in only minor differences. 

The extension of the Fuoss-Onsager idea is to assume that,Ig 
as with screening by the electronic shells in atoms!' there is no 
screening when the pair is closer together than the nearest, op- 
positely charged ion with respect to the central ion, namely when 
r I Rav. For simplicity we assume complete screening of the ionic 
interaction at distances larger than R,. We call this model, first 
proposed in ref 19, the "naive approximation" (NA). It corre- 
sponds to the screened potential 

Although oversimplified, the above model has three desirable 
properties. First, eqs 33 and 34 lead to a c113 dependence of rates 
and equilibria on electrolyte concentration. Second, it accounts 
for some specific ion effects as observed by Olson and Simonson,I3 
because the dependence in eq 33 is on the concentration c of ions 
with charge opposite to that of the central ion, rather than on the 
total ionic strength (which is symmetric with respect to cations 
and anions). Finally, unlike the DH potential, eq 29, the NA leads 
to simple analytic expressions for QY and steady-state rates, as 
seen below. 

In the NA, the potential a t  contact is 

VNA(a) = -RD(a-l - Ray') (35) 
This looks like eq 32 with KDH replaced by Ra;l. The average 
activity coefficient in this model is therefore19 In yt2 = -R,/RaV. 
The effective contact distance is obtained by inserting eq 34 into 
eq 17. Hence 

(1,m-I = e ~ p [ - V ( R , , ) J ~ ~ ~ e x p [ V ( r ) ) r - ~  dr  + Ray-' (36) 

where V(r) is the "bare" potential of interaction, a t  c = 0. 
Equation 36 generalizes eq 17 to finite salt concentrations. In 
the special case of an attractive Coulomb interaction, eq 18, the 
integral in eq 36 gives 

R D / a d f  = + RD/Rav - exp(RD/Rav - RD/a) (37) 
For zero screening, R,, = QJ, and eq 37 reduces to eq 19, while 
for full screening, R,, = a, it reduces to the zero potential result, 
aeff = a. Between these two limits, aeff depends on c113 through 
R,, (see eq 33). 

Using eq 37 in eq 27b, we find for the steady-state recombi- 
nation rate coefficient 

From eq 22, we find that the steady-state dissociation rate 
coefficient is 

0 9 ,  
and from eqs 23 and 21, we find that the relative QY is 

( 4 0 4  
.,,(,+ Ka e x P ( R ~ / a  - RD/Rav) 

4' Tf 4rDaerdl + aeff/@f) 

with acll given in eq 31. When R,, - QJ, eqs 38-40 reduce to eqs 
27, 22, 23, and 21 for a pure Coulomb potential, eq 18. The 
opposite limit of complete screening, Ray - a, is equivalent to the 
free diffusion case, where V(r) = 0 and acff = a. In this limit, 

(41) Agmon, N. J .  Chem. Ed. 1988, 65, 42 and references therein. 
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Figure 1. Uncorrected fluorescence spectra of 20 pM HPTS after ex- 
citation at 353 nm in 50/50 vol % CH30H/H20 solutions at 18 OC with 
different supporting electrolyte (NaNO,) concentrations. Curves labeled 
a-h correspond to 0, 5 ,  14, 27, 50, 83, 130, and 222 mM NaNO,, re- 
spectively. The 432-nm peak corresponds to the directly excited acid 
form of HPTS, while the 508-nm peak is due to the indirectly formed 
excited base of the same molecule. An isoemissivity point is clearly seen 
at 482 nm. 

eq 40a is exact.26 When, in addition, a2/Drr << 1, as is the case 
for HPTS (see Results), we find that the asymptotic value of the 
relative QY as c - is 

Since a is the smallest possible value of aeff, neglect of the term 
aeff2/Drr in eq 40a (or the correction term in eq 40b) is most 
justified in the limit of large electrolyte concentrations. 

We notelg that the expressions for the overall rate coefficients 
kOn and kOff can be obtained from a three-step mechanism that 
extends the mechanism (I) by adding a second “intermediate” at  
r = R,,, namely 

R*O’+ H+ (11) 

As in eqs 25 and 27, the rate coefficients for the individual steps 
may be combined to give overall rate coefficients 

(42) 

(43) 

The steady-state rate coefficient, k(rl+r2), for diffusion between 
spheres of radii rl and r2 can be calculated from eq 26. If the 
unscreened potential, eq 18, is used for evaluating the rate 
coefficients for transitions between a and R,, while for transitions 
between RaV and m, Vis set equal to zero, one recovers, after some 
algebra, the NA results exactly as in eqs 38 and 39. 

