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Fast dynamic excited state proton transfer (ESPT) reaction of weak
oxoaromatic bases. Aminocoumarins with fixed amino group
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Abstract

The excited state protonation of the carbonyl group of 7-aminocoumarins, containing a 7-amino group fixed in the yulolidine fragment, is
an irreversible diffusion-limited process in protic solvents and proceeds by a dynamic mechanism. The effect of the non-stationary diffusion
of reagents contributes significantly to fluorescence quenching (25% in the presence of 0.1 M H,SO, for IIb in EtOH). The limiting value
(acid concentration — o) of the fluorescence quantum yield of the product of the excited state proton transfer (ESPT) reaction ( ¢'.,) reaches
0.48. The quenching of 7-aminocoumarins in protic solvents is effected by the solvated proton. The dependence of &, on the solvent is
determined by the limiting proton conductance in the solvent. The activation energy of the decay of the encounter complex between the
solvated base and proton is determined by two factors: (1) the energy of H-OR bond breakage in this complex; (2) the difference between
the stabilization energies of the encounter complex and the transition state in the polar solvent.
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1. Introduction

Oxoaromatic compounds are weak organic bases. In the
ground state, oxoaromatic compounds are protonated in
strongly acidic media (pK,(S,) for xanthone, —4.1) [1-4].
On excitation, the basicity of oxoaromatic compounds
increases, and protonation in the excited state takes place at
moderate acidity (pK,(S,) for xanthone, 0.96) [4-8].

The study of the kinetics and mechanism of this reaction
is hampered by the change in solvent properties at high acid
concentration (approximately 5 M), which is required for
protonation in the ground state. To carry out these investi-
gations at lower acid concentrations, the basicity of the car-
bonyl group of the oxoaromatic compound must be increased.
This can be done by the introduction of selected electron-
donor substituents into the oxoaromatic compound, e.g. an
amino group. This is corroborated by calculations of the pro-
ton affinity (P,) of amino and carbonyl groups of acetamide,
N-methylacetamide and N-methylformamide by ab initio cal-
culations [9]. A supramolecular approach of the solvent
effect shows that the oxygen and nitrogen basicities of these
compounds are of the same order. Aromatic amines do not
form hydrogen bonds even with strong proton donors [ 10].
Hence it is expected that the scheme of acid-base interaction
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of the oxoaromatic compounds in the excited state will remain
unchanged if an amino group is introduced into the molecule.
Therefore aminocoumarins have been chosen as the subject
of our investigation.

In solution, aminocoumarins in the ground state are pro-
tonated at the amino group. The basicity of 7-aminocoumar-
ins (I) in acetonitrile (MeCN) decreases as the 7-amino
group is fixed in the rigid yulolidine fragment [11]. In addi-
tion, this promotes the photoprotonation of the C=0 group.
If excitation takes place at the absorption band of the cation
protonated at the nitrogen atom of the 7-amino group, the
photoprotonation of the C=0 group by sulphuric acid has a
low efficiency. The fluorescence quantum yield of the excited
state proton transfer (ESPT) reaction product does not
exceed 0.01 [ 11].

In this paper, the kinetics and mechanism of the excited
state protonation of substituted 2,3,6,7-tetrahydro-1H,
5H,11H-[1]benzopyrano|6,7,8-1j]quinolizin-11-ones (II),
which are 7-aminocoumarins with a fixed 7-amino group,
were studied. The effect of the solvent and base structure on
C=0 group protonation was investigated. The structures of
the aminocoumarins are given in Scheme 1. The study was
carried out in methanol (MeOH), ethanol (EtOH), propanol
(PrOH), isopropanol (i-PrOH), butanol (BuOH), sec-buta-
nol (s-BuOH), ethylene glycol ((CH,OH),) and water
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Scheme 1.

(H,0) with sulphuric acid, and in EtOH and MeCN with
trifluoroacetic acid.

