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Proton-induced quenching in both excited singlet and triplet states of methoxynaphthalenes in HoO-
CH3CN mixtures has been studied by means of laser flash photolysis. Inclusion effect of B-cyclodextrin
(BCD) on the proton-induced quenching has been also examined. It is shown that the proton-induced
quencing (the rate constant kg) of 1-methoxynaphthalene (1RH) occurs effectively in the excited singlet
state, but not in the triplet state on the basis of the T,«T1absorption measurements. There is no enhancement
of triplet formation via the proton-induced quenching since the k4 value obtained by the T,«T; absorption
measurements agrees with that obtained by fluorimetry. It was unsuccessful to observe a protonated o-
complex produced by the excited-state protonation to the naphthalene ring. The 1:1 inclusion complex
between 1RH and BCD is produced with the association constant K; (=27 mol-!dm3 at 300K). In the
presence of BCD, the 'L, character of 1RH increases in the fluorescent state and the proton-induced
quenching of 1RH markedly decreases, which may be due to inclusion and environmental effects of
BCD upon the behavior in the excited state of IRH. As for 2RH having little or no intramolecular CT char-
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acter (1L.), there is no proton-induced quenching.

Proton association and dissociation in the excited
state of aromatic compounds are elementary processes
in chemistry. The acid-base properties in the excited
state of aromatic compounds are closely related to
electronic structure, which is considerably different
from that in the ground state. A number of studies
on the acidity constants pK.* in the excited state of
aromatic compounds have been reported showing
that the pK.* values are significantly different from
the acidity constants in the ground state.!-9 It is
well-known that the pK.* values can be estimated by
means of the Forster cycle,1-3:19 the fluorescence
titration curve,2® and the triplet-triplet absorbance
titration curve.l  These methods involve the
assumption that proton transfer in the excited state is
very fast, resulting in establishment of an acid-base
equilibrium during the lifetime in the excited state.

However, it has been shown recently that proton-
induced quenching (1kq) is competitive with the pro-
ton transfer reaction in the excited state of naphthyl-
amines (that is, simple acid-base equilibrium cannot
be attained during the lifetime in the excited state of
aromatic amines) and that a dynamic analysis
containing the quenching process is, therefore,
needed in order to obtain the accurate pK,* values.1?
The dynamic analyses by means of nanosecond time-
resolved spectroscopy with fluorimetry have been
applied to 1-pyrenyl amine,!® l-anthrylamine,¥
phenanthrylamines,’® and naphthols.1® The
Stuttgart group!”? has supported our method to
determine the pK.* values of naphthylamines. Sim-
ilar experiments for excited naphthols have been
reported by Harris and Selinger.!® Establishment of
prototropic equilibria at moderate acid conditions

has been reported in the excited singlet state of 2-
naphthol-6,8-disulfonate!® and in the triplet states of
benzophenone?® and phenyl alkyl ketones.2? For the
triplet state, its lifetime is relatively long enough to
accomplish the prototropic equilibrium.2V

Thus, the proton-induced quenching is a very
important process in the prototropic reaction in the
excited state. For the quenching mechanism a
complex in which a proton is shared between excited
2-naphthylamine and one water molecule?? or a
hydrated naphthylammonium cation in the ground
state?® was assumed as an intermediate for the
quenching. However, it has been demonstrated that
the proton-induced quenching proceeds via electro-
philic protonation at one of carbon atoms of the
aromatic ring in the excited singlet state, leading to
proton exchange (or isotope exchange).2¥ An
intramolecular CT structure in the excited state is
responsible for the quenching.15:24.25 A linear
relationship between the !k, values and the charge
densities in the excited state of aromatic compounds
has been shown.29

In the course of a study on the excited-state proton
transfer reaction,?® we became interested in the
proton-induced quenching of methoxynaphthalenes
studied by laser flash photolysis in order to establish
the proton-induced quenching mechanism. Inclu-
sion effect of BCD on the quenching has been also
examined. This work was studied to answer the
following questions:
(1) Is there any enhancement of triplet formation
induced by the quenching? (2) Is there any proton-
induced quenching in the triplet state? (3) Is there
any transient produced by protonation in the excited
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state? (4) What is the relation between electronic
structure and proton-induced quenching? and (5)
What about the inclusion efect of BCD upon both the
quenching and the fluorescent state?