The description of salt effects in terms of steady-state rate 
coefficients, calculated subject to no screening inside a sphere of 
radius R,, and complete screening outside it, t.as been discussed 
in ref 19. This description has no natural extension f. *om rate 
coefficients to QY’s. In the present work, we have identified the 
effective (screened) potential which gives rise to the N A  as that 
of eq 34. This allows us to extend the numerical procedure and 
analytical expressions, previously obtained for infinite dilution, 

Kd k(a+Rav) ~ ( R , v + ~ )  
K, k(Rav+a) + k(Rav-m) [G, + k(a+Rav)I 

Ka (Ra,+a) k(=+Rav) 
Ka k(Rav+a) + k(Rav+m) 1.8 + k(a+Rav)l 

k o m  = 

k0” = 

I I I 

0 
WAVELENGTH (nm) 

Figure 2. Uncorrected fluorescence spectra of 20 pM HPTS after ex- 
citation at 353 nm in D20 with various strong electrolyte (NaNO,) 
concentrations. Curves labeled a-e correspond to 0, 16,57, 154, and 231 
mM NaNO,, respectively. pD = 6.0, and the ismmissive point is at 486 * 2 nm. 

9 

E 
= 3.5 

Q) 

A 4.0 
.- 

3 

0 
3 
ET 
$ 3.0 

0 

2 2.5 

-w 

.- 
-w - 

0 50 100 150 200 250 

[NaN03] / mM 
Figure 3. Relative fluorescence quantum yield, &/qS, for HPTS in water 
at 18 OC, as a function of the supporting electrolyte (NaNO,) conccn- 
tration. Open circles are experimental data, as determined from the 
RHR of the two peaks in the fluorescence spectra; see Experimental 
Section. Their error bars are tstimated at *IO%. The solid curve is the 
relative QY calculated by eq 8 from the exact numerical propagation of 
the DSE, eqs 1-7, for the “naive approximation” potential, eq 34, with 
the parameters listed in Table I. The dashed curve represents a similar 
calculation using the DebytHiickel potential, eq 29. 

to finite electrolyte concentrations by simply replacing the bare 
interaction potential with eq 34. 

Results 
Figure 1 shows the effect of varying NaNO, concentrations 

on the steady-state spectra of HPTS in 50/50 vol 5% water/ 
methanol solutions. It is clear from the figure that the intensity 
of the blue band at 432 nm, which corresponds to the acidic form 
of HPTS, decreases while the green band of the corresponding 
basic form (508 nm) increases with increasing salt concentration. 
The existence of a true (unnormalized) isoemissive point a t  482 
f 2 nm (and constant intensity) implies that only two states are 
involved and that NaNO, has practically no quenching effects 
on the excited states of HPTS. Similar salt effects of smaller 
magnitudes were ohserved in pure water?’ The effect of increasing 
NaNO, concentrations on the steady-state fluorescence spectrum 
of HPTS in D 2 0  is shown in Figure 2. Again, an isoemissive 
point is observed, a t  486 f 2 nm. The markedly larger effect in 
the alcohol mixture (Figure 1) is commensurate with our inter- 
pretation’* that excited-state proton dissociation from HPTS is 
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M 141 I TABLE 1: Kinetic Parameters of HPTS in Aqueous Solutions 
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Figure 4. Same as Figure 3, but in D20 at  25 "C. 
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Figure 5. Same as Figure 3, but in 50/50 vol % CH30H/H20 solutions 
at 20 "C. 

followed by reversible geminate recombination. Since the alcohol 
has a lower dielectric constant, e, the Debye radius, RD, is larger. 
The larger Coulomb attraction results in more geminate recom- 
bination and hence in the larger signal observed in the blue. 

The relative steady-state QY's, 4/$', obtained from the RHR 
of the fluorescence spectra in the three solvents by using the 
procedures outlined in the Experimental Section, are shown as 
circles in Figures 3-5. The relative QY's at infinite dilution are 
4.2 f 0.1%, 13.5 f 0.5%, and 40 f 2% in H 2 0 ,  DzO, and 
H20/CH30H, respectively. It is seen that, for all solutions, $/# 
decreases with increasing ionic strength, in contrast to the simple 
Bronsted-Bjerrum m ~ d e l , ~ * l ~  which predicts a salt-independent 
QY. Qualitatively, this is explainable if the reaction is indeed 
reversible.18 The larger salt concentrations screen the proton's 
Coulombic attraction to the HPTS anion thus diminishing the 
geminate recombination and increasing the yield of dissociated 
HPTS. The minimal values of $/$' at  total screening ( c  - a) 
as calculated from eq 41 are approximately 2.2%, 8%, and 13% 
in the above three solvents. This asymptotic limit is not yet realized 
in the present concentration range. 

