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Excited-state Reactions of Coumarins in Aqueous Solutions. I.
The Phototautomerization of 7-Hydroxycoumarin and Its Derivative
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The kinetics and mechanism of the reaction in the photo-excited state of 7-hydroxycoumarin and its deriv-
ative have been studied in aqueous solutions by means of measuring the fluorescence spectra and the fluorescence

lifetime.
and cationic forms of 7-hydroxycoumarins.

The four fluorescence bands have been identified as emissions from the neutral, anionic, tautomeric,
The quantitative analysis was performed by using the rate equation

which included the term for the direct conversion of the excited neutral molecule to its tautomer in addition to

the usual reaction term of dissociation.

The rate constants of the tautomerization and dissociation were dis-

cussed in detail, and it was revealed that the tautomerization in aqueous solutions was mainly caused by the trans-

fer of a proton between two active sites in the molecule.

Such an intramolecular proton-transfer of the couma-

rins, found first in this paper, is considered to be promoted by water molecules with a hydrogen bond surrounding

the excited molecule.

In recent years there have appeared many experi-
mental works on the fluorescence behavior of solutions
in which there had been dissolved various coumarin
derivatives, which are used practically as fluorescennt
indicators, and as laser-dye solutions.'-3) The greater
part of the experiments have been performed only
on the solutions under particular conditions, and most
investigators have used rather qualitative methods for
the analysis of fluorescence phenomena. In regard
to coumarins with a 7-hydroxyl group as a substituent,
complex fluorescence spectra have been observed in
a variety of organic solvents and in acidic, neutral,
and basic aqueous solutions. It has been revealed
that, typically, four fluorescent species exist in the
photo-excited state according to the solvent conditions;
they have been tentatively identified as neutral, anionic,
tautomeric, and protonated species of the excited
molecule.

Concerning this 7-hydroxy compound, several au-
thors have studied the reaction kinetics of these molec-
ular species using quantitative or semiquantitative
methods;*-? they have derived some reaction-rate con-
stants from the fluorescence spectra and the fluores-
cence lifetime. Although the results obtained by the
former workers may be valid under restricted solvent
conditions, it will be shown later in this article that
an important point is missing in their conclusions
and that the total fluorescence data cannot be ex-
plained without including a new mechanism in the
reaction process to generate a phototautomer. There-
fore, we wish to report here the detailed fluorescence
data which enabled one to analyze quantitatively the
reaction mechanism of the photo-excited 7-hydroxy-
coumarins in an aqueous solution, and to show a
generalized method to treat the reaction kinetics over
a very wide range of hydrogen-ion concentrations in
solution. The way of analysis performed below should
also be applicable to various 7-hydroxycoumarin deriv-
atives and essentially to other types of hydroxy- and
amino-substituted coumarins.

Experimental

The 7-hydroxycoumarin (1) was obtained from Wako
Pure Chemical Ind., and the 7-hydroxy-4-methylcoumarin
(2), from Tokyo Kasei; they were both recrystallized from
cthanol and then washed with diethyl ether. The purity

was checked by means of differential thermal analysis (DTA),
which could rigorously monitor the melting point of the
reagents: 1, mp 233.5°C; 2, mp 186.3 °C. Solutions for
the measurement of the absorption and fluorescence spectra
were prepared by diluting an aqueous solution of a known
concentration with distilled water; their pH (or H®) value
was controlled over wide ranges by the use of HCIO, for
the pH (or Hy) —4.3—5 and by utilizing the following buffer
solutions for the pH 5—11: pH 5—5.8, succinic acid-borax;
pH 5.8—9.2, KH,PO,~borax; pH 9.2—I11, Na,CO;-borax.
All the chemicals used for the pH control were analytical
or spectrograde reagents. The ionic strength of the buffer
solutions was suppressed as much as possible within the
limit of effective buffer action in-order to avoid the influence
of various ions on the excited-state reactions of the molecular
species being observed. The absorption spectra were ob-
tained on a Hitachi 323 spectrophotometer, and the fluo-
rescence spectra, on a Hitachi MPF 4 fluorescence spectro-
photometer with an S-5 type photomultiplier tube. Usually
the output response was not corrected for instrumentaf
response, since the correction did not affect the analysis ol
the reaction kinetics. The lifetimes of the photo-excited
state of each molecular species were measured by using a
time-correlated single-photon-counting fluorometer similar to
the one described in Ref. 9. When a repetitive short-pulsed
light at 337 nm from an air-flash lamp was used as the ex-
citation source, a fluorescence lifetime as short as 1 ns could
be measured. In order to observe the steady-state fluo-
rescence, the excitation was effected at the isosbestic point
of the absorption spectra, i.e., at 337 nm for 7-hydroxycou-
marin and at 334 nm for 7-hydroxy-4-methylcoumarin. The
concentrations of the fluorescent molecules in the solution
were =~6.1X10-® moldm=3 for 7-hydroxycoumarin and
~6.3x 10" moldm—* for 7-hydroxy-4-methylcoumarin;
these values are most appropriate for the reliable and stable
recording of the fluorescence spectra.’®? The pH value of
solutions was measured directly with a Radiometer PHM
64 pH meter equipped with a G2401C combined glass elec-
trode. Much care was taken for each measurement run
to set the quartz cell containing the sample solution at ex-
actly the same position, thus ensuring the reproducibility of
the recorded fluorescence intensity. The temperature of
the solution could be controlled by a cell holder with water
circulation. Usual spectral measurements were performed
at 20 °C otherwise mentioned.