Experimental

Materials. Both 1- and 2-methoxynaphthalenes were
the same as those reported elsewhere.2¥ B-Cyclodextrin
(Wako) and H2SO4 (97%, Wako) were used without further
purification. Deionized water was distilled. Acetonitrile
(reagent grade) was purified by the usual method.2? The
actual acid contents were determined by titration. Acetoni-
trile and water mixtures (1:4 or 4:1 by volume) were used
as solvents. All samples were thoroughly degassed by
freeze-pump-thaw cycles on a high vacuum line.

Absorption and Fluorescence Measurements. Absorp-
tion and fluorescence spectra were recorded with a Hitachi
200-10 spectrophotometer and a Hitachi M850 spectrofluori-
meter respectively.  The spectral corrections for the
emission were made.

Nanosecond Laser Flash Experiments. Laser flash
photolysis studies were carried out by using a Nd**-YAG
laser equipped with a forth harmonic (266 nm) generator.
The duration of a laser pulse was approximately 20 ns.
The detection system for measurements of transient spectra
consisted of a 150 W xenon lamp (Ushio UXL 150-D) as an
analyzing light source, a monochromator (Ritsu Model
MC-20N), a photomultiplier (Hamamatsu R758) and a
transient memory (Kawasaki Electronica, MR-50E). The
analyzing light beam was intensified by a factor of ca. 20
during the detection of the transient spectra. The
transmitted light beam through a sample cell (10 mm) was
led into the entrance slit of the monochromator. The
output from the photomultiplier attached to the exit slit of
the monochromator was recorded on the transient memory.

Results and Discussion

Proton-induced Quenching of Methoxynaphthalenes
Studied by Laser Flash Photolysis. Figure 1
shows the transient absorption spectra of (a) 1-
methoxynaphthalene (1RH), (b) 1RH in the presence
of acid ([H2S04]=0.5 mol dm3), and (c) 2-methoxy-
naphthalene (2RH) in CH3CN-H20 (4:1) mixtures,
obtained by laser flash photolysis at 266 nm. These
spectra with peaks of 435nm (IRH) and 430 nm
(2RH) were assigned to those of T,«T; transitions,
since they were the same as the T,«T: absorption
spectra obtained by the triplet sensitization by
acetophenone at 337 nm as can be seen in Fig. 1(d).
These transient spectra were quenched effectively by
dissolved oxygen. The absorbance of the T,«T;
transient spectrum of 1RH was decreased with
increasing the concentration of protons without any
spectral change [e.g., Fig. 1(b)]. However, for 2RH
no change in the T,«T; absorbance dependent upon
the concentration of protons was observed. The
Stern-Volmer Plots of A}/Ar vs. [HsO+] are shown in
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Fig. 1. Transient absorption spectra of (a) IRH (4.4x
10-¢mol dm=3), (b) IRH (4.4%10-*moldm=3) in
the presence of acid ([H,SO,]=0.5 mol dm—3), and
(c) 2RH (1.3 x 10~ mol dm~3) in H,O-CH,CN (1 : 4)
mixtures obtained by laser flash photolysis at 266 nm.
(d) Reference T,« T, transient spectra of RH’s (2.5 %
10-3 mol dm~3) obtained by triplet sensitization of ace-
tophenone (3 X 10~2 mol dm=3) at 1 ps after laser puls-
ing at 337 nm.
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Fig. 2. Plot of A3/A4; of IRH (a) or 2RH (b) as a func-
tion of [H;O+t]. For detail, see text.

Fig. 2(a) and (b) for 1RH and 2RH respectively.
Straight lines are obtained indicating that Eq. 1 fairly
holds.

Az

=1 + tkyro[H,0%] (1)
A,

where At and 4% denote the T,«T; absorbances at
the transient peaks at the delay time=100 ns with and
without protons respectively, 1kq the rate constant for
the proton-induced quenching in the excited singlet
state, and 7, the fluorescent life-time of methoxy-
naphthalenes. From the slope (a) in Fig. 2, the kg
value is determined to be 1.5X108 mol-'dm?3s-! for
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IRH using 70=12.6 ns,2¥ which is the same as that
(1.6X108 mol-! dm3 s-1) obtained by fluorescence
intensity measurements?¥ within the experimental
errors. As for 2RH, the k4 value is very small (less
than 1X10°mol-'dm3s-1). The time trace of the
transient T,«<T; absorption monitored at the tran-
sient peaks are shown in Fig. 3, which decays with a
single exponential function. The triplet lifetimes of
I1RH and 2RH are obtained to be 10.2 (£0.4) and 10.2
(£0.2) ps, respectively. The triplet lifetimes were
scarcely affected by protons, suggesting that there is
little or no proton-induced quenching in the triplet
state.