2. Experimental details

The electronic structures of coumarin, 7-aminocoumarin
and their cations protonated at the oxygen atom of the C=0
group and at the nitrogen atom of the NH, group in the ground
and excited states were calculated by the MNDO method
[12]. The geometry of 7-aminocoumarin was optimized sug-
gesting a planar structure for the molecule. The excited state
electronic structure was calculated taking into account one
singly excited configuration, related to the electron transition
from the higher occupied to the lower unoccupied molecular
orbital (MO). The absorption spectra were recorded with a
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Fig. 1. Fluorescence excitation (1, 2), absorption (3-5) and fluorescence
emission (1'=5') spectra of IIb in EtOH at 20 °C. H,SO, concentrations:
0.330 (1, 2), 0 (3, 1'), 0.027 (2'), 0.053 (3'), 0.080 (4"), 0.106 (5"),
0.328 (4), 3.33 (5) M. Fluorescence wavelengths in the excitation spectra:
470 nm (1); 530 nm (2).

UV-3100 spectrophotometer, the fluorescence spectra were
recorded with an Elumin-2M spectrofluorometer and the flu-
orescence kinetics was recorded with an SP-70 nanosecond
spectrometer. The fluorescence quantum yield was measured
by comparing the areas under the corrected fluorescence spec-
tra of the fluorophore and a solution of quinine bisulphate in
1 N sulphuric acid ( ¢;=0.546 [13]). The fluorescence char-
acteristics of the photoreaction products and the rate constants
of the fluorescence quenching of the coumarins were deter-
mined using the home-generated programs SPECTR and
EQUILI. The measurements were carried out at 20 °C. The
cations IIj, IIl, IIn and Ilp were prepared by the addition of
1 X 10~* M H,SO, to ethanolic solutions of the correspond-
ing coumarins ITh, IIk, IIm and Io. The concentration of
the 7-aminocoumarins was equal to approximately 2X 1073
M. The solvents were purified and dried according to the
methods given in Ref. [14].

3. Results

The absorption spectrum of an ethanolic solution of ITb
does not change on addition of H,SO, (less than 0.1 M). In
more acidic solutions, the short-wavelength band of the cation
IIbHy*, protonated in the ground state at the nitrogen atom
of the amino group, appears in the absorption spectrum (Fig.
1). In acidic solution ([H,S0,] <0.1 M), the fluorescence
of the neutral form of Ilb (470 nm) is quenched and a new
band in the long- wavelength region (530 nm), belonging to
the cation IIbHy ™ protonated at the C=0 group, appears.
The intensity of the latter band increases as the H,SO, con-
centration increases (Fig. 1). The excitation of this system
was carried out at the long-wavelength absorption band of
the neutral form IIb (365 nm) where the cation IIbHy * does
not absorb. Under these conditions, an isoemissive point
exists in the fluorescence spectra. The excitation spectra of
both fluorescence bands are practically identical and similar
to the absorption spectrum of the initial form. A limiting value
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([H;S0,) =) of the fluorescence quantum yield of the
ESPT product (&'..) was determined according to the equa-
tion

i b
= T

where ¢, and ¢ are the fluorescence quantum yields of 1Ib
without and with acid respectively and ¢, is the total fluores-
cence quantum yield of the system in the presence of acid.
The value ¢, is independent of the acid concentration and
is equal to 0.45. It is about 1.5 orders of magnitude higher
than the fluorescence quantum yield of the ESPT product of
the IIb-H,SO, system in MeCN if the N-protonated form is
excited (short-wavelength excitation) [11]. The value of
¢'... is dependent on the solvent and varies from 0.29 (H,0)
to 0.48 (PrOH). Other aminocoumarins of series I interact
in the ground and excited states with sulphuric acid in protic
solvents in a similar manner. The position of the fluorescence
band of the FSPT product is independent of the solvent.

