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Excited-State Reactions of Coumarins. VII. The Solvent-Dependent
Fluorescence of 7-Hydroxycoumarins
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The excited-state reactions of 7-hydroxycoumarin (7HC) and 7-hydroxy-4-methylcoumarin (7H4MC) have
been studied by measuring the absorption and fluorescence spectra in aqueous and organic solvents under acidic
and basic conditions. Based on the solvent-dependent fluorescence of the fluorophores, the solvents could be
classified into several groups: hydroxylic solvents, nonhydroxylic solvents with low dielectric constants, and
those with high dielectric constants. In the hydroxylic solvent, protonation, deprotonation, and tautomerization
were the main reactions, while in the nonhydroxylic solvent the formation of hydrogen bonding and ion pairs
was essential. The fluorescence in water-ethanol mixtures and in aqueous sodium dodecyl sulfate solutions has
also been examined in relation to the solvent-dependent spectra in pure hydroxylic and nonhydroxylic solvents.

The complicated behavior of the fluorescence from
7-hydroxycoumarins has been extensively studied in
organic solvents and in neutral, acidic, and basic
aqueous solutions.!™ Four fluorescent species have
typically been observed in the photoexcited state,
depending on the pH of the solution; they are identi-
fied as neutral, anionic, tautomeric, and protonated
forms of the excited molecule. The reactions which
generate these excited species are affected by the sol-
vent so strongly that a careful examination of the fluo-
rescence spectra, as well as the absorption spectra, is
inevitable if we are to reach a correct conclusion. Basi-
cally, the solvents should be classified into two general
groups in order to explain reasonably the fluorescent
behavior of solvent-sensitive fluorophores; one group
consists of “hydroxylic”’ solvents with hydroxyl sub-
stituents (-OH), and the other, of ‘“nonhydroxylic”
solvents without -OH. Such a classification is
extremely meaningful, because the hydrogen-bonding
ability and the ionizing power of the solvent determine
in many ways the reaction process in excited states,
such as the phototautomerization discussed in Ref. 4.
As may readily be supposed, water, alcohols, water-
organic mixtures, and aqueous solutions of surfactants
belong to the hydroxylic-solvent group. Many of the
aliphatic and aromatic solvents without ~-OH are
nonhydroxylic solvents; the fluorescent behavior of the
7-hydroxycoumarins in these solvents is very different
from that in the hydroxylic solvent. The purpose of
the present study is to find a reasonable explanation of
the solvent-dependent fluorescence by means of a uni-
fied model, one which includes the tautomerization,
the acid-base reaction, and the ion pair formation
with various additives.

Experimental

Commercial-grade reagents of 7-hydroxycoumarin (7THC,
Wako Pure Chemical) and 7-hydroxy-4-methylcoumarin
(TH4MC, Tokyo Kasei) were purified by recrystallization
from ethanol and then washed with diethyl ether; 7THC, mp
234°C; 7TH4MC, mp 186 °C. The organic solvents were of a

spectroscopic grade from Dojindo Laboratories. The per-
chloric acid, hydrochloric acid, triethylamine (TEA), and
butylamine (BA) were of a pure quality. The sodium dodecyl
sulfate (SDS, Wako Pure Chemical) was of a biochemical
grade. The water was permeated and distilled. The acidity
and basicity of the solution were adjusted by the addition of
HCI1O, and TEA (or BA) respectively.

The UV absorption spectra were obtained on a Hitachi
323 spectrophotometer, while the fluorescence spectra were
measured on a Hitachi MPF 4 spectrofluorometer with an
S-5-type photomultiplier. The concentration of fluorescent
molecules in the solutions was ca. 4—5X10"% moldm™3.
Spectral measurements were performed at 20 or 25°C by
controlling the temperature of the cell holder.

Results and Discussion

General Scheme for Excited-State Reactions. In a
previous study,? the complex pH-dependence of the
absorption and fluorescence spectra of 7THC and
7TH4MC in aqueous solutions has been fully analyzed;
the results may be summarized as follows. In the elec-
tronic ground state, there exist neutral molecular spe-
cies (N) or anionic molecular species (A~), depending
on the pH of the solution. If the pH is changed from
neutral to basic, the molecule is deprotonated at the
7-hydroxyl group:

0 0—H p 00 0
a
~ —_— S~ +Ht (1)
Ry Ry
(N) (AT)

R,=H, 7HC; R,=CH,, TH4MC

The absorption maxima of N and A~ in the aqueous
solutions were at 324 and 366 nm (7HC), and at 321
and 361 nm (7TH4MC), respectively; THC, pK,=7.75;
7TH4MC, pK,=7.84.5 Additionally, the absorption
band corresponding to the cationic species (C*), pro-
tonated at the 2-carbonyl group, was found at 353 nm
(7THC) and 345 nm (7H4MC) in concentrated sulfuric
acid (Hy<—6).® The absorption bands aligned in
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wavelength as N<CH<A™,

When N was optically excited at around its
absorption-peak wavelength, the fluorescence from
four molecular species in the excited state were
observed with the variation in the pH. One was a
usual neutral molecule (N), and another was a tauto-
meric molecule (T), in which a hydrogen of the 7-
hydroxyl group was transferred to the 2-carbonyl
group; contrary to the case of N, A~, and C*, the
ground state of T could never be found by absorption
measurements. Apalogously to the ground states, an
excited cation (C ) and an excited anion (A ) were
formed in strongly acidic solutions and in basic solu-
tions respectively. A unified scheme for the excited-
state reactions may be depicted s Scheme 1.4 Here,
Gavs is the generation rate of N, while the nj’s are
the transition rates of the excited species to their
ground states. The kij’s and kji [H*]’s are the protona-
tion and deprotonation rates of the neutral, anionic,
and cationic molecular forms in the excited state. k3
and kg; represent the reaction rates of the tautomeriza-
tion that does not involve stepwise protonation or
deprotonation processes, i.e., the ‘“nondissociative”
reaction rates.” In aqueous g_olutlons, the fluores-
cence-peak wavelengths of N, C , and Twere 397,
431, 453, and 478 nm for THC, and 390, 419, 447, and
474 nm for TH4MC, respectively. If A- was selectively
excited by choosing the wavelength in a neutral or
basic solution, the situation became simple, because
the fluorescent species was restricted to the anionic
form ( ) alone; this comes from the fact that ;{ is
energetically most stable among the photoexcited
states:¥

mu "

Scheme 2.