The introduction of electron-donating groups such
as amino, hydroxyl, and methoxyl groups into the
aromatic ring causes electron migration from the
substituents to the ring in the excited singlet
state.28.29 This tendency is enhanced by solvation of
the excited species in polar media, and the excited
molecule has an intramolecular CT structure. As a
result, the basicity of the aromatic ring increases
appreciably in the excited state. This is the reason
why the intramolecular CT structure is responsible
for the proton-induced quenching.15.24.29 The CT
character in the excited species having electron-
donating moieties at the a-position of the naphtha-
lene ring is larger than that at the B-position. In
contrast, there is no CT character in the lowest triplet
state of IRH, resulting in little or no proton-induced
quenching.?¥ Therefore, the proton-induced quench-
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Fig. 3. Time traces of the transient T,« T, absorptions
of IRH (a) 2RH (b) monitored at 435 and 430 nm
respectively, obtained by laser flash photolysis at 266
nm. The semilogarithmic plot of absorbance (A4r)
gives a straight line, showing that the triplet species
decays with a single exponential function. For the
decay kinetics of 1RH, the absorbance (1.26x 10-2)
due to a transient having a long lifetime was subtracted
from the absorbance at 435 nm. Similary, for 2RH
the absorbance (2.47 X 10—%) due to a transient having
a long lifetime was substracted from the absorbance
at 430 nm. These absorbances may be due to photo-
products of RH.
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ing (i.e., protonation to the carbon atoms of the
aromatic ring) is attributed to a typical electrophilic
reaction.242® A possibility of enhancement of
intersystem crossing due to the proton-induced
fluorescence quenching was assumed in an early
stage of this study.3® The anion-induced quenching
of aromatic compounds is to be the case.31:32
However, the possibility for enhancement of triplet
formation was completely ruled out since the lkq
value obtained by the T,«T; absorbance of 1IRH
agrees with that fluorimetry29 as described above. It
has been pointed out that there is relatively little
correlation between 1kq and I¥ [the ionization
potential for the excited singlet state of aromatic
compounds (14*) estimated from Ip (ionization
potential for the gorund state (14)) minus EA° (0-0
transition energy for !'4*—14)].29 The quenching
mechanism of '4* by protons is different from that
by inorganic anions X-. The former involves a
chemical interaction (protonation) at one of carbon
atoms of the aromatic ring and the latter involves an
electron transfer (or charge transfer).31:32 An elec-
tronic interaction between '4* and H+ (or D*) in the
quenching is locally restricted to one of carbon atoms
of the aromatic nucleus. This may be due to thc
following reasons: the radius of the proton (10-5 A)33
is too small to overlap widely with the z-electronic
system of 14* compared to those of X- (1.5—3 A), and
electrostatic and covalent interactions between H* [or
D+) and the proper carbon atom of '4* become large
enough to produce bond formation.2¥ The experi-
mental results can be accounted for by a schematic
energy-state diagram in Fig. 4, showing that the
proton-induced quenching kg occurs in the fluores-
cent state (!L,), but not in the T; state.
Unfortunately, the detection of a protonated o-
complex produced by electrophilic attack mainly at
position 5 of the excited 1RH was unsuccessful in the
present laser flash experiments. This may be due to
that the transient o-complex may have a very weak
absorption in the observed wavelength region and/or
that its lifetime may be too short to detect the
transient absorption. Anyway, it is unknown at the
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Fig. 4. A schematic energy-state diagram for the pro-
ton-induced quenching (,) of IRH. For details, see
text and Ref. (24).
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present stage. A very weak absorption appeared in
the longer wavelength region with a peak of 650 nm in
the presence of protons, as shown in Fig. 1(b). The
buildup time of the transient absorption was about 1
ps. The weak transient spectrum is very similar to
that of the cation radical of 1IRH.3¥ It is obvious that
this transient is not produced directly from the
excited singlet state of 1RH because the rise (1 ps)
and decay (10=12.6 ns) times are different from each
other. There was no 650 nm transient formation
without acid. Therefore, protons should be needed
for formation of the longer wavelength transient.
For direct excitation of 2RH, no 650 nm transient
was observed. Further investigation on the transient
species will be needed in future.