The fluorescence of the initial form I1b at the short- wave-
length side of the spectrum (450 nm), during the time interval
from the maximum (¢,,,,) to the end of the fluorescence decay
curve (when the excitation pulse has ended), decays mon-
oexponentially at all acid concentrations used. In the presence
of H,SQ,, the fluorescence lifetime and quantum yield of the
initial form decrease. Under the same conditions, the fluores-
cence kinetics of the product at the long-wavelength side of
the spectrum (600 nm) is the sum of two exponents with
equal modulus amplitudes (|a;| = |a|, a, <0)

[r(t) :(IIC*I/ﬂ +azev—r/n

The value of 7, decreases as the acid concentration increases,
and 7, is equal to the fluorescence lifetime of the initial form.
The value of 7, is independent of the acid concentration. The
monoexponential decay of the fluorescence of IIb indicates
that the precursor of the ESPT product is an excited initial
form. This also agrees with Ref. [15], where the ESPT reac-
tion kinetics of IIb in water was studied. Since the convolu-
tion of the fluorescence kinetics of the initial form with
e~ "7, is close to the fluorescence kinetics of the ESPT prod-
uct, this conclusion is correct for any decay law (e.g. in the
case of non-stationary fluorescence quenching) for the
excited state of the initial form. These results indicate that the
protonation of ITh in the excited state is irreversible.

4. The effect of solvent and structure on the
luminescence of 7-aminocoumarins

4.1. Intramolecular electroflucrochromy of 7-amino-
coumarins

The maximum wavelengths (A;) and lifetimes (7;) of
fluorescence, fluorescence quantum yields ( ¢,) and rate con-
stants of radiative (k;) and radiationless (k;) deactivation of

Table 1

Fluorescence spectral maxima ( A,), fluorescence quantum yields {¢,) and
lifetimes (7,) and rate constants for radiative (k) and radiationless (k,)
decay of the first excited singlet state of 7-aminocoumarins in EtOH at
20°C

Coumarin Ar by To k, ky
{nm) (ns) (10%s 1y (10%s

IIa 470 0.91 4.52 201 0.20
I 470 0.80 436 183 0.46
1Ic 495 0.77 4.09 1.48 (.56
1Id 495 0.78 5.35 1.46 041
He 480 0.71 4.94 1 44 .58
1If 475 0.84 435 1.93 0.37
Ilg <08 0.85 4.35 1.95 0.35
ITh BYAS 0.74 390 1.90 .66
11 180 (.80 4.36 183 0.46
IIk 175 0.74 415 1.78 0.63
111 480 0.79 4.34 182 (0.48
IIm 175 0.35 254 1.38 256
IIn 485 0.74 427 1.73 0.61
Ilo 185 0.91 5.01 182 0.18
IIp 510 0.65 392 1 66 0.89
1Iq* 472 0.63 4.30 1.55 0.78
Iir® 168 0.61 3.90 1.6 0.92
IIs 336 0.54 340" 1.59 1.30

* In MeCN, R,,=CH,COOH, Ry=CH, [ 16].
" In MeCN, R,,=CH,CO0~,R,=CH, [ i6].
¢ 1, value from Ref. [17].

the singlet excited state of 7-aminocoumarins in EtOH arc
givenin Table 1. It can be seen that an increase in the electron-
acceptor ability of the substituents (o™ inductive Taft con-
stants [18]) in positions 9 (in series 1la, o, IIp and Ils)
and 10 (in series I1a, ITh, IIj, Ilc, IId and IIg) results in a
long-wavelength shift of the fluorescence spectrum. If the
spectral effects of the substituents are additive, it is expected
that the maximum frequency of the fluorescence spectrum
(v¢) will be related to the o* constants of the substituents in
positions 9 (0,*) and 10 (o, *) by the following expression

(11]
vi=a—bo,* —coy* (n

The values of o* were taken from Ref. [ 19] and arc equal
to —0.19 (CH(CH,),), 0.0 (CH;), 049 (H), 050
(CH,NH,). 0.62 (CH,C(O)CHj;), 2.15 (CHO), 2.24
(CH,NH; "), 2.61 (CF;), 2.84 (Cl) and 2.96 (Br). The
linear correlation of v; with o* yields the following con-
stants: a=21400+4170, b=840+110 and ¢=380+100
em ™! (correlation coefficient y=0.932).