Fluorescence Behavior in Hydroxylic Solvents. As
hydroxylic solvents, isobutyl alcohol (:-BuOH, D=
18.3), isopropyl alcohol (:-PrOH, 18.6), ethanol

(EtOH, 25.0), methanol (MeOH, 32.4), and water
(H,0O, 80.4) were employed, where D represents the
static dielectric constant of the solvents at 20 °C.# The
“acidic”’ and “‘basic’”’ conditions have been realized by
adding 0.29 mol dm~3 HClO, and 0.22 moldm™3 TEA
respecnvely to the solutions of 7HC and 7TH4MC. The

“strongly acidic”’ conditions have been attained by
adding ca. 6 moldm™ HCI1O,, and the “strongly
basic”’ conditions, by adding TEA or BA up to ca. 4
moldm™3. In order to visualize the fundamental aspect
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Fig. 1. UV absorption spectra of TH4MC in :-BuOH

(a) and in MeOH (b) for the neutral (—), acidic
(=), strongly acidic (--—- ), and basic (-——-) solu-
tions at 20°C.
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of electronically ground states, the absorption spectra
of TH4MC in -BuOH are compared to those in MeOH
in Fig. 1. Only the N absorption band is observable in
the acidic -BuOH and MeOH solutions, while C*
coexists with N in the strongly acidic solutions, as is
shown by the shoulder on the long-wavelength side of
the absorption spectra. The pure C* state was ulti-
mately reached in concd. H,SO, (D=101 at 25 °C) and
was observed at ca. 345 nm. The A~ band is found as a
shoulder around 375 nm in the neutral and basic -
BuOH and in the neutral MeOH. In the basic MeOH,
on the other hand, the pure A~ absorption peaking at
365 nm is observed as a result of the dissociation of
7-OH. When the strongly basic condition was
attained by the addition of up to 4 moldm™3 of BA, the
7-OH group was completely dissociated, even in sol-
vents less polar than MeOH. Since the molar extinc-
tion coefficients (¢) at the pure A~ absorption peak are
thus measurable for all the hydroxylic solvents, the
dissociation ratio of the fluorophore, [A~]/([A~]+[N]),
at a given basicity of the solution can be evaluated by
/&5, where & is the value for the pure A~ state, and
&*, for the A~ contribution under the present experi-
mental conditions. Figure 2 presents the dependence
of [A")/([A"]H+[N]) on 1/D in solutions containing
0.22 moldm™3 of TEA. Based on the dissociation pro-
cess of 7TH4MC, the ionizing power of the hydroxylic
solvents can be qualitatively estimated as H,O=
MeOH<EtOH<:-PrOH~:-BuOH. Irrespective of the
drastic change in the ionizing power of the solvents,
the spectral shape of each absorption band was similar
in the solvents, whereas its peak was gradually blue-
shifted with the increase in the D value (see Table 1).
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Fig. 2. Plots of the dissociation ratio, [A~]/([A~]+
[N1), vs. 1/D in the basic hydroxylic solvents with
0.22 moldm=3 TEA.

Bearing the ground-state behavior in mind, the fluo-
rescence spectra of 7H4MC in the neutral, acidic,
strongly acidic, and basic solutions have been studied
in detail; some typical spectra in MeOH are shown in
Fig. 3. In spite of the complex behavior, the phe-
nomena were common throughout the hydroxylic
solvents, and either Scheme 1 or Scheme 2 was again
applicable. When the light illumination was actuated
at ca. 320 nm in the neutral, acidic, and strongly acidic
solutions, Scheme 1 cogld be applied, for only the neu-
tral excited species N was generated by the light
absorption; in contrast, when excitation was done at
ca. 360 nm in the basic solution, Scheme 2 was ap-
plied. The peak wavelengths of the fluorescence bands
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Fig. 3. Fluorescence spectra of TH4MC in MeOH at 20°C. The excitation
wavelength was 320 nm for the neutral (—), acidic (——), and strongly acidic
(==~ ) solutions, and was 380nm for the basic (——--) solution.
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Table 1. Peak Positions of the Absorption and Fluorescence Spectra of TH4MC in the
Hydroxylic Solvents under Neutral, Acidic, and Basic Conditions at 20 °C
Absorption Fluorescence

Solvent D?* m o o *

N cta A~ Nb cWv A9 ™
1-BuOH 17.1 326 (345) 375 380 419 446 485
i-PrOH 18.3 325 (345) 375 379 419 446 486
EtOH 24.2 324 (345) 373 380 420 448 486
MeOH 32.6 323 (345) 365 382 420 448 484
H,O 78.5 321 (345) 361 ca. 3859 421 446 476

a) The value obtained in concd. H;SO4. b) Found by excitation at 320 nm. c) Found by
excitation at 380 nm. d) Observed only as a shoulder around 385 nm.

thus obtained were in this order: §<E":+<K'<%; this
order is parallel with that in the ground state except
for T. Table 1 gives the peak position of each absorp-
tion and fluorescence band observed in the hydroxylic
solvents. As D is increased from :-BuOH to H,O, the T
band obviously bule-shifts, while the other three bands
show small shifts without any systematic tendency.
The optical transitions of coumarins originate from
the m-7* transition, which induces a very strong
absorption (£>10* cm™!mol~1cm?®).?” If there is no
other solvent-solute interaciton than the dielectric
effect due to the molecular polarization, the dipole
moment of the excited m-state (4) is usually larger
than that of the ground state (g;); then, the fluores-
cence band is red-shifted with the increase in the sol-
vent polarity, whereas the polarity effect on the
absorption band is small.1? Adopting the qualitative
parallelism of solvent polarity with D, the shifts of the
absorption and fluorescence bands of the neutral and
anionic species contradict the above-mentioned pre-
sumption (u.>y) for the m-electron system. Probably,
the hydrogen bond between the fluorophore and the
solvent molecule as a result of the atomic-level interac-
tion, which originates from the difference in the elec-
tronegativity of the heteroatoms, must be appro-
priately taken into account in the case of 7-hydroxy-
coumarins. The hydrogen-bonding interaction will
stabilize the m-electron system by spreading its distri-
bution towards nearby solvents. If the stabilization is
more prominent in the ground state than in the excited
state, the data for the neutral and anionic species,
which suggest a more polar structure in the ground
state (u<yg), are consistently explained. It is hard to
conjecture the electronic structures of the cationic and
tautomeric species from the data in Table 1, for the
pure absorption of the former is not found except in
concd. HySOy, while that of the latter cannot be found
under any usual conditions. Nevertheless, based on
the relative energy po+sition and the small shift of the
fluorescencs band*_C seems to belong in the same
groups as Nand A . The tautomeric species, on the
other hand, must have a special m-electron distribution
compared with the other three, because the increase in
the hydrogen-bonding ability or the solvent polarity
destabilized the excited state. Since the T absorption