Inclusion Effect of B-Cyclodextrin on Proton-induced
Quenching of 1RH. It has been demonstrated
that the proton-induced quenching of 1RH proceeds
via electrophilic protonation at the proper carbon
atom of the aromatic ring in the lowest excited
singlet state (!L,) in polar media, leading to proton
exchange or isotope exchange mainly at position 5
(slightly at position 8) of the naphthalene ring.2¥
Therefore, it was expected that if position 5 (or
position 8) of the naphthalene ring would be
protected by B-cyclodextrin the proton-induced
quenching might decrease significantly. It is known
to produce a 1:1 inclusion complex of B-cyclodextrin
(BCD) with naphthalene derivatives.35:36)

At first, spectroscopic studies of 1RH in the
presence of BCD have been carried out. Figure 5(a)
shows the absorption spectra of IRH ([IRH]=1.4X
104moldm—3) in a H:O-CH3CN (4:1) mixture
with(l) and without(2) BCD ([BCD]=2X10-2mol
dm=3); the differential spectrum of 1RH with and
without BCD ([BCD]=2X10-2moldm=3) is also
depicted in Fig. 5(b). An isosbestic point was
observed at 282 nm at various concentrations of SCD,
reflecting an equilibrium:

IRH + CD = (IRH- SCD) )

The association constant in the ground state K,
(=[1IRH—BCD}{[1RH][BCD]}™?), is calculated by3®

(4, —43)/Cp = Kg(47—4,) 3)

where Cg represents the concentration of BCD, 4%, 44,
and Ay stand for the absorbances of nil, Cg, and =,
respectively. Figures 6 shows a plot of (4,—A%)/Cg as
a function of A; at =300 nm at 300 K. The value of
K, is determined to be 27 mol~-! dm3 from the slope.
The fluorescence spectra of 1RH([1RH]=1.4X
10-4moldm=3) (1) with and (2) without BCD
([BCD]=2X102mol dm-3) in HO-CH3CN (4:1)
mixtures are also shown in Fig. 5(a). In the case of
(1), the concentration of the 1IRH-BCD complex is
estimated to be 4.9X10-5 mol dm—3 at 300 K, which
corresponds to 35% of the total concentration of 1IRH
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Fig. 5. (a) Absorption and fluorescence spectra of IRH

(1.4 x 10~* mol dm=3) in H,O-CH,CN (4 : 1) (1) with
and (2) without SCD ([fCD]=2X 10-2 mol dm3).
(b) The differential absorption spectrum of 1RH be-
tween (1) and (2). For detial, see text.
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Fig. 6. Plot of (4,—A43})/Cs vs. A; at 300 K, where
A is 300 nm. For detial, see text.

(1.4X10# mol dm=3). The maximum concentration
of BCD to add to the system is =~2X10~2mol dm3,
since the molecular weight of BCD is extremely large
(1135) and its solubility is restricted. However, the
effect of BCD on the fluorescence properties and the
proton-induced quenching of 1RH were distinct.
The fluorescence intensity at longer wavelengths
decreases when BCD is added as shown in Fig. 5. It
suggests that the addition of BCD decreases intra-
molecular CT character (!L.) in the excited state.
The fluorescence quantum yield and apparent
lifetime of 1RH in the presence of BCD (2X10-2
mol dm-3) in HeO-CH3sCN (4:1) were obtained to be
0.38 and 10.6ns at 300 K, respectively. By addition of
BCD to the system, the fluorescence quantum yield
slightly decreased compared to that (0.43)29 of free
1RH, whereas the lifetime became long in com-
parison with that (8.9ns)2® of free 1IRH. It is
noteworthy that the fluorescence spectrnm of 1RH
with BCD is similar to that of free IRH in less polar
or nonpolar media. The vibrational structures of
emission from the 1L, state (the locally excited state)
appear at the shorter wavelengths with a peak of
338nm. This observation can be explained in terms
of a model of the IRH-BCD inclusion complex, in
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which a part of the naphthalene ring of 1RH (z.e.,
positions 5 and 8) may be included as shown in Eq.
4:

0CH; « o)
+ Ej = = ()
1RH pcn @

1RH-ACD

A similar Corey-Pauling-Kolton molecular model
has been proposed recently by Tran and Fendler.3®

Electron migration from the methoxy group to the
naphthalene ring decreases in the excited IRH-BCD
complex, since solvation of the excited 1RH [posi-
tions 5 and 8 having large charge densities in the
excited state (1L.)]?¥ with polar solvent molecules
may be prevented by SCD inclusion. As a result, the
1RH-BCD complex behaves as if it were in less polar
media.