Our exact quantitative analysis is based on the DSE and its 
numerical integration (see eqs 1-7). The potential V(r )  in eqs 
1 and 2 is replaced by either of the two screened potentials given 
by eq 29 (DH) or eq 34 (NA). In these equations, RD corresponds 
to a -4,+ 1 pair because the HPTS anion is quadruply charged, 
while KDH and R,, correspond to a - l ,+l  electrolyte (NaN03).  
From eq 30 we find that K~~ = 0 . 3 2 8 ~ ~ 1 ~  8, in water and 0 . 3 7 4 ~ ~ 1 ~  
8, in 50/50 methanol/water a t  room temperature, when the salt 
concentration c is given in molarity. From eq 33 we have R,, = 
7 . 3 4 6 ~ ~ 1 ~  A for all solvents and temperatures. The ionic size in 
the DH potential, eq 29, was set equal to the contact distance a. 

The parameters used are collected in Table I. The "intrinsic" 
dissociation and recombination rate parameters at contact, Kd and 
K ~ ,  were determined from fitting picosecond fluorescence data at 
zero salt concentration to the solution of the DSE. The lifetimes, 
TI and ~ ' f ,  were obtained from nanosecond fluorescence mea- 
surements. Since in general the lifetime of the acid was found 
to be about 10% shorter than that of the anion, the computer 

50/50 vol % 
parameter H20 D20 HzO/CH,OH 
T, "C 18 25 20 
D, A2/psa 0.9b 0.74c O.Sd 
RD, 8, 28.3b 28.6c 31.6 
a,  8, 6.5b 6.5b 6.5 
Td,  b*g 115 350 750 

if, nsg 5.15 4.4 4.6 
T ' ~ ,  nsb.g 5.5 5.5 5.2 

Kt, . f /p~"f .~ 8.1 x 10-3 5 x 10-3 3 x 10-3 

' D  = DH+ + DROH, with DROH = 0.08 A2/ps. bReference 18a. 
CFrom: Lewis, G .  N.; Doody, T. C. J .  Am.  Chem. SOC. 1933,55,3504. 
dFrom: Conway, B. E.; Bockris, J. O'M.; Linton, H. J .  Chem. Phys. 
1956, 24, 834. 'From Appendices 1.1 and 6.2 i n  ref 3b. fBased on 
dielectric constant measurements from Kondo, Y . ;  Matsui, T.; Tokura, 
N .  Bull. Chem. SOC. Jpn. 1969, 42, 1037. #From our transient ps and 
ns measurements (unpublished data). * K~ = K , / ~ T D U ~ .  
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Figure 6. Comparison of various approximations to the exact numerical 
calculation (solid curve) using the parameters for 50/50 vol % 
CH30H/H20. The dotted curve is an approximation using a single 
lifetime (4.6 ns) for both acidic and anionic species. The dashed curves 
are further analytical approximations employing eqs 24 and 39 (the 
"kinetic" approximation) and eq 40a (the "long-time" approximation). 

program described in ref 18a has been generalized to include two 
different lifetimes for the bound and dissociated species. 

In Figures 3-5, the predictions for the N A  and DH screened 
potentials, eqs 34 and 29, are illustrated by the full and dashed 
curves, respectively. These use the parameters from Table I, which 
were assumed to be concentration independent in the concentration 
range shown. This assumption was verified by transient 
fluorescence measurements at varying salt concentrations. These 
transient results will be reported in a subsequent publication. The 
excellent agreement with the NA above about 20 mM salt was 
obtained by varying the parameters well within their 10% error 
bars. To achieve good agreement with the DH expression, a much 
larger variation in the parameters is required, e&, Td should be 
increased or Tf decreased by approximately 30%. Hence, we tend 
to conclude that the DH potential overestimates the screening 
effect. At low concentrations the prediction from the NA varies 
less drastically with concentration than the RHR obtained from 
our steady-state measurements. Integration of the transient decay 
curves at different salt concentrations (not shown) seems to lead 
to the same conclusion. We suspect a quenching process that is 
more pronounced at  low salt concentrations may be responsible 
for this discrepancy, which we hope will be resolved by future work. 