Results and Discussion

pH Dependence of Absorption and Fluorescence Spectra.
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Fig. 1. Absorption and fluorescence spectra of 7-hy-

droxycoumarin (1) in aqueous solutions with various
pH values. (a) Spectra at pH>11; (b) spectra at
pH<5. A- and N indicate the absorption spectra,

and 7\-, ﬁ, 'f‘, and é+ the fluorescence spectra.
The fluorescence bands are separated each other by
the procedure described in the text and normalized
to the same peak intensity. In (b) the fluorescence

K
spectrum of A~ is omitted since this is the same as
in (a). The little arrow in the figure shows the
isosbestic point.

In the electronic ground-state of 7-hydroxycoumarins
in aqueous solutions, only two molecular species are
spectroscopically detectable. One is a neutral mole-
cule (N), and the other is an ionized molecule (A-),
in which the 7-hydroxyl group is ionized as is shown
below:

N A"
HQ 0.0 0 0. 0
C\@qr—_»m Ty
R R
1:R=H , 2:R=CH,

Figures 1 and 2 show the absorption spectra of 7-
hydroxycoumarin (1) and 7-hydroxy-4-methylcouma-
rin (2) respectively. The absorption maxima of the
neutral and anionic forms of 1 and 2 are 324 nm and
366 nm, and 321 nm and 361 nm, respectively. The
pK values of the 7-hydroxyl substituent were 7.75
(1) and 7.84 (2). From these values, it is readily
shown that, in the ground state, almost all molecules

Excited-state Reactions of Coumarins 7

T T T T 1 T
" (@) ..
A A
Pt /,\\
t'é 104 | \\ /1 \\ _
2 Vo 1
L \ / \ —~
[o] \ 7~ \ n
£ v i =
EOT \ 15
(3] L \ 190
N \ —
w \\ 3
2| | 4>
10 1 1 1 1 1 :
200 300 400 500 600 92
v T T T T 1w
(b) E
N ONE T z
™ 4 4
1 -
£ 3
T 1wn
° b
E s
E 103 =
(9]
N
w
102 X
1 1 2 1 L 1 — 1
2000 300 400 500 600
Wavelength/nm

Fig. 2, Absorption and fluorescence spectra of 7-hy-
droxy-4-methylcoumarin (2) in aqueous solutions with
various pH wvalues. (a) Spectra at pH>11; (b)
spectra at pH<5. The notations are the same as
in Fig. 1.

exist as anions at pH>10 and as neutral molecules
at pH<6. The isosbestic points of the absorption
spectra were 337 nm (1) and 334 nm (2).

When only the anion was excited at a high pH,
the observed fluorescence band was due simply to
the anionic form with emission peaks at 453 nm (1)
and 447 nm (2). The interrelation between the cor-
responding absorption and emission spectra may be
read from Figs. 1(a) and 2(a). In contrast to this,
when the neutral molecule was excited at a low pH,
three kinds of fluorescence bands with emission peaks
at about 397 nm, 478 nm, and 431 nm for 1, and
at about 390 nm, 475 nm, and 419 nm for 2, were
observed in addition to the emission from the anion.
In many cases, these fluorescence bands overlapped
each other to a greater or lesser extent; therefore,
we must make an effort to separate each spectral
band from the others. In the course of this separation
procedure, it is very convenient to plot the emission
intensity of the fluorescence spectrum with a logarith-
mic scale, as is shown in Figs. 1 and 2, because the
spectral shape of each band can readily be recognized
by shifting the plotted spectral band upward or down-
ward in the graph. At first, each band was roughly
separated by the inspection of the graphs obtained
for solutions with a variety of pH values; then, the
band spectrum was improved by a numerical treat-
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ment until a self-consistent relation became realized
between every fluorescence band. The emission-band
spectra thus separated are shown in Figs. 1 and 2.