The plots of Io/I vs. [H3O*] are shown in Fig. 7,
where I and Ip are the fluorescence intensities at
338 nm with and without protons respectively and (a)
and (b) denote the absence and presence of BCD
([BCD]=2X10-2 mol dm~3) respectively. This result
shows that the proton-induced fluorescence quench-
ing of 1IRH (%=1.1X10°mol~!dm?s~!) decreases
markedly in'the presence of BCD. This fact shows
that the reactive positions [mainly 5 and slightly 8 in
the excited state (1L.)] of 1RH are efficiently blocked
by BCD inclusion. However, the experimental
results of the fluorescence and proton-induced
quenching cannot be explained only by the effect of
the complex formation. In addition to this, one may
take into account an environmental effect of SCD
upon both fluorescence properties and the proton-
induced quenching rate of 1RH, since the IRH-BCD
complex formation is 35% under the experimental
conditions as described above. Probably, 1IRH may
be surrounded by BCD molecules, resulting in that
the 1L, character of 1RH increases in the excited
state. It should be noted that the L, state (locally
excited state) is not susceptible of protons, as shown
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Fig. 7. Plots of I/I of IRH at 338 nm »s. [H;O%]

in H,O-CH,CN (4 : 1) (b) with and (a) without SCD
([FCD]=2x 10~2 mol dm~—3).

Proton-induced Quenching of Methoxynaphthalenes

2111

previously.24
Summary

(1) The TyT: absorbance of 1IRH at 435 nm ob-
tained by laser flash photolysis decreases consider-
ably with increasing the concentration of protons,
while its triplet lifetime (10.2 ps) is scarcely affected
by protons, showing that the proton-induced quench-
ing occurs in the excited singlet state, but not in the
triplet state. There is no enhancement of triplet
formation via the proton-induced quenching on
the basis of the result that the !k, value (1.5X
108 mol-'dm3s-1)in HzO-CH3CN (1:4) at 300K
obtained by the T,«T; absorption measurements is
nearly equal to that (1.6X108 mol~! dm3s~!) obtained
by fluorimetry?¥ within the experimental errors.
Unfortunately, the protonated o-complex cannot be
detected under the experimental conditions.

(2) The 1:1 complex between 1RH and BCD is
produced with the association constant K, (27
mol-1dm3 in HoO-CH3CN (4:1) at 300 K). In the
presence of BCD (2X10-2 mol dm3) the !L; character
of 1RH increases in the fluorescent state and the
proton-induced quenching of 1RH markedly de-
creases. These effects of BCD may be due to not only
the inclusion effect of BCD, but also the environ-
mental effect of BCD upon the behavior of the excited
IRH species. The intramolecular CT character (1L.)
in the excited state of 1RH also decreases by the BCD
inclusion.

(3) For 2RH, proton-induced quenching in the
lowest excited singlet state is scarcely observed. The
difference in the quenching between 1RH and 2RH
is caused by that in electronic structures in the
excited singlet state; the former has an intramolecular
CT structure (!L,), but not for the latter (!Ly). It is
confirmed that the intramolecular CT structure in
the excited state is responsible for the proton-induced
quenching.
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Grant-in-Aid (No. 58470001) of the Ministry of
Education. The authors are very grateful to Dr. H.
Hiratsuka of Tokyo Institute of Technology for
showing us the absorption spectra of the RH cation
radicals.

References

1) Th. Forster, Z. Elektrochem. Angew. Phys. Chem., 54,
42, 531 (1950).

2) A. Weller, Ber. Bunsenges. Phys. Chem., 56, 662 (1952);
1bid, 66, 1144 (1956).

3) A. Weller, Prog. React. Kinet., 1, 189 (1961).

4) H. Beens, K. H. Grellmann, M. Gurr, and A. Weller,
Discuss. Faraday Soc., 39, 183 (1965).

5) E. V. Donckt, Prog. React. Kinet., 5, 273 (1970).



2112

6) E. L. Wehry and L. B. Rogers, In “Fluorescence and
Phosphorescence Analyses,” ed by D. M. Hercules, Wiley-
Interscience, New York, 1966, p.125.