Figure 6 demonstrates the effect of the different approximations 
to the relative QY obtained by using the NA screened potential. 
The full curve is the NA fit to the data in 50/50 vol % metha- 
nol/water as shown in Figure 5 .  This curve, which employs two 
different lifetimes (for acid and base), is compared with the exact 
numerical result for a single lifetime equal to that of the acid ( T ~ ) .  

The fact that these two curves are almost identical shows that, 
as expected, when TI or T ' ~  >> Td, the effect of the difference in 
lifetimes on the ratio of bound to unbound excited states is neg- 
ligible. The two dashed curves show two of the approximations 
developed for the equal-lifetime case. The "kinetic" approximation 
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\ r A 
Figure 7. Distance dependence of the two screened potentials in eqs 29 
and 34, shown as dashed (DH) and solid (NA) curves, respectively, for 
50 mM univalent strong electrolyte. RD = 28.3 A corresponds to HPTS 
in water at room temperature (Table I ) .  The concentration dependence 
of K D H  and R,, is determined from eqs 30 and 33, respectively. The bold 
curve is the infinite dilution limit, eq 18. The contact distance (6.5 A) 
is denoted by a vertical line (a). 

refers to eq 24 with rOff calculated from eq 39, while the “long- 
time” approximation is eq 40a. This terminology corresponds to 
that in ref 26. It is seen that the approximations predict a stronger 
dependence on salt concentration than do the exact numerical 
results. 

To illustrate the difference between the DH and NA potentials, 
we plot them in Figure 7 at  a concentration (c = 50 mM) for 
which the predicted QY difference is large. It is remarkable that 
(for the parameters employed) both predict a nearly identical 
contact potential, V(a) .  The difference between the potentials 
is in the Coulombic “well” width, rather than in its depth. The 
narrower NA potential results in a smaller a c ~  (eq 17), and hence 
a larger rOK (eq 22) and a larger 4 (eq 21). In other words, the 
dissociated proton is confined by the narrower NA potential well 
closer to the anion, hence the larger probability for its geminate 
recombination and the larger $/$I‘ values. 

To test the theories in the recombination direction, we have 
analyzed the data collected by Forster and Volker,31 using ab- 
sorption techniques, for HPTS recombination in the ground state 
(Figure 8). Since HPTS is a very weak acid in the ground state, 
the recombination process is irreversible and diffusion controlled. 
As expected, the recombination rate decreases with increasing salt 
concentration due to increased screening of the Coulombic at- 
traction. The Bronsted-Bjerrum theory’-I2 using the D H  as- 
ymptotic law, namely the right side of eq 32, is shown as the 
dashed curve in Figure 8. As expected, it agrees well with 
experiment for concentrations below 2 mM but overestimates the 
effect a t  larger concentrations. The NA, eqs 33 and 38, while 
somewhat less accurate below 2 mM, is in markedly better 
agreement with experiment a t  higher concentrations. The fit is 
achieved by adjusting one free parameter, namely the ground-state 
intrinsic recombination rate constant. Its value is an order of 
magnitude larger than that of the excited state, in accord with 
our assumption of diffusion-controlled recombination in the ground 
state. 

Conclusion 
In this work we have investigated the dependence of steady-state 

fluorescence quantum yields of the dye molecule HPTS on varying 
concentrations of the strong electrolyte NaN03.  The decrease 
in QY and dissociation rate coefficient with increasing salt con- 
centrations is in marked contrast to the prediction from the 
classical Bronsted-Bjerrum model1-I2 of a concentration-inde- 
pendent dissociation rate. The HPTS molecule is knownI8 to eject 
a proton in about 100 ps in its excited state and may subsequently 
recombine reversibly with its geminate proton. The fast geminate 
recombination results in an overall dissociation rate coefficient 
which is dependent on salt concentration. In addition, the basic 
assumption of the classical theory,’-12 that the activated complex 
is close in structure to the bound molecule, breaks down when 
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Figure 8. Observed steady-state protonation rate coefficients for 
ground-state HPTS in aqueous solutions as a function of the total cationic 
concentration. The experimental data” represent various concentrations 
of HPTS in pure water (0) and in various concentrations of HCIO4 (+) 
and KCIO4 (X). The dashed curve is the Bronsted-Bjerrum expression, 
log k,, = log k, + ZrAdc, with A = 0.507 (lit/mol)’/2, z = -4, and k, 
= 1.86 X IO” M-I s-’. The solid curve is the ‘naive approximation”, eq 
38, with D, RD, and a similar to the corresponding values for the excited 
state (first column of Table I )  but with K~ = 85 X lo-’ A/ps. 