does not appear, the energy position of T may be
highly pulled up from those of N and A~. The chemi-
cal aspect of the tautomer can be partly presumed from
its strained molecular structure, including a quinoid
structure of the b ring of T in Scheme 3 as the main
resonange component.

The C and A bands were singly observed in the
strongly acidic and basic solutions respectively, while
the N and T bands are always observed in pairs. An
especially interesting situation occurs in' the acidic
solutions with 0.2—0.5 mol drr;‘3 HCI*O4, where the
rapid equilibration between N and T seems to be
realized after the excuauon of N; spectroscoplcally,
the fluorescence of N and tautomerlc T species 1§
clearly measured, but neither that of é nor that of A
is (see Fig. 3). It hgs been shown in Ref. 4 that the
tautomerization of N to T is promoted by dissociative
and nondissociative processes. The dissociative pro-
cess has two possible pathways. The one generates the
intermediate protonated species as N—»C —-»T the
other generates the 1ntermed1at$ deprotonated species
as N—>A —T. The absence of C and in llﬂ"l(_f fluores-
cence spectra does not mean that C and A are not
generated, but that the reactions rapidly procegg
toward T without enough time to fluoresce in the C
or state, as will be discussed further later. Ir’;
hydroxylic solvents, therg is another posibility: that N
is directly converted to T by means of the concerted
transfer of a hydrogen from the hydroxyl site to the
carbonyl site with the aid of hydrogen bonds of solvent
molecules described as:

R R
._‘.H—é o . b '
O 0 0—-H k fi—o0
13
2 B %
31
Ry
(N) (T
R,=H, 7THC; R,=CH,, TH4MC
Scheme 3.

The same discussion holds for the three reversed reac-
tion pathways from T to N. Except for the conditions
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of %I}C104]=0.2—0.5 mol dm™3, the fluorescence of K

or C has been more or less ’(k)bserved in the wavelength
region between the Nand Tbands. By chance, in the
7HC and 7H4MC solutions with [HCIQ_A of 0.29
moldm™3 the fluorescence from and C is simul-
taneously negligible; such peculiar conditions were
helpful in the detailed study of tautomerizati*on reac,
tions in aqueous solutions.*! Since the N and T
bands are separated enough in wavelength, and since
their spectral shapes are almost entirely maintained
throughout the solvents, the fluorescent yields of N
and T may be rigorously compared with each other.
Although the D value is used as a convenient parame-
ter to describe the macroscopic properties of solvents,
it is not an appropriate measure of solvent-solute or
solute-solute interactionsé Thereforg, the ratio of the
fluorescence intensity of T to that of N, I'/IN is plotted
in Fig. 4 against the polarity factor, (D—1)/(2D+1); the
factor was first derived by Kirkwood!? to estimate the
activity coefficient of reacting molecules in solvents
and was then discussed extensively by Winstein et al.13)
in treating the linear free-energy relationship for the
solvolysis rate of t-butyl chloride. AsI"/I" is the value
that reflects the tautomerization reaction rate in the
solvents, the correlation between log(I'/IV) and
(D—1)/(2D+1) was examined first; however, the plots
showed a marked curvature (Fig. 4). It is frequently
seen that (D—1)/(2D+1) does not fully correlate with
the log of the reaction rate measured. B6hme et al.1%
plotted, though the theoretical basis was rather poor,
the log of the hydrolysis rate of halogenated com-
pounds against ‘‘log D’’; they thus obtained a quite
straight relationship. Therefore, this type of plot has
been applied to the present problem, as is shown in
Fig. 5; the plots are widely fitted with I"/INccp2.0£0.05
for 7TH4MC and with & D1.740.05 for 7HC at 20 °C. This

L (a) 7TH4MC
10+ ¢ H,0
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=
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empirical relation is exciting, because many reaction
rates, either dependent on or independent of D, must
be practically concerned in each fluorescence process.

In case that no fluorescence of A and C is detected,
the following inequalities are satisfied:1?

kia, kay < kg [HY), kos[H],
and
ki [H*], kay[HY] < kyy, kys. (2)

Experimentally, all decay rates of the excited species,
nj’s, are of the same order;*1! the integrated spectral
intensity of each absorption band shows so little
change with altering the solvents that the radiative-
decay probabilities of the excited species (n!) are nearly
constant;1? the decay rates n;’s are rather insensitive to
D, judging from the fluorescence-yield and the lifetime
measurements. 1! Based on these clues, we obtain the
following theoretical prediction by analyzing the rate
equations given in Ref. 4:1V

kys + ki3 + ki
n3 + ka1 + kit + k) 3
where, corresgong_ing to the forth- and back-reaction
pathways of NeA 2T

IT

ng’
IN

nr

kﬁ = k- ko3 [H+]
Ny +k21[H+] + kzg [H"'] ’
A ka1 [H*]
k31 = ka2 - "
My + koy [H*] 4 ko3 [H*] )
. % %+
and corresponding to the pathways of NT—’E ?—-’”T":
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Fig. 4. Plots of log(I"/IY) vs. (D—1)/(2D+1) in the acidic hydroxylic
solutions of 7TH4MC (a) and of 7HC (b) at 20°C.
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Fig. 5. Plots of log(I"/I") vs. logD in the acidic hydroxylic solutions
of 7TH4MC (a) and of 7HC (b) at 20°C. The plots for the MeOH-EtOH
mixture (1), for the EtOH-:-PrOH mixture (2), and for the H2O-EtOH

mixture (O) are also shown.