7) S. G. Shulman, In “Modern Fluorescence Spectroscopy,”
ed by E. L. Wehry, Pleum, New York (1976); Vol. 2, S. G.
Shulman, ‘“‘Fluorescence and Phosphorescence Spectro-
scopy,” Pergamon, Oxford, (1977).

8) J. F. Ireland and P. A. H. Wyatt, Adv. Phys. Org.
Chem., 12, 131 (1976) and a number of references therein.

9) W. Klopffer, Adv. Photochem., 10,.311 (1977).

10) Z. R. Grabowski and A Grabowska, Z. Phys. Chem.
(Wiesbaden), 101, 197 (1976); Z. R. Grabowski and W.
Rubaszewska, J. Chem. Soc., Faraday Trans. 1, 73, 11 (1977).

11) G. Jackson and G. Porter, Proc. R. Soc. London, Ser. A,
260, 13 (1961).

12) K. Tsutsumi and H. Shizuka, Chem. Phys. Lett., 52,
485 (1977); Z. Phys. Chem. (Wiesbaden), 111, 129 (1978).

13) H. Shizuka, K. Tsutsumi, H. Takeuchi, and 1.
Tanaka, Chem. Phys. Lett., 62, 408 (1979); Chem. Phys., 59,
183 (1981).

14) H. Shizuka and K. Tsutsumi, J. Photochem., 9, 334
(1978).

15) K. Tsutsumi, S. Sekiguchi, and H. Shizuka, J. Chem.
Soc., Faraday Trans. 1, 78, 1087 (1982).

16) K. Tsutsumi and H. Shizuka, Z. Phys. Chem.
(Wiesbaden), 122, 129 (1980).

17) F. Hafner, J. Woérner, U. Steiner, and M. Hauser,
Chem. Phys. Lett., 72, 139 (1980).

18) C. M. Harris and B. K. Selinger, J. Phys. Chem., 84,
891, 1366 (1980).

19) S. G. Schulman, L. S. Rosenberg, and W. R. Vincent,
Jr., J. Am. Chem. Soc., 101, 139 (1979).

20) D. M. Rayner and P. A. H. Wyatt, J. Chem. Soc.,
Faraday Trans. 2, 70, 945 (1974).

H. Suizuka, M. FukusuiMa, T. Fuju, T. KosayasHi, H. Outani, and M. HosHiNO

[Vol. 58, No. 7

21) H. Shizuka and E. Kimura, Can. J. Chem., 62, 2041
(1984).

22) Th. Forster, Chem. Phys. Lett., 17, 309 (1972).

23) S. G. Schulman and R. J. Sturgeon, J. Am. Chem. Soc.,
99, 7209 (1977).

24) H. Shizuka and S. Tobita, J. Am. Chem. Soc., 104, 6919
(1982); S. Tobita and H. Shizuka, Chem. Phys. Lett., 75, 140
(1980).

25) H. Shizuka and K. Tsutsumi, Bull. Chem. Soc. Jpn.,
56, 629 (1983).

26) H. Shizuka, Acc. Chem. Res., 18, 000 (1985).

27) A. Weissberger, E. S. Proskauer, J. A. Riddich, and E.
E. Troops Jr., “Organic Solvents,” Wiley-Interscience, New
York, (1955), p435.

28) N. Mataga, Bull. Chem. Soc. Jpn., 36, 654 (1963).

29) S. Suzuki, T. Fujii, and K. Sato, Bull. Chem. Soc. Jpn.,
45, 1937 (1972); H. Suzuki and H. Baba, ibid., 40, 2199 (1967).

30) H. Shizuka, Y. Ishii, and T. Morita, Chem. Phys. Lett.,
62, 408 (1979). )

31) H. Shizuka, M. Nakamura, and T. Morita, J. Phys.
Chem., 84, 989 (1980).

32) H. Shizuka and H. Obuchi, J. Phys. Chem., 86, 1297
(1982).

33) Protons exist in aqueous solution as hydronium ions.
However, protonation proceeds via proton transfer involv-
ing only the movement of a nucleus as has been stated by
Bell: R. P. Bell, “The Proton in Chemistry,” Chapman and
Hall, London, (1973).

34) H. Hiratsuka, Unpublished results.

35) T. Yorozu, M. Hoshino, M. Imamura, and H.
Shizuka, J. Phys. Chem., 86, 4422 (1982).

36) C.D. Tranand J. H. Fendler, J. Phys. Chem., 88, 2167
(1984).