recombination is fast: a negligible barrier for recombination 
implies that the bound molecule is much more stable than the 
dissociated pair so that the transition state, by Hammond’s 
p o s t ~ l a t e , ~ ~ ~ ~ ~  is closer in structure to the dissociated pair. Indeed, 
as demonstrated by Figure 8, the classical expression does not even 
agree with the measured3’ HPTS ground-state recombination rate 
coefficient for salt concentrations above 1 mM, although the 
reaction is irreversible. 

The quantitative analysis of our experiments was based on 
theoretical predictionsz6 for the quantum yield of reuersible dif- 
fusion-influenced reactions. To describe the screening effect of 
the added salt (NaN03),  we have considered two semiempirical 
screened potentials: the Debye-Huckel potentiaP and the “naive 
approximation”, which is based on the assumption of no screening 
up to the average interionic distance in solution, R,,, and full 
screening at  larger  distance^.'^ The second model (NA) predicts 
a c113 dependence on salt concentration and was found to be in 
better agreement with experiment for concentrations of 20-250 
mM. 

It is clear that R,, is an approximate quantity that can be 
defined in several ways. Moreover, the success of the model may 
be due, to some extent, to cancellation of errors. We have used 
eq 33 for R,,, assuming that the critical distance is that of a N a  
cation nearest to a HPTS anion. It may be argued that this 
distance should correspond to the nearest four sodium cations 
which neutralize the total -4 charge of the HPTS anion. In 
addition, this distance should possibly be evaluated from the 
nearest-neighbor distribution of ions, rather than neutrals. These 
corrections operate in opposite directions, hence the possible 
cancellation of errors. We have chosen not to consider such 
second-order corrections to the NA at  this stage. Another 
drawback of the NA, eq 34, is that it does not reduce to the 
appropriate limiting law16 at infinite salt dilutions. An interesting 
question is whether this could be remedied by a hybrid model that 
shows a smooth transition from a c112 behavior near infinite dilution 
to a c1l3 behavior a t  larger concentrations. 

More rigorous statistical models for screening in electrolyte 
solutions have been developed, most notably the “primitive 
approximation” based on the solution of the hypernetted chain 
(HNC) equations for hard spheres in s o l ~ t i o n . ~ ~ . ~  This more 
fundamental result is obtained with basically the same number 
of free parameters as in the extended DH expression, eq 29. While 
the HNC model compares favorably with computer simulations 
of charged hard spheres,a upon comparison with e~per iment ’~  
it is inferior to eq 29 even for equilibrium properties such as activity 
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coefficients of HCI. This is attributedg9 to deficiencies in the 
short-range repulsion potential. We are not aware of comparisons 
between HNC equations and transient kinetic data. We hope that 
our results will motivate a more comprehensive effort of comparing 
the statistical mechanics theories with experiment. 

At large salt concentrations, the salt effect is not merely 
"physical" screening of the Coulombic interaction. When the 
interionic separation is small, "chemical" bond strengths (of the 
RO-H bond in HPTS, for example) are modified. In this limit 
the kinetic parameters Kd and K, are no longer independent of salt 
concentrations, as assumed above. In fact, it has been showngsd 
that Kd decreases with increasing salt concentration, in proportion 
to the solvent activity to some power. It would be interesting to 
extend the present measurements to higher concentrations. An- 
other aspect is the (weak) dependence of the diffusion coefficient 
on salt concentration. Such effects would modify our model in 
the direction of an even weaker dependence of QY on salt con- 
centration. 

We have already reportedZo a preliminary investigation of salt 
effects in time-resolved measurements. A more extended com- 

parison between theory and transient measurements is deferred 
to subsequent publications. Finally, extension of the results ob- 
tained in this paper to spatially limited reactions, such as those 
in inverse micelles,34 could provide an important tool for under- 
standing similar processes in biological systems.42 