Although the D dependency of the n3, ky3’s, and k3;’s in
Eq. 3 has not yet been exactly ascertained, it can be
asserted that at least one of the tautomerization rates
ki3, ki3, or k%3, would have a term superlinearly
dependent on D if their power expansions of D could
be carried out. The reaction pathway described by k3
in Scheme 3 is, of course, promoted by the increase in
D, for the bridge of hydrogen bonds transferring a hy-
drogen between the two reactive sites is readily
enhanced in polar hydroxylic solvents. This predic-
tion will be confirmed later by an experiment in mixed
solvents with various amounts of H,O.

As for the dissociative tautomerization pathways in
an acidic solution, the contribution from kf; is more
important than that k5. Equations 4 and 5 show that
k{; linearly increases depending on [H*], but that kiy
saturates at a large [H*] value. Furthermore, under the
ac+idic conditions employed, the transiently generated

is really evidenced by means of the fluorescence
quenching measurement due to halide ions, as will be
discussed in a later section. Therefore, ki3=>kfy is
reasonable, and the dependence of I*/I" on D in Fig. 5
is mainly determined by the competition of k;3 and 378
The back-reaction rates, ks; and k$;, cannot dominate
the D dependence of ['/IY, because these rates must
compete with the large decaying probability, n; (ca.
2X10% s71),4 in the denominator of Eq. 3, which
is only slightly dependent on the D value.

Since, at any rate, the straight relationship in Fig. 5
holds very widely from -BuOH to H,O, log D for
various hydroxylic solvents can be employed in order
to estimate the chemical properties of microenviron-
ments, such as the microscopic polarity and the
hydrogen-bonding ability. It has been further revealed
that the data in the mixed solvents of MeOH-EtOH

and EtOH-i-PrOH follow well the predicted relation;
the representative points are plotted in Fig. 5. There-
fore, log D is the generally usable parameter that de-
scribes the microenvironment and the solvent-solute
interaction, even in such mixed solvents.
Fluorescence Behavior in Nonhydroxylic Solvents.
As compared with the hydroxylic solvents, nonhy-
droxylic solvents (also called “inert” or “aprotic’ sol-
vents) have so little hydrogen-bonding ability by
themselves that the situation for excited-state reac-
tions, as well as for ground-state equilibria, becomes
extremely altered. Moreover, the formation of hydro-
gen bonds and ion pairs between acids and bases in the
solution must be taken into account as important
phenomena, for the dissociation process of proton lib-
eration is highly suppressed in nonhydroxylic solvents
due to the large or immeasurable “autoprotolysis”
constant (for acetonitrile, pKus=28.5 at 25 °C, while it
is immeasurable for the others).!» As nonhydroxylic
solvents, dioxane (D=2.2 at 20 °C), benzene (2.3), chlo-
roform (4.8), ethyl acetate (6.2), dichloromethane (7.4),
acetone (21.1), and acetonitrile (36.8) were examined;
these solvents were afterwards classified into three
groups (1, 2a, and 2b), as indicated in Table 2, in order
to make the subsequent discussion systematic. The
“acidic”’ and ““basic’’ conditions have been realized, as
before, by the addition of 0.29 mol dm~2 of HC10, and
0.22 moldm™ of TEA respectively. Since benzene,
CHC I3, and CH,Cl, could not dissolve the indicated
amount of HC1O,, the data in these solvents under the
acidic conditions were taken into account as references.
The typical absorption spectra of 7TH4MC in dioxane
and in CH3CN are shown in Fig. 6. In the acidic and
basic dioxane, the absorption peak was red-shifted
from that in the neutral solution (Fig. 6(a)). The same
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Fig. 6. UV absorption spectra of 7TH4MC in dioxane
(a) and in CH3CN (b) for the neutral (=), acidic
(-—-), and basic (----) solutions at 20°C.

red shift as in dioxane was observed in the acidic
CH,CN (Fig. 6(b)). Because of the very low D of diox-
ane, it is presumed that the acid-base complexes
between the fluorophore and the additives, described
as N(>CO) - HClO4 and N(-OH) --- NEt3, are formed,
where the substituents in the parentheses are con-
cerned in the association and where the dots represent
an attractive interaction such as the hydrogen bond;
these ground-state complexes are indicated by NH and
NB respectively. The absorption-peak wavelengths
measured under various solvent conditions are given
in Table 2. Evidently, 7-hydroxycoumarins can work
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as both acid and base, because they have a proton-
donating hydroxyl group and a proton-accepting car-
bonyl group. Nagakura and Baba!® found that the
absorption spectra of 1 : 1 hydrogen bond complexes of
phenols with suitable bases in nonhydroxylic solvents
were shifted to longer wavelengths compared with the
absorption spectra of the unbonded species; the shift
was typically about 500 cm™~1, which corresponds to ca.
4 nm in the wavelength region of the present interest.
Although a stoichiometric complex has not clearly
been affirmed in the case of 7-hydroxycoumarins, it is
probable that the hydrogen-bond interaction deter-
mines the absorption shift in the nonhydroxylic sol-
vents dissolving HC1O4 and dissolving NEt; (TEA).
The shifts of the NH and NB bands amount to 1—7
nm, as may be seen from Table 2.

