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Photoacid are an important class of chemical compounds that
upon photoexcitation undergo rapid deprotonation in their elec-
tronic excited state.'® The steady-state fluorescence spectrum
of these compounds exhibits two fluorescence bands in aqueous
solutions. One band belongs to the acid form and the other, red
shifted, belongs to the base form. The time-resolved fluorescence
spectrum of the photoacids shows that as deprotonation occurs
the directly excited acid band decays and the indirectly formed
base band builds up. Thus, the deprotonation rates can be found
either directly by the time-resolved techniques or indirectly by
considering the relative quantum yields of the two fluorescent
bands.

Table I summarizes the measurements made on several such
molecules by both the direct and indirect techniques. In all cases
the deprotonation lifetimes measured directly by picosecond
time-resolved spectroscopy (PTRS) are significantly shorter than
the corresponding lifetimes found by relative quantum yield
(RQY) experiments. This discrepancy has been overlooked as
it seemed obvious that the more sophisticated direct measurements
should yield the better time-resolved results.

We have recently suggested’ that the two experimental methods
are complementary rather than in contradiction to each other.
We have proposed that a reversible geminate recombination
process is responsible for this discrepancy. This process gradually
slows down the initial proton dissociation rate which assumes at
long times a ¢73/2 time dependence.®!' Thus, the PTRS has
provided the initial deprotonation rates where the RQY yielded
the average, geminate-recombination-effected rates.

Here we report a simple demonstration of this idea. Moderate
concentrations of strong electrolytes (NaNQ;, KNO,) were used
in order to screen the coulombic interaction and to reduce the
geminate recombination probability in the deprotonation reaction
of HPTS (Table I). The HPTS unscreened anion is expected to
exhibit a large recombination effect due to its 4-fold ionic charge.

(1) Ireland, J. F.; Wyatt, P. A. H. Adv. Phys. Org. Chem. 1976, 12,
139-221.

(2) Pines, E.; Huppert, D. J. Phys. Chem. 1983, 87, 4471-4478.

(3) Gutman, M. Methods Biochem. Anal. 1984, 30, 1-103.

(4) Bell, R. P. The Proton in Chemistry, 2nd ed.; Chapman and Hall:
London, 1973; pp 86-132.

(S) Caldin, E. F.; Gold, V. Proton Transfer Reactions; Chapman and Hall:
London, 1975.

(6) Weller, A. Prog. React. Kinet. 1961, 1, 189-214.

(7) Pines, E.; Huppert, D.; Agmon, N. J. Chem. Phys. 1988, 88,
5620-5630.

(8) Pines, E.; Huppert, D. J. Chem. Phys. 1986, 84, 3576-3577.

(9) Pines, E.; Huppert, D. Chem. Phys. Lett. 1986, 126, 88-91.

(10) Huppert, D.; Pines, E. Ultrafast Phenomena V; Fleming, G. R.,
Seigman, A. E., Eds.; Springer-Verlag: Berlin, 1986; pp 315-318.

(11) Agmon, N.; Pines, E.; Huppert, D. J. Chem. Phys. 1988, 88,
5631-5638.

(12) Politi, M. J.; Fendler, J. H. J. Am. Chem. Soc. 1984, 106, 265-273.

(13) Huppert, D.; Kolodney, E.; Gutman, M.; Nachliel, E. J. 4m. Chem.
Soc. 1982, 104, 6949-6953.

(14) Smith, K. K.; Kaufman, K. J.; Huppert, D.; Gutman, M. Chem. Phys.
Lett. 1979, 64, 522-527.

(15) Weller, A. Z. Phys. Chem. N.F. 1958, 17, 224-245.

0002-7863/89/1511-4096%01.50/0

Table I Deprotonation Lifetimes of Some Photoacids

charge dep. lifetimes dep. lifetimes
photoacid after dep. by PTRS (ps) by RQY (ps)
110 % 109 250/
HPTS? -4 55 % 30° 480 £ 30¢
HNDS? -3 80 % 10 260 % 20/
HNMS -2 980 + 200/ 1300 £ 70¢

“8-Hydroxypyrene-1,3,6-trisulfonate. ?2-Naphthol-6,8-disulfonate.
¢2-Naphthol-6-sulfonate. “References 7, 12, 13. ¢Reference 14.
TReference 16. #Reference 15. *Reference 13. Reference 17.
/Reference 18.
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Figure 1. A typical constant intensity excitation experiment of 20 uM
HPTS in NaNOj aqueous solutions, 7 = 20 °C, A, = 353 nm. The

fluorescence intensity was normalized to the base band at 510 nm. From
top to bottom: () 0, (b) 10, (c) 20, (d) 40, (e) 90, (f) 260 mM NaNO;.
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The HPTS was already investigated by PTRS and its dissociation
profile was found to be nonexponential in agreement with the
proposed mechanism for the geminate recombination process.™ !
Indeed, RQY measurements of the HPTS had predicted much
longer deprotonation lifetimes than those that were found by PTRS
methods (Table I).