The location of a charged + I electron-acceptor substituent
in position 10 of molecule II results in an increase in ¢, and
Ty (compare 1Th and IIj, IIk and II1, lIm and IIn), but the
location of the charged substituent in position 9 results in a
decrease in ¢, and 7, (compare Ilo and IIp). Previously, we
detected the effect of a charged substituent on the absorption
and fluorescence spectra and fluorescence quantum yield of
7-diethylaminocoumarin derivatives [16,20]. This effect
was explained by the influence of the electrostatic field of the
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Table 2

Fluorescence spectral maxima and fluorescence quantum yields of IIb (A, ¢) and cation IIbHy™ (A{, ¢.’), fluorescence lifetimes ( 7,), rate constants of
radiative (k;) and radiationless (ky) deactivation of the first excited state of IIb and rate constants of IIb fluorescence quenching (k,) by sulphuric acid in

various solvents at 20 °C

Solvent A Af ¢o b’ Ty ke ky kg kS
(nm) (nm) (ns) (10%s™ 1) (10857 (10° Ms) ™" (10° (Ms)™H
MeOH 476 530 0.79 0.39 4.47 1.77 0.47 17.80 15.00
EtOH 471 530 0.80 0.45 436 1.83 0.46 4.79 3.64
043° 2.08°¢

PrOH 468 530 0.86 0.48 4.45 193 0.32 2.76 2.69
i-PrOH 463 530 0.80 0.41 424 1.89 0.47 3.28 2.85
BuOH 468 530 0.99 0.44 436 227 0.02 2.23 1.67
s-BuOH 460 530 0.87 0.39 4.17 2.09 0.31 1.69 1.40
(CH - 482 535 0.87 0.35 5.16 1.69 0.25 2,67 1.74
20H),

H,0 491 535 0.99 0.29 5.04 1.26 0.72 29.90 27.60
MeCN © 460 520 0.67 0.42 42 1.59 0.79 2.16 -

* Error of the determination of kg is 10%.
® With non-stationary effect; encounter complex radius is set to 9 A
¢ Proton donor is trifluoroacetic acid; excitation at 365 nm.

substituent, non-conjugated with the chromophore system of
the molecule.

A comparison of the elementary constants of radiative (k)
and radiationless (k) deactivation for the pairs ITh and IIj,
IIk and 111, IIm and IIn, ITo and IIp and IIq and IIr shows
that the substituent field has a stronger influence on k4 than
on k;. A positively charged substituent in position 10 of mol-
ecule I results in a decrease in k4 (compare ITh and IIj, ITk
and IIl, IIm and IIn), but a negatively charged substituent
results in an increase in ky (compare IIq and Ilr). An anal-
ogous effect of an external electrostatic field on the rate con-
stants of elementary photophysical processes in pyrimidine
vapour has been described in Ref. [21]. The effect has been
explained by a change in the singlet—triplet (S—T) interaction
induced by the external field. We believe that the intramolec-
ular electroflucrochromic effect in aminocoumarins can be
explained in the same way. Indeed, as we go from a non-
charged molecule to a charged molecule, the change in S-T
splitting 1s determined by the difference between the inter-
action energy of the charged substituent with the delocalized
charge of the chromophore part of the molecule in the excited
singlet and triplet states. The sign of the effect changes as the
sign of the substituent changes.

4.2. Effect of the solvent on the luminescence properties of
b

The luminescence characteristics of IIb in protic solvents
are given in Table 2. It can be seen that k; increases as the
length of the hydrocarbon chain in the alcohol molecule
increases. This is caused by the change in Einstein’s coeffi-
cient A of the spontaneous radiative transition. In this case, a
linear correlation of »; and (k#)'’ in the series of solvents
of the same type (aliphatic alcohols, ethylene glycol and
water) should be observed if the transition dipole moment is

constant. Here n is the refraction index of the solvent. This is
indeed observed (y=0.864) with

ve=(14 280+ 1340) + (12.16 +2.89) X (kp) '3

A formal description of the solvent effect on the rate con-
stants of certain processes was proposed by Kamlet, Taft and
coworkers [22,23]. According to the Kamlet-Taft equation,
the non-specific (parameter of polarity and polarizability #*)
and specific (parameters of acidity and basicity « and )
solvent—solute interactions are considered separately