In the basic CH;CN, a long-wavelength side band
(350—450 nm) appeared in addition to the main band
NB at ca. 322 nm (Fig. 6(b)). This peakless side band,
indicated by I, was always accompanied by the NB
absorption, and the entire spectral profile was not
changed by the further addition of TEA up to 2.4
mol dm™3; this is in contrast with the result in MeOH,
which has a D value similar to that of CH3CN (the
“iso-D-value” solvent), where the complete dissocia-
tion of 7-OH has been realized. Since the side band is
commonly observed in 2a and 2b, but not in 1, the
most probable situation is that the ion pair between
7H4MC and TEA described as A~ (-O~)-- HNEt; is
generated as a result of the proton transfer in the
acid-base complex due to the larger ionizing power of
the solvents. If the ion pair is a stabilized molecular
complex, and if it contributes to the long-wavelength
absorption, the following ground-state equilibria
must be taken into account:

N+NEt; 2 N(-OH) -+ NEtz 2 A~(-O7) - HREt;  (6)
(N) (NB) ()

Rigorously speaking, the ion pair I is a representative
of variously coupled pairs, including such solvent-
separated ones as A~(-O7) - (solvent), - H1¢1Et3; such a

Table 2. Peak Positions of the Absorption and Fluorescence Spectra of 7H4MC in the
Nonhydroxylic Solvents under Neutral, Acidic, and Basic Conditions at 20 °C

Absorption Fluorescence
Solvent D% m m - *

N NH NB ™ No NHY NBY Io

Benzene 2.3 319 320 326 372 426 410

1 Dioxane 2.2 319 321 321 373 422 409

CH;COOGC;H; 6.0 319 321 320 373 418 414
2a CHCl; 4.8 321 323 328 ca. 380 376 413 423 459
CH.Cl, 8.9 320 321 327 ca. 380 376 413 427 453
b (CHj3),CO% 21.2 <325 <325 <325 ca. 380 374 420 426 447
CH;CN 36.1 318 320 322 ca. 380 375 419 449 448

a) Because of the absorption due to the solvent, the absorption peak, possibly 325 nm, was
not precisely decided. b) The absorption tail (360—400 nm) on the longer-wavelength side of
the NB band. c) Found by excitation at 320 nm. d) Found by excitation at 360 nm. e) Found

by excitation at 410 nm.
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dispersed nature in the separation of ions may be rea-
son why the I absorption is broad and peakless. It will
be shown later that the ion pair I is intimately corre-
lated with the excited-state ion pair, K (-07) - HNEt3,
i.e., L Since HC1O, usually forms an ion pair by itself,
even in considerably inert solvents, it seems proper to
state that the acid-base pairing between the fluoro-
phore and HCIO4 has the structure described by
N(>CO)--H*-ClO,~. However, in contrast to the
case of TEA, no distinct sign of the proton transfer
from HCI1O, to fluorophore could be found by absorp-
tion measurements in the nonhydroxylic solvents with
[HCI10O,] less than 0.3 moldm™3.

Now that the information on the ground states is
fully known, the fluorescent behavior of TH4MC is to
be explored; the typical fluorescence spectra in diox-
ane and in CH;CN under the neutral, basic, and acidic
conditions are compared to each other in Fig. 7. The
light illumination for the neutral solution was carried
out at 320 nm, which excited the N state; this yielded
the N fluorescence. For the acidic and basic solutions,
they were illuminated at 360 nm, thus exciting the
long-wavelength side of the acid-base- complex absorp-
tion (NH and NB) and yielding the NH and NB fluo-
rescences respectively. Figure 8 schematically depicts
the peak positions in 1, 2a, and 2b under various solvent

(a) N A ﬁ“
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Fig. 7. Fluorescence spectra of 7TH4MC in dioxane (a)

and in CH3CN (b) for the neutral (—), acidic
(=== ), and basic (-——-) solutions at 20°C.
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conditions, while Table 2 gives the results. The behav-
ior of these bands can be clearly classified into two
types. The fluorescence bands for the one are ordered
in wavelengths N N<NB<NH (Class 1); for the other, they
are ordered N<NH<NB (Class 2). The solutions of
benzene, dioxane, and ethyl acetate belong to Class 1
(Solvents 1), while those of CHCl;, CH,Cl,, acetone,
and CH;CN belong to Class 2 (Solvents 2), the latter
being further divided into two groups (Solvents 2a and
2b). Here, judging from the energy position and the
spectral shape, the Tband, which was accompanied by
the N band in the hydroxylic solvents, was not found
in any nonhydroxylic solvent. The tautomerization of
Nto T may be supposed to be triggered only when the
solvent has sufficient hydrogen-bonding ability and
ionizing power, as in water and alcohols This has
been proved by the finding that the T band appears
distinctly in the nonhydroxylic solvents upon the
addition of a small amount of H,O.

From Fig. 8 and Table 2, the following tendenaes
can, at least, be deduced: 1) The peak Shlf[ of the N
band in each solvent class is small. 2) The NH band in
1 and 2a is blue-shifted with an increase in D. 3) The
NB band in 1 and 2a is red-shifted with an increase in
D. 4) By the selective excitation of I, new fluorescence
bands (I) appear around 450 nm in the basic solutins of
2a a;‘ld 2b (dashed curves). Because the peak shift of
the Nfluorescence as well as the N absorption is small,
the neutral species in the nonhydroxylic solvents has
nonpolar structures in the excited and ground states.
Considering that the deprotonation from acids and the
protonation to bases in the nonhydroxylic solvents

* * x
N NB  NH 52
/F\'\.
_/\ /\/< \'\ - @ 23
N\,
L LN XN @
o .
o ~,
2 /\ fa\! ¢ CHCOOCH; 62
8 a //‘\
c /\ / f\ / N\ cHcl 48
9 I o L 2a
o a P
- /\ / \/\ / \ cHzClz 7.4
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e /\ AN S CHco 211
S / AN \ —
N 2b
/\ SN /N CHeN 368
S i N/ | J) Y—
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Fig. 8. Schematic drawings of the fluorescence peaks
of 7TH4MC in the nonhydroxylic solvents for the
neutral (—), acidic (--- ), and basic (——) solu-
tions excited at the main absorption band. The
fluorescence peak shown by (--—-) was observed in

the basic solutions of 2a and 2b excited at the long-
wavelength absorption tail.
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with lower D values are usually improbable, the ﬁH
and NB fluorescence in 1 and 2a must originate from
the excited-state acid-base complexes, analogous to
the case in the ground state. Weller et al.1”’ showed for
several acid-base systems that a stronger hydrogen
bond was possible in the excited state than in the

round state. Therefore, the*larger red-shifts of the
NH and NB bands from the N band, compared with
those of the NH and NB bands from the N tgl‘and, are
reasonable (Table 2). As D is incregsed, the NH band
systematically blue-shifts, but the NB band red-shifts
throughout the solutions of 1 and 2a, in contrast to the
small shifts of the NH and NB bands. Confining our-
selves to the case in 1 and 2a, which have D values less
than 10, the fluorophore complexed with HC1O4 and
with TEA is concluded to have a more polar structure
in the excited state than in the ground state, although
NB is stabilized and NH is destabilized by the increase
in D. Such opposite tendencies result from the differ-
ence in the combining strengths of >CO - HC1O, and
-OH .-+ NEtg; the stabilization of the excited m-electron
system due to the former is larger in 1, while that due
to the latter is larger in 2a.