From the energy positions of the absorption and

K
emission bands, the fluorescence designated by A~
may naturally be thought to originate from an anionic

form, and ﬁ, from a neutral form, of the photo-excited
molecule. This is supported by the fact that the
spectrum of the long-wavelength absorption band of
the neutral molecule (N) and the anionic molecule
(A-) coincides very well with a mirror image of their

corresponding emission bands, 1¢I and K—, which can
easily be read from Figs. 1 and 2. The fluorescence
measurement in various solvents also supported this
conclusion.’) When organic solvents without a hy-
droxyl group, e.g., dioxane, chloroform and acetoni-
trile, were used, simply an emission band which cor-

responded to N in Figs. 1(b) and 2(b) was observed
in the neutral solution; apparently, this originated
from the neutral molecule. Further, the luminescence
experiment using the method of Beens et al.1? revealed
that, on the addition of alkylamines to the solution,
a contact ion-pair between —OH and NR; as well
as an ionized anionic species could exist in the photo-
excited state for the solvent without a hydroxyl group,
while in basic alcoholic and aqueous solutions only
an ionized anionic species was detected because of
the higher ionizing ability of such solvents as possessed
a hydroxyl group. Therefore, the formerly proposed
model of Zinsli,¥ which assumed the existence of
a bound ion-pair of the excited molecule in ethanol-
water mixtures, is highly improbable.

As for the determination of the origin of the remain-

ing two emission bands, ‘.., 'f‘ and é+, the case of
quinolinols and its analog offers a very similar example
which was fully discussed in Refs. 13 and 14. It
has been shown that the long-wavelength absorption
and fluorescence maxima of quinolinols generally lie
at wavelengths, dependent on the ionic species, in

the order of: tautomer ('ik‘) >anion (:ZC) > cation (6+)>

(c) (N)

ju

m (A7)

neutral molecule (ﬁ).m This conclusion is derived
essentially by the use of the general concept that,
in MO calculations, the Coulomb integral and the
electronegativity of the conjugated atom are roughly
proportional to one another, and that the electro-
negativity is ordered: oxygen>nitrogen>>carbon, and
positively charged atom>neutral atom>negatively
charged atom. By coupling these facts with the one-
electron charge densities in the highest-occupied and
lowest-unoccupied m-orbitals of the molecule, we are
able to account qualitatively for the relative positions
of the absorption and emission maxima of the various
ionic species formed in the solution. From the simi-
larity of the fluorescent behavior of the 7-hydroxy-
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Fig. 3. Reaction scheme of the photo-excited states

>k * * *
of 7-hydroxycoumarins. N, A-, T, and C+ represent
the excited states of the neutral, anionic, tautomeric

-
and cationic molecular forms, respectively. £’s and

-
k’s are the reaction rate constants between them.

coumarins with that of quinolinols, and also from the
MO calculations of the tautomeric form of the mole-

cules,15:16) ﬁ, .Xr, é*’, and %‘, in Figs. 1 and 2 may
naturally be identified as fluorescence from the neu-
tral, anionic, cationic, and tautomeric forms of 7-
hydroxycoumarins respectively.

In the most basic solution (pH>11), the anionic

*
form (A-) is the only existing species, while in the

most acidic solution (H,< —4), the cationic form (6+),
probably protonated on the carbonyl oxygen in the
molecule, is also generated. For the intermediate pH

. . . * *
range, three of the emission bands, i.e., N, A-, and
*

T, appear simultaneously, and the role of the emission

band T becomes very important in the reaction kinet-
ics of the excited species, as will be discussed fully
below. We concentrated our attention especially on
this pH range and took the luminescence data as
carefully as possible, because the former workerst-?

. . * .
did not notice the coexistence of the T band with

the ltl and Zr bands, which caused much confusion
in the interpretation of the phenomenon.
Rate-equation Analysis of Reactions in the Excited State.
We have shown in Fig. 3 a generalized total scheme
for the excited-state reactions which is different from
the previously proposed model in the point that there

exist the terms k, and £, representing a reaction path-
way that does not involve a step-by-step protonation
or deprotonatlon process, i.e., a “nondissociative’ reac-

tion pathway. kl and k1 are the usual forward and

backward reaction rates of the N;‘A——I—H+ dissocia-
tive process respectively; k,—¥k, have the same meaning.
As for the region of pH<6, only the neutral molecule
exists in the electronic ground-state, as has been men-
tioned before, so only the neutral molecule can be
excited by light absorption in the first instance. There-
fore, this excited molecule in the solution is converted
in its lifetime into the anionic or cationic species,
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Fig. 4. Relative fluorescence efficiency of the excited
species of 7-hydroxycoumarin (1) in aqueous solution
(6.1 1073 M); Ao, ~337 nm; 20 °C. (a) Dependence

*
of the relative efficiency 5/y, on pH: (O) f\}, (@) A,

Q@) 'ik‘, @ C*+. The ground-state equilibration be-
tween N and A- is also indicated by a dashed curve.