Note Added in Proof. A recently published investigation 
(Suwaiyah, A,; AI-Adel, F.; Hamdan, A,; Klein, U. K. A. J. Phys. 
Chem. 1990, 94, 7423) finds that the absolute QY of HPTS in 
water is about 0.75. This contrasts with earlier  report^'^,^^ of an 
absolute QY of about unity. If substantiated, this would slightly 
affect the quantitative assessment of the relative QY data. 
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Direct Rate Constant Measurements for H + CH4 ---* CH, + Hp, 897-1729 K, Using the 
Flash Photolysis-Shock Tube Technique 
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A kinetic study of the reaction of hydrogen atoms with methane was performed using the Brookhaven flash photolysis-shock 
tube (FP-ST) facility. Experiments were conducted in the reflected shock regime over the temperature range 897-1729 
K under pseudo-first-order conditions ( [CH4]/[H] 1 200). Hydrogen atoms were monitored by using atomic resonance 
absorption and rate constants were derived directly from decays of absorbance signals. Separate experiments, in which the 
initial H-atom and radical concentrations were varied, demonstrated the absence of kinetic complications due to secondary 
reactions. This observation was further verified by the results of a computer modeling study. The rate constant values obtained 
in this research may be fitted with equal uncertainty to either a two-parameter expression, k , ( T )  = (1.78 f 0.12) X 
exp[-(6440 f 80) KIT)], or a three-parameter expression, kl (T)  = 1.6 X 10-'9T2.57fo.76 exp[-(3340 f 920) K/U. Units 
are cm3 molecule-' s-l with uncertainties quoted at the one standard deviation level. The preexponential term for the 
three-parameter expression and its uncertainty are given in logarithmic form: In (A) = -43.3 f 6.2. The mean deviation 
of the data from either expression is about *lo% over the entire temperature range. Rate constants for the reverse reaction, 
k-,(T), were computed from our measured k l ( T )  values, using the equilibrium constant for reaction 1, at each experimental 
temperature. These data were also fitted to both two-parameter and three-parameter expressions with equal uncertainty. 
Combining the present FP-ST data with those obtained in flow tube experiments (by Kurylo, Hollinder, and Timmons), 
expressions for kl (T)  and k-,(T) are evaluated for the temperature span 400 K S T 5 1800 K k,(T) = 6.4 X 10-187Q.11M.18 
exp[-(3900 f 140) K/U cm3 molecule-' s-' and k-,(7') = 6.6 X 10-20~~24*.18 exp[-(3220 f 140) K / q  cm3 molecule-l s-l. 
The data of this study are compared with previous experimental and theoretical results. For example, good agreement is 
found between the data reported here for k l ( T )  and the calculated values reported by Truhlar and co-workers; but there 
is a discrepancy between the present results and the values recommended by Warnatz. 

Introduction 
The reaction of atomic hydrogen with methane 

H(2S) + CH4 - H2 + CH3 (1) 
is an important process in methane pyrolysis and in methane 
combustion as an inhibitor in ignition.' Numerous kinetic 
studies2-8 of reaction 1 and the reverse reactione" 

(-1) 
have been reported and extensive review articles have been pub- 
lished.IJ2-l4 Previous experimental results for reaction 1 are 
graphically represented in Figure 1. Of the four studies performed 
at high temperatures, where accurate kinetic data are needed, only 

CH3 + H2 .-c CH4 + H 

*Authors to whom correspondence should be addressed. 
'Permanent address: NASA/Lewis Research Center, Cleveland, OH. 
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one5 employed direct methods. In the other three studies?-" rate 
data for reaction 1 were derived indirectly by comparing simu- 

(1) (a) Warnatz, J. In Combustion Chemistry; Gardner, Jr. W. C., Ed.; 
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(2) Fenimore, C. P.; Jones, G. W. J. Phys. Chem. 1961, 65, 200. 
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(4) Biordi, J. C.; Lazzara, C. P.; Papp. J. F. Combust. Flame 1976, 26, 

(5) Roth, P.; Just, Th. Ber Bunsen-Ges. Phys. Chem. 1975, 79, 682. 
(6) Kurylo, M. J.; Hollinder, G. A.; Timmons, R. B. J.  Chem. Phys. 1970, 

52, 1773. 
(7) Sepehrad, A.; Marshall, R. M.; Purnell, H .  J. Chem. Soc., Faraday 

Trans. 1 1979, 75, 835. 
(8) (a) Clark, T. C.; Dove, J. E .  Can. J. Chem. 1973, 51, 2147. (b) 

Johnston, H. S. Ado. Chem. Phys. 1960, 3, 131. (c) Johnston, H. S.; Parr, 
C. J. Am. Chem. SOC. 1963, 85, 2544. (d) Johnston. H. S. Gas Phase 
Reaction Rate Theory; Ronald: New York, 1966. 
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