Several new features appear in the spectra when
going from a low-D solvent to a high-D solvent. The
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Fig. 9. Dependence of the fluorescence spectra of
7H4MC on the excitation wavelengths in the basic
solutions of CHCl3 (a) and of acetone (b). The arrows
numbered show the excitation wavelengths for the
corresponding fluorescence spectra.
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most prominent feature is that the fluorescence spectra
in the basic solutions of 2a and 2b depend complicat-
edly on the excitation wavelength; some typical exam-
ples for CHCl; and for acetone are shown in Fig. 9.
Upon scanning the excitation towards longer wave-
lengths, the fluorescence spectra changed in shape and
finally converged into a simple-shaped band at the
excitation wavelength of 410 nm; this band is indi-
cated by I'in Figs. 8 and 9. Since 410 nm corresponds
to the pure I absorption, the I fluorescence must result
from the excited-state ion pair, A_(—O") Hl-{]Et3. The
ion-pair formation in the excited state has been con-
firmed by Weller et al. for a 2-naphthol-TEA system in
methylcyclohexane.!” Further, they have shown that
the wavelength of the fluorescence increases with the
promotion of ionization in the complex, in good
accordance with the case of 7-hydroxycoumarins. In
2a, the excitation of NB yields the pure NB state, while
the excitation of I yields the pure I state; ﬂ;’ge critical
transition of the excited state from NB to I upon a
change in the excitation wavelength occurs at 400 nm,
as may be seen from Fig. 9(a). This means that the
poterqgtial barrier of the transformation between NB
and I is large and that the proton transfer in the
excited-state complex does not occur within its life-
time in the solutions of 2a. In 2b, on the other hand,
the excitation of NB yields the long-wavelength com-
ponent in addition to the NB contribution, whereas
the excitation of I yields only the pure I state, as may be
seen from Fig. 9(b). Such a feature comes from the
large D values (more than 20) of 2b. Probably, the
potegtial barrier of the transformation between NB
and I i1s small in 2b, and so the following proton-
transfer reaction becomes possible:

* *— +
N(-OH) - NR;— A (-O~)- HRR, N
(NB) )

When ItIB is generated from NB, a mixture of I’tIB andqi
is observed by the fluorescence measurements, as may
be understood from Eq. 7. The proton-transfer equili-
brium in the excited state between species like NB and I
has been extensively studied by Weller et al. for the
2-naphthol-TEA system;!? the results*are analogoﬂ}ls
to the present case. The stabilization of I relative to NB
depends, of course, on the solvent employed. In this
connection, the Class 2 solvents have been divided into
two groups at the earlier stage of the analysis; one is
comprised of CHCIl; and CH, Cl, (2a, halogenated ali-
phatic solvents), and the other, of acetone and CH3;CN
(2b, solvents with polar groups such as >C9 and
-CN). Fl;om Table 2, the stabilization of the I state
from the NB state in 2a is pronounced, while that in 2b
is small or even absent. For the spectral change in 2b
with the excitation wavelength, the longer- and
shorter-wavelength parts of the fluorescence band
simultaneously decrease, while the center of the spec-
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tra is roughly maintained (see Fig. 9(b)). Possibly, the
2a solvents are suitable for the stabilization of the ion
pair, while various types of ion pairs!” separated by
such solvents as ‘K_ (-O7) -« (solvent)y - HltlEt3 will take
part in the fluorescence in 2b, because 2b has the
hydrogen-bonding ability through the >CO and -CN
groups, though it is very small. The hydrogen-
bonding ability of the solvents affects the potential
barrier for the ion-pair formation, thus making the
excited-state reaction of Eq. 7 possible. The compli-
cated behavior of the fluorescence in 2b is a manifesta-
tion of the complex nature of the acid-base complex
and the ion pair.

It becomes clear that the hydrogen bond between the
fluorophore and TEA persists through the nonhy-
droxylic solvents. This can be understood from the
fact that the only effective hydrogen donor in the basic
solution is the 7-OH group of the fluorophore. On the
other hand, HCIQ,, is a rather unstable species as a
hydrogen donor, especially in 2b, due to the probabili-
ties for self-ionization (H*ClO,~), proton donation to
solvents (ﬂ* -« Cl047), and protonation of the fluoro-
phore (' (>COH*)~ClO,"). Since the systematic
blue shift of the NH band is interrupteg going from 2a
to 2b, and since tlﬂ}g peak position of NH in 2b is very
close to that of C in a hydroxylic solvent such as
MeOH, a protonated fluorop{lkgre may be formed in
the acidic solutions, i.e., NH=C in 2b. Similarly, the
electronic state of Iin 2b is thought to resemble that of
X" of the hydroxylic solutions, judging from the good
coincidence of their energy positions.
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Fluorescence Behavior in Mixtures of Hydroxylic
Solvents. The solvent polarity macroscopically
represented by D is continuously changeable by using
water-organic or organic-organic mixed solvents.®
Since the excited-state reactions of 7-hydroxycoumarins
have been sensitively influenced by the solvent polar-
ity, it seemed fruitful to investigate further the fluores-
cence change in water-alcohol and alcohol-alcohol
mixtures as typical examples. Figure 10 shows the
fluorescence spectra of 7THC in a “weakly acidic” solu-
tion ([HCIO,]=2X10"5 moldm™3) and in an “acidic”
solution ([HC10,4]=0.2—0.5 mol dm~3) of H,O-EtOH
mixtures. Since the absorption was originated from N
under these conditions, the optical excitation was
fixed at 338 nm, near the absorption peak. In the
weakly acidic solution the Nand A bands, as well as
the weak contribution of the TQand, are observable,
while in the acidic solution the Nand T bands, separ-
ated considerably in wavelength, are observable. As
the ethanol content of the solutions (EtOH wt%) is
increased, the polarity and the hydrogen-bond
strength decrease continuously; they very much influ-
ence the stability of the excited states and the mobilit
of proton in the solutions.!® From Fig. 10(a), the N
band in the wealky acidic solution enormously
increases upon the increase in the EtOH wt%, while
the A band decreases. The weak T contribution,
noticed as a shoulder around 500 nm, seems to
increase, though the quantitative separation of the
overlapping X and T bands is a'Eiifficult. The data can
reasonably be explained if N in the excited state
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Fig. 10. Fluorescence spectra of THC in the H2O-EtOH mixtures at 25°C. (a),
the weakly acidic solution ((HC104]=2X10-3mol dm~3) with the EtOH content:

(=) 0wt%,

(——-) 43w, (——-

) 74 wit%. (b), the acidic solution

([HC104]=0.5 mol dm=3) with the EtOH content: (——) 0 wt%, (-——-) 43 wt%,

(- ) 74 wt%.
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becomes stabilized relative to X under lower polarity
conditions. It is instructive to note that the ionizing
power of EtOH for the N state is much lower than that
of H;O, as has been shown in Fig. 2. Figure 11(a)
shows the dependence of I"/Iy on EtOH wt%, where I N
and Ij are the fluorescence intensities of the N band
in the water-ethanol mixtures and in pure water
respectively.

As for the acidic solution with 0.5 moldm™3 of
HCI1O,, the change is not straightforvxard (Fig. 10(b)).
As the EtOH wt% is increased, the N band increaseg
and its peak position slightly blue-shifts, while the T
band increases at first and then decreases, with the
peak position red-shifted. In Fig 11(b), the dependence
of IN/IY and (I'/15)/(I"/Iy) on EtOH wt% is plotted.
Since the dependence of the fluorescence yield of each
band on the solvent composition is not disregarded, it
is difficult to know the precise reason for the curious
behavior of the data at a low EtOH wt%. Nevertheless,
becuase of the monotonic decrease in (I'/I")/(I"/1,Y)
at higher EtOH wt% values, the generation rate of the
tautomeric form, T, will be basically determined by the
solvent polarity, which is intimately concerned witlg
the promotion of the tautomerization processes from N
to T. In Fig. 5(a), log (I'/I") vs. log D is plotted for the
H,0-EtOH system under acidic conditions. The same
results for the MeOH-EtOH and EtOH-:-PrOH sys-
tem are shown by the representative points (A) in Figs.
5(a) and 5(b). The plots for H,O-EtOH deviate
upwards from the straight dependence obtained ear-
lier, while the plots for MeOH-EtOH and EtOH-:-
PrOH follow the straight relationship. Obviously,
H,O is in a special position among hydroxylic sol-
vents, because it can contribute a stronger hydrogen
bond, even in a mixture, than can the alcoholic mix-

(a)

(WA

50
[EtOH] / wt %
Fig. 11.
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tures with similar D values. Sinage the participation of
H,0 in the tautomerization of N to T has been shown
to be most effective for the nondissociative pathway,?
it can naturally be understood that the I'/I" of H,O-
EtOH system is larger than that of the alcoholic sol-
vents (e.g., the value at MeOH in Fig. 5(a)). Further,
H,O may form an ordered aggregation of the ‘“‘ice-
berg-like” structure around the fluorophore due to its
manifold interactions, and the effective mobility of
hydrogens may be raised compared with the value in
the bulk solvent far from the fluorophore, where ran-
dom structures of H,O and EtOH prevail in the ther-
mal equilibrium.

Solubilization into Micelles. It has recently been
found that 7-hydroxycoumarins, as well as 7-etho-
xycoumarins,!? are solubilized into micelles formed in
aqueous solutions of surfactants. When a surfactant
with a concentration higher than the critical micelle
concentration (cmc) is dissolved into the aqueous solu-
tions of 7THC and 7TH4MC, the fluorescent molecules
are distributed between the micellar phase and the
bulk-water phase. Such solubilization phenomena of
fluorescers are detectable from the change in the fluo-
rescence spectra as a function of the added concentra-
tion of surfactants (Cs).!920 Figure 12 shows the
change in the fluorescence spectra of 7THC upon the
addition of sodium dodecyl sulfate (SDS, cmc~8X10-3
moldm™3); Fig. 12(a) shows the spectra measured
under the “weakly acidic” conditions ([HC1O4]=3X
10~* mol dm™3) at 25 °C, and Fig. 12(b), those measured
under the ‘“‘acidic”’ conditions ([HC104]=0.5 mol
dm™3), N

As for the weakly acidic solution, the N fluorescence
increases and the A :Eluorescence decreases upon the
addition of SDS; the T band seems to increase, though

bd
(3]
T

o

50
[EtOH1/ wt /o

Dependence of the relative fluorescence intensity of 7HC on

the EtOH content of the HzO-EtOH mixtures at 25°C. (a), I"/I) (@) vs.
EtOH wt% in the weakly acidic solution; (b), I /I8 (@) and (I"/13) /(1N / I}
(O) vs. EtOH wt% in the acidic solution.
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Fig. 12. Fluorescence spectra of 7THC in the aqueous micellar solutions of SDS
at 25°C. (a), the weakly acidic solution ((HC104]=3X10"4) with the SDS con-
centration: (=) Omoldm3, (--—-) 15X103moldm=3, (--—- ) 50X10—3mol
dm~3. (b), the acidic solution (([HCIO4]=0.5 mol dm~3) with the SDS concen-

(—)

tration:

Omoldm—3, (---- ) 25X10-3moldm~3, and

the acidic

solution ([HCI]=0.5moldm=3) with the SDS concentration: (—) 0mol

dm=3, (-——) 25X10~3 mol dm=3.

t*he quantitative separation of the overlapping K and
T bands is difficult (Fig. 12(a)). Just as in the case of
the H,O-EtOH mixtures, the change is caused by the
decrease in the microscopic polarity around the fluo-
rophore solubilized into the micelle, for the interior of
the micelle is hydrophobic and has a lower polarity
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Zo 4L / e
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- ./ o/
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Fi% 13. Plots of the relative fluorescence intensity