(b) Dependence of K,=(7%/7,1)/(7*/7,") on pH.

which are the base and acid common to both the
neutral molecule and the tautomer. Because of the
low concentration of the substrate and the hydroxide
ion, and the weak contribution of water as a proton-
donating acid, it is inferred, by considering the mech-
anism of general acid-base catalytic reactions,!?) that,

typically, two reaction pathways, t.e., ﬁ#?&‘—l—H*\——"’i"

and ﬁ-{—Hﬂ“——‘éJr:ﬂI“—i—H*', are effective for the tau-
tomerization. In the former reaction process, water
participates in practice as a proton-accepting base.
In addition to the two above-mentioned processes,
we have now proposed a direct nondissociative tau-

tomerization process such as I\*I;‘—"f‘ Here, the £’s
represent the rate constants for such a nondissociative
intramolecular hopping of a hydrogen ion. The mech-
anism and structural requirements for this type of
proton transfer have been studied by Bensaude et
all®  Although their investigation was performed on
phenomena in the ground state of molecules, the
situation is very similar to our case; the importance

of such terms as 7:1 and £, can be clearly seen by using
a rate-equation analysis as will be shown below.
In order to study the reaction kinetics between the
ionic species formed in aqueous solutions with various
hydrogen-ion concentrations, it was essential to control
precisely the pH value over very wide ranges. Each
spectrum measured with a given pH value was sepa-

X % *
rated into the respective emission bands, N, A-, G,

and '*T; then their emission intensity was represented
by the relative emission efficiency, 7/7y, in Figs. 4
and 5 rather than by the emission intensity itself,
where 7 is the quantum efficiency of light emission
under a given condition and where 7, is the efficiency
when all the molecules are hypothetically of the same
species. This relative efficiency is obtainable directly
from the ratio of the actual emission intensity, /, and
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Fig. 5. Relative fluorescence efficiency of the excited
species of 7-hydroxy-4-methylcoumarin (2) in aqueous
solution (6.3x 105 M); Zox=~334nm; 20°C. (a)
Dependence of the relative efficiency 7/n, on pH:

* * * *
(O) N, (@) A-, (®) T, () G*+. The ground-state
equilibration between N and A- is also indicated
*
by a dashed curve. (b) Dependence of K= (9T/9,T)/
(#/70~) on pH.

the maximum emission intensity, /,, the latter being
the fluorescence intensity when all the excited mole-
cules are in the single corresponding species. As-
suming that the natural lifetime, 7, of the excited
molecule and the maximum efficiency, 7, are inde-
pendent of the pH value of the solution, the following
equation is satisfied under steady-state excitation over
the whole pH range:

N A T C
vN + nA 77’1‘ + 770 = l

) %o 7o N
where the superscript of 7 indicates the respective
molecular species. Equation 1 is indispensable for

*
the determination of 7¥/7% and 7%/75, because the N

+ , )

and 'f bands do not have a pH range in which only

the emission from either IikI or ’T‘ is observed, and there-
fore I} and I7 cannot be known directly. The absolute
values of 7N/p% and %%/y7 must, then, be consistently
determined so as to satisfy Eq. 1 over the whole pH
range. The relative emission efficiencies, 7/7,, for the

emissimon bands, KI, ;\“, 'f’, and (ik+, of 1 and 2 are
plotted in Figs. 4(a) and 5(a). Excitation was effected
at the isosbestic points of 1 and 2, which are indicated
in Figs. 1 and 2 by small arrows. Consequently,
the generation rate of the excited molecule was always
the same, regardless of species being excited by light
absorption, and of course only the neutral molecule could
be photo-excited when pH<6. From an inspection of
Figs. 4(a) and 5(a), it may be noticed that between
pH=3 and pH=6 each 7/, value is constant. Fur-

ther, the K— band vanishes if pH<O; instead, the
*
C+ band begins to increase, along with the decrease

%
in the pH value. The contribution of the T emission
to the relative efficiency is larger than that of the

N emission in the whole pH range. This was first
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found by us because we plotted the data not in terms
of the emission intensity, but in terms of the relative
efficiency. It is noted that the large contribution
to the relative efficiency does not always mean a high
emission intensity because of the difference in the
quantum efficiency of each molecular species.
After all, the fate of the photo-excited 7-hydroxy-
coumarins can be thoroughly described by the gen-
eralized scheme of Fig. 3. In the case of pH<H®6,
where our main concern resides, illuminating light is
absorbed solely by neutral molecules, so the generation

¥ * bl b3
rates of the molecular species, N, A-, T, and C*,
in the singlet excited-state are expressed as:

%
U~ 6 — Bt BT 4 B
i 7cl[H+] [f&—] + 753[6*‘] + ‘/;t[:i‘]y @)
E3
d[:;\t ] = —(myt E[Hﬂ +(/;2 [H+])[1§‘] +7€3 [ﬁ] +7‘;2 [*’i‘]:
(3)
darry o ot
& (n+ ky+ ky[H*] + £) [T]
+ ‘]_Cz[HJr] [7\—] + 754[6‘“] + z; [1*\1], 4)
UCT (o s B + R+ e,

©)
where G is the conversion rate of the neutral molecule
to its excited state by the light absorption, and where
n,—n,, the rates of the deactivation of the excited

*
molecule, are the reciprocals of the lifetimes of N,

K—, 'f‘, and é+ respectively. If the steady-state con-
dition is satisfied, we can get the densities of the excited
molecules by letting the left-hand side of Eqs. 2—5
be zero, and the relative emission efficiencies are given
as:

* * *
VA _ n,[N] Vi _ n,[A-] v _ n[T]
7% G’ G 7 7 G’
*
7° n,[CH]
= . 6
e ©

The dependence of 7/, on pH predicted by Eq.
6 can be shown to explain extremely well the results
in Figs. 4(a) and 5(a). In the relatively high pH
region, i.e., pH 4—6, all terms containing [H*] become
negligible compared with those that do not. This
situation can readily be understood by the following
consideration. The values of n;—n, are of the order
of 10851, judging from the fluorescence lifetimes of
the excited molecules, which will be discussed later.
When the hydrogen-ion concentration [H*] is as low

as 104 mol dm~3 or less, the terms of %1_4[H+] become
negligibly small compared with n,_,, because the val-

ues of %1_4 never exceed the order of the rate constants
estimated from diffusion-controlled processes, which
are about 10°—10'° mol-! dm?3s~1.18 The appearance
of a flat region in the 77, vs. pH curves around pH
5 can be consistently explained by these facts. Now,
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formally letting [H+]—0 in Egs. 2—5, the limits of
the relative efficiencies in the higher pH region are
given as:

VAl s ”1("3"’1}_5"'7;2) (7)
N pury — - —_ —
7o (ny+ky) (ng+ ko + k) + (ng+ k)R,
7]A — El(”a +%t+7£2) +Z:;/;; (8)
A — - — - - )
7o (y+ky) (ng+ g+ ko) + (3 -+ ko),
T nd
k
7]'1- d - ‘—na E-» -_ - ) (9)
7o (ny+ky) (ng+ ko + k) + (ng+ ko) &,
C
T 0. (10)
Do

The experimental values obtained from Figs. 4(a)
and 5(a), which correspond to Eqs. 7—9 were, at
pH 3.5—5.5, 7V/75:0.020, 7*/75:0.847, 5%/75:0.136 for
1, and 7%/57:0.021, 7%/5:0.742, 7%/75:0.240 for 2.

*
It is convenient here to define K, by:
T *
£ 7t m[T]
' 7~/ 7% "1[&] '

Wthh is proportional to the ratlo of the concentration

(11)

of T to the concentration of N Figures 4(b) and

5(b) show the dependence of KB on the pH value.
The theoretical expression obtained from Eq. 11 can

elucidate fairly well the behavior of Ia over a wide
pH range. If the hydrogen-ion concentration is so
small that the terms containing [H+*] are negligible
in the expression, as before, then Egs. 7 and 9 give:

g E,
™ "3+E+ /?2
The corresponding values of 1 and 2 were, at pH
3.5—5.5, 6.7, and 11.7 respectively.

In the excited state, the protonated carbonyl group
of the cation shown in Fig. 3 is a very strong acid
comparable with the oxonium ion, H;Ot (pKpo-=

—1.7), while, in spite of the drastic decrease in the
pK of the hydroxyl substltuent of the neutral mole-

Xk
K; — (12)

cule, N with excitation, pKN remains posmve, as

will be mentioned later; therefore, the pl((y<p.f(N
relation is satisfied. Combining this inference with
the fact that the rate constants for the reaction be-
tween charged species with an attractive force, such

as kl and lc2, are larger than those without an attractive
force, such as k3 and k4,1°) it is naturally assumed

that IE_I and %2 are much larger than I‘c—a and E. In
the case of Compounds 1 and 2, as the pH was de-
creased toward zero, there occurred a pH region

around pH 0 where the terms of ZI[H+] and EZ[H+]

become very large, but the terms of E[Hﬂ and k:[H+]
are still negligible compared with the other rate con-

stants. The limiting value of Ia calculated from Eq.
11 is written:

3 Zz + 7‘;/"_2/ (7;1 +(/;2)

£ 3
Kt = — o — .
Py ngt k4 koky /(R Ey)

(13)
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The experimental values of .;{'t around pH 0 were
=20 for 1 and =40 for 2.

When the solution becomes most acidic, such as
when H,< —3, the effective concentration of the hy-
drogen-ion [H+*] is formally taken to be more than

103 mol dm-3,® so the terms of E_4[H+] dominate
all the other rate constants. Therefore, within such
a limit, we have:
n3 Za 7‘:1
™ ”4“‘]_‘; 7‘7_4

The experimental values of 1 and 2 corresponding
to this condition were, for H,<—3, =43, and =92
respectively.

If the reaction pathway represented by £, and £,

*
K, — (14)

does not exist, the limiting value of Ia in the high

pH region apparently becomes zero, as /—c’t—>0 in Eq.
12. This contradicts the experimental fact that there

is in reality no pH region having a zero value of Ia
as may be seen in Figs. 4(b) and 5(b). Therefore,
we must admit the existence of a tautomerization
mechanism unrelated to the general acid-base cata-
lyzed scheme. Further, it may be noted that, by
comparing Eq. 12 with Eq. 13, the limiting value of
*

K, in the lower pH region can be predicted theoreti-
cally to be larger than that in the higher pH region,
as is again clearly shown in the results (Figs. 4(b)
and 5(b)) between pH 0 and 6. Corresponding to

this change in Ia, 7%/7% as a function pH has its maxi-
mum at about pH 0 and a flat region between pH
3 and 6. Around pH 0, the contribution from 74/ys,
like as that from 7°/7%, becomes nearly zero; on the
contrary, the contribution from 7»%/77 becomes nearly
unity, although that from 7N/t still small. Toward
the highest-concentration region of the hydrogen-ion,
7°/p% increases and reaches unity at the end, since

the terms of z3[H+] and E[H*] overcome all other

terms. Parallel with the change in 7°/75, It't increases
when pH (or H,) decreases from 0 to —3. This
increase is rather accidental, as there is no relation
in magnitude between the values of Egs. 13 and 14.