Figure 1 shows typical constant illumination fluorescence spectra
of aqueous solutions of HPTS at pH = 5.5 with various con-
centrations of NaNO;. As the concentration of the strong elec-
trolyte is raised the initial 1:20 intensity ratio between the acid
band at 442 nm and the base band at 510 nm becomes larger.

The total quantum yield of the HPTS as well as the quantum
yield of the acid and base forms when present alone in the solution
is known to be close to unity.!® At pH = 5.5 practically all the
HPTS in the ground state is present in its acidic form (pK°gprs
= 7.7). At the same time this pH is high enough so the bimo-
lecular (as opposed to geminate) protonation of the anion is
negligible during the lifetime of the excited state (~6 ns). With
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Figure 2. Average deprotonation lifetimes of HPTS (74) as a function
of NaNO, concentration. 74" is the initial deprotonation lifetime found
by direct measurements and (74)asymp is the theoretical lower limit for 74
attainable by the salt effect.

these conditions the relative fluorescence efficiencies of the acid
and base bands are directly proportional to the average depro-
tonation lifetime of the acid.'®!"1®

7q = 7% OH(reon/ dreo-) (1)

74 = (kg)™' is the average lifetime of the reaction

ka
R*OH — R*O™ + H*
7R"OH ig the radiative lifetime of the excited acid (R*OH) in the
absence of proton dissociation, and ¢g+oy and ¢g.o- are the ab-
solute quantum yields of the acid and base forms, respectively.
74 can be shown to be of a form of

R @)

74™ is the pure dissociation lifetime of the molecule, which depends
on the chemical properties of both the molecule and the solvent,
and 748" is the geminate recombination contribution to the total
dissociation lifetime, which is mainly dependent on the electrostatic
interaction between the ion pair. In the asymptotic event where
all the coulombic interaction is screened there is still a slight
probability for a geminate encounter between the ions. For HPTS
this asymptotic value is equal to 1.0874™; Introducing the value
found by PTRS at 20 °C of 74™ = 110 % 10 ps*”'? one gets for
the minimum deprotonation lifetime of HPTS attainable by total
coulombic screening (747°73),0ym = 120 £ 10 ps.2°

Figure 2 shows 74 calculated according to eq | as a function
of the NaNO, concentration. The data were extracted from at
least 20 independent experiments such as portrayed in Figure 1.

The asymptotic value of 74 is clearly approached as the con-
centration of NaNO; is raised. However, at roughly 0.2 M
NaNO, 74 seems to level off at a value of 170 & 10 ps. At these
electrolyte concentrations the activity of the aqueous solution is
significantly lowered and 74™ starts to increase with the NaNO,
concentration.!* Thus, at this range of concentrations (0.2-0.3
M NaNQO,) the decrease in 74#™ is cancelled out by the increase
in 4™ and hence their sum, 74, remains practically constant.
Further increase in the electrolyte concentration will eventually
cause an increase in 74."* (At 4 M NaNO; 7,™ was measured
by PTRS to be 300 & 30 ps.?®) At the concentration range where
T4™ is a constant and 4 is well characterized (0-0.1 M NaNQ;),
a quantitative analysis of the screening effect is possible. This
analysis is the subject of a subsequent paper.?®

Preliminary PTRS results of the HPTS/NaNOQ, system point
to the same conclusion, i.e., the addition of the salt enhances the
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average dissociation rate of the photoacid.?

In summary, we present here for the first time clear evidence
that reversible proton geminate recombination processes affect
macroscopic observables such as the relative fluorescence quantum
yields of photoacids. By doing so, we resolve the long-standing
discrepancy between direct and indirect measurements of disso-
ciation lifetimes of photoacids.
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Ion molecule reactions in the gas phase differ significantly from
those in solution due to the absence of solvation effects. Recently,
attempts have been made to bridge this difference by comparing
the gas-phase reactivity of single ions and those complexed to one
or more “solvent” molecules. In particular, equilibrium studies
of these systems have resulted in significant advances in our
understanding of the energetics of ion-solvent interactions.! The
dynamic effects, however, are less well understood.2  For example,
Sn2 reactions of solvated ions have been studied, but the major
reaction products are unsolvated.’ In this paper, we report one
of the first examples of a nucleophilic displacement in which the
solvent molecule is efficiently transferred from the reactant to the
product ion.*

We have investigated a series of reactions of alkoxide-alcohol
dimers with selected alkyl formates using Fourier transform ion
cyclotron resonance (FT-ICR) spectrometry.’ As shown in Table
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