IN/I8 vs. [SDS], for 7THC and 7TH4MC in the weakly
acidic solution at 25°C. The fluorescence intensity
was monitored at 380 nm for THC (O), and at 370 nm
for 7TH4MC (@), respectively.

than the bulk-water phase; the D value of the solubil-
ized site within the micelle is between the values of
aliphatic compounds (ca. 2) and of water (ca. 79).1%
Therefore, the overall spectral change upon the addi-
tion of the surfactant is, in effect, similar to that in the
case of H,O-EtOH (Fig. 10(a)). Figure 13 shows that
the relative fluorescence intensity I"/Iy begins to
increase abruptly when the SDS concentration reaches
a value near the cmc. Because the fluorescence change
is extremely sensitive to the micelle formation in the
solution, even a small-sized pre-micellar aggregation
of SDS can be detected as a subtle upward deflection of
the plots around 6X1073 mol dm™3. This value should
be compared with the value of 8X10=3 moldm™3
determined by such macroscopic properties of the solu-
tion as the ionic conductance.? The SDS concentra-
tions from 6X1073 to 8X1073 moldm™3 are considered
to form the transition region from rather unstable pre-
micellar formation to stable micellar formation in the
equilibrium state. It should be mentioned here that
the micellization proceeds as a result of the stepwise-
association reaction, Dpy,—1+S2Dy, (S is the surfactant
monomer, D, is the micelle with m surfactants, and
m=n, where n is the number of S in the stable micelle);
strictly speaking, it is not a phase transition with a
sharp variation in physical parameters. The change in
the absorption spectra of several chromophores has
usually been used as microscopic molecular probes for
the micellization of surfactants.?! The fluorescence
change which reflects such excited-state reactions as
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f'\‘u—_n’-{' is another candidate for an optically sensitive
probe of microenvironments being formed in the
aqueous micellar system.

As for the acidic solution with 0.5 moldm™3 of
HCI10,, the fluorescence change is less pronounced
than that of the Xveak]y acidic solution. A weak con-
tribution from C appears between the Nand T bands
upon the addition of SDS, as can be noticed by the
disappearance of the dip between them; the apparent
increase in the fluorescence around the Nband may be
due to its contribution (Fig. 12 (b)). Since SDS is an
anionic surfactant, cations are readily attached on the
micelle surface and the [H*] near the surface becomes
higher than that in the bulk water. If the solubiliza-
tion site of the fluorophore is not deep within the
micelle, %20 the N state generated from the solubilized
N species by the light absorption will be protonated
with H* concentrated near the surface; consequently,
the é fluorescence will appear. It is well-established
that halide ions are able to quench the fluorescence
from the excited species of coumarins.??=2) When the
acid is altered from HC1O,4 to HCl in the same concen-
tration, the fluorescence intensity i§ decreased as a
whole (Fig. 12(b)). Because the N, A , and T fluores-
cence were not quenched by ClI~ or ClO4~ in the aque-
ous solution,!V the fluorescence quenching by the
addition of HCI instead o&HClO‘, is attributable to the
attractive interaction of (*] witQ CI-, which effectively
induces the quenching. The C state generated by the
excited-state reactior’; contributes, of course, to the
tautomerization of N to T through th+e dissociative
pathway and vice versa, although the C fluorescence
is not detected to any extent in the solution without
SDS. Therefore, both the Nand T bands are decreased
by the addition of CI™ in the acidic solution. The total
decay rate of is composed of kg, k43, and the fluo-
rescence quenching rate, kq, corresponding to the
C +Cl"»C*+Cl~ reaction; usually, +their sum 1is
larger than the generation rates of C , kj[H*] and
ki [H*], whereas these are somewhat enhanced for the
fluorophore solubilized within the a}kllionic micelle,
resulting in the appearance of the C fluorescence.
Since anions such as Cl~ are kept away from the sur-
face of the anionic micelle, contrary to the case with
H*,!V the quenching by Cl- against the solubilized
fluorophore must be weakened by the addition of SDS.
The fluorescence intensity of the N and T bands has
been recovered in the presence of the micelle relative to
the value in the absence of the micelle, as Tay*be seen
from Fig. 12(b). Consequently, the N—C —T tauto-
merization pathway has been clearly confirmed by
means of the fluorescence quenching and the solubili-
zation phenomenon.

Conclusion

In order to explore systematically the complicated
behavior of the fluorescence from the 7HC and
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7H4MC solutions, solvents were divided into the two
basic classes of hydroxylic and nonhydroxylic solvents,
as popularly used in treating various chemical reac-
tions in solutions. The fluorescence spectra in the
hydroxylic solvents could be explained well by using
the unified reaction model in the photo-excited states,
which had been established by the study of the pH-
dependent fluorescence in aqueous solutions. Espe-
cially, the fluorescence-intensity ratio between the
neutral and tautomeric excited species in an acidic
solution showed a remarkably straight relationship
when log (I'/IV) was plotted against log D. This
resulted from the competitive reactions of the tauto-
merization between the dissociative and nondissocia-
tive processes.

The fluorescence spectra in the nonhydroxylic sol-
vents differed greatly from those in the hydroxylic sol-
vents, for the ionizing power and the hydrogen-
bonding ability were small. The low polarity of the
solvents resulted in the stable formation of hydrogen
bond complexes or ion pairs between various acids and
bases. From the fluorescent behavior, the nonhydrox-
ylic solvents could be further classified into these three
groups; the extremely inert solvents such as dioxane
(1), the halogenated aliphatic solvents (2a), and the
solvents with polar groups, such as >CO and -CN
(2b).

The fluorescence in the water-alcohol and alcohol-
alcohol mixtures and that in the aqueous micellar
solutions were measured under various conditions.
The parameter of log D was well applicable to the
alcoholic mixtures, although the aqueous alcohols
behaved as stronger hydrogen-bonding solvents than
had been expected. The solubilization of the fluoro-
phore into the SDS micelle was detectable by the dras-
tic change in the fluorescence spectra, and the possibil-
ity of the use of 7THC and 7TH4MC as fluorescent probes
of the microenvironment was pointed out.
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Technology.
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