In contrast to these results, the rise in I*Q and the
approach of 72/7% to unity toward a pH higher than
6 is caused by another situation, because the amount
of the anionic molecule in the ground state becomes
large at pH>6; therefore, the assumption used above—
that only the neutral molecule is excited from the
ground state—must be changed. Although this modi-
fication is simple and straightforward, we would not
here be concerned with this matter further.
Mechanism for Tautomerization. In earlier stud-

* %
ies*=?) only the dissociative processes such as N&=A-+

H+:'f‘ were emphasized for the tautomeric inter-
conversion of the excited molecule; however, this led
to erroneous conclusions about the reaction mechanism
in the case of 7-hydroxycoumarins. From a careful

%k
consideration of K, as a function of the pH, we have
come to the conclusion that the direct conversion
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Fig. 6. Concerted mechanism for the tautomerization
of 7-hydroxycoumarins in the excited state.

between the neutral molecule and the tautomeric mole-

cule which proceeds without generating dissociated
* L
ionic species as an intermediate, iz.e., N&T, is most

essential in the tautomerization reaction. In view of
the results of the investigation of Bensaude ef al.,'?
the most probable model for the origin of the nondis-

sociative process represented by the I_cl and l}; terms
is a concerted bifunctional proton-transfer through
water molecules, as is described schematically in Fig.
6. The existence of such a tautomerization process
is strongly supported by the following discussion. In
general, substituents to aromatic and heteroaromatic
compounds can be classified in two types of groups.1®
One is composed of substituents that become more
acidic in the excited state than in the ground state,
such as hydroxyl and amino groups. The other is
composed of substituents that become more basic in
the excited state, such as carbonyl and carboxyl groups.
In the case of 7-hydroxycoumarins, this tendency makes
the transfer of a proton from the hydroxyl group to
the carbonyl group very easy in their electronic excited-
state. Because of the ability of water to form chains
of hydrogen bonds and the Grotthus-type migration
of the proton (or proton-hole) along the chain,!®
the proton transfer between the two active sites in
a molecule can be promoted cooperatively and the
interconversion of the neutral form to the tautomeric
form can occur without liberating any proton or ionic
species to an outside region of the molecule which
is hydrated by participating water molecules. Be-
cause this type of proton jump in the molecule is con-
sidered to proceed at an extremely high velocity in
comparison with other reaction rates, no intermediate
species can appear in the rate-equation formulation;
instead, the rate constants which represent the direct
conversion between the neutral molecule and the tau-

tomeric molecule, i.e., /;: and 7;,, appear.

Such a mechanism of tautomerization is also ex-
pected for lower alcohols, but the effect will be weaker
in that case because the hydrogen bond is much weaker
than that of water and the motion of the proton is
highly restricted. It has been pointed out by several
authors!=3:?) that the addition of a small amount of
water to alcoholic solutions of 7-hydroxycoumarins
induced a very large effect on the fluorescent behavior
of the excited molecule. As it has become clear that
the tautomerization of 7-hydroxycoumarins proceeds
through the proton transfer between two sites in the
molecule and is accelerated by the participation of
water molecules, the reported increase in the ratio

* *
of the emission intensity of T to that of N with an
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Fig. 7. Absorption and fluorescence spectra of 7-hy-
droxycoumarin (1) in ethanol-water solution (90:10
vol%).

The fluorescence spectra are obtained by using the
excitation wavelength at 310 nm ( ) and 390 nm

(——)-

increased water content%7? is considered to arise from
the increase in the value of £,, not from the increased

rate of the ltl#j&-—i—H;'—“'ik‘ reaction. This prediction
is distinctly proved by the result shown in Fig. 7.
From the absorption spectrum of 7-hydroxycoumarin
(1) it was found, in neutral solutions of ethanol-water
mixtures, that both the neutral and the anionic mole-
cule existed in the ground state, as may be seen from
Fig. 7. By choosing an appropriate excitation wave-
length, it was possible to excite separately either the
neutral or the anionic molecule. If the neutral mole-

cule alone was excited by using the wavelength of
*

310 nm, three of the fluorescence bands, i.e., ltl, A-,
*
and T, were obtained simultaneously. On the other

hand, only the fluorescence band of A- was detectable
if the anionic molecule was excited by using the wave-
length of 390 nm. The results are summarized in
the following scheme:

X

F ey K

>'<--- >l*

P==

vl

v
N
N
ﬂ: Excitation , : : Fluorescence
As may easily be recognized from this scheme, the
% * %
reaction pathway N—>A-+H+*—T cannot exist in the

* *
ethanol-water solution because the A--+H+—T reac-

¥ *
tion is forbidden in reality and the N—T pathway
alone can generate the tautomeric form of the mole-
cule. The same conclusion was obtained for 7-hy-

[Vol. 56, No. 1

droxy-4-methylcoumarin (2).

If the dependence of the rate constants on the water
concentration in alcohol-water solutions is approxi-
mately written:

k. = E[H,0], k = K[H,0],
7;1 = Z;{Hzo], 7‘; =%;[H20],
then, at a low hydrogen-ion concentration (pH 3—
% % *
6), the ratios of [A-] and [T] to [N] are given by
Eqs. 7—9 as:
*
”2["’;__]
ny[N]
oo K[H;0] (1, + K[H,0] + K[H,01) + K[H,0Jk[H,0]
ny(ns+ k;[H,O] + £ [H,0])

(15)

(16)

* —
I’a — ”3['}:] o ‘_n3k;[H20~]» .
ny[N] ny(ns+ k;[H,O] + £;[H,O])
In the low-concentration region of the water content
where n3>>7c_t’[HZO], E;[Hzo], ['i"]/ [f\}] varies linearly
*
with the water concentration, while [A-]/ [1’{1] increases
superlinearly with the increase in the water com-
ponent, since the numerator of Eq. 16 has a quadratic
term of [H,O]. These predictions explain reasonably

well the fluorescence behavior of 1 and 2 in alcohol-
water solutions, including the results in Refs. 4 and

(17)

7. In this manner, the dependence of 7/, and Ia
on the pH was completely described by the formulation
of Egs. 2—5. Above all, it was impossible to explain

* - —
the behavior of K, if the terms of £, and £, were not
introduced. Further, the dependence of the relative

intensity of 1<<I, Z‘, and T in aqueous alcoholic solu-
tions on the water content can be understood in terms
of Egs. 16 and 17 if we admit the assumption of Eq.
15.

Fluorescence Lifetimes and Energy-level Considerations.
In order to argue about the rate constants that appear
in Eqgs. 7—14, it is necessary to know the lifetime,
7, which is the reciprocal of the deactivation rate of
the excited molecule, n. Table 1 shows the values
of the lifetime measured under various solvent condi-
tions at the wavelength of the emission peak of each
molecular species. In the case of the anionic and
cationic molecular forms, the lifetime measurement
was performed when the luminescence from a single
molecular species was observable, and so the measured
lifetimes 7, and 7, naturally correspond to the true
lifetimes of the excited state of the anionic and cationic
molecular species. On the other hand, 7,y and 7y,
indicate the apparent decay times of the fluorescence

from T and 1<‘I respectively when they coexist at around
pH 0. 7y, is also the apparent decay time of the
excited neutral molecule when it coexists with the
anionic and tautomeric forms at around pH 4. In
the first-order approximation, they are written:

1

TNT

=m+k, (18)
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‘'FaBLE 1. LIFETIMES OF THE FLUORESCENT MOLECULAR SPECIES
Substance T¢o/ns TA/DS Trn/ns® Tyr/ns®) Txar/ns®
1 5.8 5.4 4.6 4.5 1.7
2 5.9 5.5 4.9 3.2 1.6

a) The meanings of Tpy, Tnr, and Tysr are described in the text.

TABLE 2. SEPARATIONS OF THE ENERGY LEVELS AND CHANGES IN THE THERMODYNAMICAL FUNCTIONS

Substance AEy® AE,® AEp» AEg D AHy, ASxa
ubsta kcalmol®  kealmolL  kcalmol®  kcalmolX  kcalmol?  calmol-* K1
1 80.11 70.60 67.61 74.13 4.29 —21.0,
2 81.17 71.56 67.93 75.97 4.16 —21.8,

a) Obtained from the absorption and fluorescence data, and accurate within +0.1 kcal mol-.

b) Inferred from

the fluorescence data, and accurate within 0.5 kcal mol-1.

1 -
= =ng + ki, (19)
TN
——— =+ k + Ky (20)
TNAT

By the use of Egs. 18 and 20 and the values in Table

1, it can readily be known that /;; is 3.7x 108 s for
1 and 3.1 x108s™1 for 2. The dissociation constant,

*
PKy4, corresponding formally to the excited-state equi-

librium between N and A- can be calculated by the
method outlined by Weller as:!®
AEx—AE,
2.303RT °
where AEy and AE, are the energy-level separations
between the singlet ground-state and the singlet ex-
cited-state of the neutral and anionic species and are
obtainable as the mean of the energies at the absorp-
tion-band and emission-band maxima.?®) These val-
ues are listed in Table 2, together with AE, and AE,,
the energy-level separations for the tautomeric and
cationic species, which in this case are inferred from
only the emission-band maximum assuming that the
Stokes shift is the same for all molecular species. Using
the values of AEy and AE, in Table 2, and also

PKyas pI?NA is calculated to be 0.66 for 1 and 0.68
for 2 at 20 °C. Since the equilibrium constant in

*
PKna = pKya — (21)

the excited state is defined by I?NA=/;;/Z1, we get

P

ki of 1 and 2 as 1.7x10°s1 mol-1 dm® and 1.5X
10° s~ mol-! dm?® respectively.

AHy, and ASy, in Table 2 are the enthalpy and
entropy changes in the N=A-+4H* reaction; they
were obtained by the measurement of the temperature
dependence of pKy, with the aid of the thermody-
namical relation: K=exp[—(AH—TAS)/RT]. If we
can neglect the change in the PV term of the relation,
H=E-+PV, the enthalpy change, AH, is equated to
the energy change, AE. Considering these facts and
the values in Table 2, the energy-level scheme of the
reacting molecular species of 7-hydroxycoumarins
around pH 3—5 can roughly be drawn as Fig. 8.

Since AEy+AHy,=AE, +AH,,, the values of AL,

for the KL——‘K‘—{—HJr reaction are —»5.22 kcal mol—1
for 1 and —5.45 kcal mol~! for 2. Putting together

&
_______ s Rog R
—— AﬁN;DA_
AE
g
AEN OB,
______ S
¢ T T

A
N

Fig. 8. Energy level diagram of 7-hydroxycoumarins

in the weakly acidic solution (pH 3—5). The

hatched arrow shows the photo-excitation of N into

f\kI. The levels of Ct indicated by dashed lines do
not take part in the reaction in this pH range.

all the results discussed so far, the interrelation of
the energy levels between the neutral and anionic
molecules was firmly determined, as is shown in Fig.
8. Although the energy position of the tautomer and
the cation relative to that of the neutral molecule
could not determined strictly, the energy levels are
presumably ordered as N<A-<C+, T in the ground

state and as A-<T<N<G* in the excited state.

Unfortunately, several rate constants defined in Fig.
3 have left unknown because of a lack of information
about the reaction process. The main reason for
this uncertainty must be sought in the impossibility
of transforming the neutral molecule into the tau-
tomeric form in the ground state under any condition
of solvents different from the case of the 7-hydroxy-
quinolines. Therefore, we cannot know about the
ground-state equilibration between the neutral and
tautomeric molecules, and the direct excitation of
the tautomer by light absorption is never possible.
In spite of this unfavorable situation, though we are
now trying to analyze the decay properties of the
excited species over the whole pH range which is
controllable. This procedure, which will be described
thoroughly in a forthcoming paper, would provide
more detailed information about the rate constant
and the reaction mechanism.

I wish to thank Dr. Hiroyuki Anzai of this labo-
ratory for his helpful advice and stimulating discussions
during the course of this work.



14 Tetsuo MoRr1va

References

1) M. R. Groves, S. C. Haydon, and O. M. Williams,
Opt. Commun., 9, 42 (1973).

2) A. Dienes, C. V. Shank, and R. L. Kohn, IEEE .
Quantum Electron., QE-9, 833 (1973).

3) A. Bergman and J. Jortner, J. Lumin., 6, 390 (1973).

4) P. E. Zinsli, J. Photochem., 3, 55 (1974/75).

5) G. S. Beddard, S. Carlin, and R. S. Davidson, J.
Chem. Soc., Perkin Trans. 2, 1977, 262.

6) S. G. Schulman and L. S. Rosenberg, J. Phys. Chem.,
83, 447 (1979).

7) R. K. Bauer and A. Kowalczyk, Z. Naturforsch., 4,
35, 946 (1980).

8) M. A. Paul and F. A. Long, Chem. Rev., 57, 1 (1957).

9) C. Lewis and W. R. Ware, Rev. Sci. Instrum., 44, 107
(1973).

10) A. Weller, Z. Phys. Chem., N.F., 3, 238 (1955).

[Vol. 56, No. 1

11) To be published in detail in Bull. Electrotech. Lab.

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

13) S. F. Mason, J. Chem. Soc., 1959, 1253.

14) S. F. Mason, J. Philip, and B. E. Smith, J. Chem.
Soc., A, 1968, 3051.

15) J. R. Huber, M. Nakashima, and J. A. Sousa, J.
Chem. Phys., 77, 860 (1973).

16) J. Grzywacz, S. Taszner,
Naturforsch., A, 33, 1307 (1978).

17) O. Bensaude, M. Dreyfus, G. Dodin, and J. E. Dubois,
J. Am. Chem. Soc., 99, 4438 (1977).

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

19) M. Eigen and L. de Maeyer, “The Structure of Elec-
trolytic Solutions,” ed by W. J. Hamer, John Wiley & Sons,
London (1959), p. 64.

20) W. Bartok, P. J. Lucchesi, and N. S. Snider, J. 4m.
Chem. Soc., 84, 1842 (1962).

and J. Kruszewski, Z.