XYZ=XYZy+sw*+aa+bp (2)

where XYZ and XYZ,, are the properties of interest in the given
solvent and cyclohexane respectively. The values 7*, a and
B were taken from Ref. [23] and are given in Table 4 (see
Section 5.3.1). The logarithm of the &; value ( =XYZ) cor-
relates with the Kamlet—Taft parameters according to Eq. (2)
(XYZ,=8.6940.09,a= —0.499 + 0.098; s and b values dif-
fer insignificantly from zero; y=0.915). The calculated
value of logk; in cyclohexane agrees with the experimental
value (8.61 [17]) within experimental error. The value of
logk, does not correlate with the Kamlet-Taft parameters
(y=0.437).

Thus the solvent effect on k; of IIb can be explained by
the solvent-induced shift of the emission spectrum, the inte-
gration of which gives the Einstein coefficient A. According
to the Kamlet-Taft equation, this effect depends on the pro-
ton-donor ability of the solvent.

5. ESPT reaction of aminocoumarins

5.1. Electronic structure and proton affinity of coumarins

The relative basicity of the functional group in the series
of compounds of the same type can be estimated indepen-
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Table 3
Charges on the oxygen atoms of carbonyl group (¢,) and the nitrogen atoms
of the amino group (¢n) and proton affinity of the amino ( P,,,) and carbonyl
(Pacy) groups of coumarin and 7-aminocoumarin in the ground and excited
states *

Compound Pao Pan —goX 10* — gy x10*
(kimol™")  (kJmol™") (e) (&)
Coumarin 8709 (880.1) - 3025 -
Coumarin* 9099 (912.3) - 2861 -
7-Aminocoumarin 9039 (911.5) 8223 3096 3644
7-Aminocoumarin®* 9743 (983.5) 864.6 3016 2939

* Asterisk denotes the first excited state. The P, value is given for the
molecule conformation having the oxygen atom of the pyrone ring and the
proton in trans (¢is) configuration relative to the C=0 bond of the molecule.

dently from a comparison of the proton affinity (P,) values
and from a comparison of the reaction centre charge (g)
values. The greater the P, value [24] and the higher the
absolute value of the negative charge g on the atom to be
protonated [25], the more basic the functional group. The
charges on the oxygen atom of the carbonyl group (¢gg) and
on the nitrogen atom of the amino group (qy), calculated by
the MNDO technique, and the proton affinities of the amino
(P an) and carbonyl (P o) groups of compound I and parent
coumarin (III) in the ground and excited states are given in
Table 3. For the calculation of the proton affinity, the heat of
proton formation was taken to be equal to the sum of one-
half of the dissociation energy of the hydrogen molecule and
the 1onization potential of the hydrogen atom (1530.6 kJ
mol '),

It can be seen from Table 3 that the use of these two
methods of basicity estimation does not always give coinci-
dent results. If we compare the molecules in the same elec-
tronic state (compare I and III in the ground or first excited
singlet state), according to both methods the basicity of the
C=0 group should increase if a 7-amino group is introduced
into molecule III. A comparison of P, (Pan) of the same
molecule in various electronic states shows that, on excitation
of compounds I and III, the basicities of these molecules at
the C=0 (NH,) group should increase. An analogous com-
parison of g5 (gn), however, gives the opposite conclusion.
Thus these methods of estimation do not result in the same
answer to the question regarding the character of the basicity
change of the various functional groups of compounds I and
IIT on cxcitation or the relative basicity of these groups.
However, according to both methods, the basicity of the C=0
group of compound III should increase strongly on introduc-
tion of a 7-amino group.

5.2. The kinetics and efficiency of Ib photoprotonation in
EtOH

Scheme 2 shows the main processes taking place in 1I-
H,SO, systems during long-wavelength excitation (365 nm)
where the cation protonated at the nitrogen atom of the 7-
amino group (ITHN ") does not absorb

kaige k .
¥ + Q £ (II*-Q) =3 IIH,"™
Cditt k.,
A A
&,
0, o,
1, x VA
+ +
ITHy &2 1 + Q& IIH,
Scheme 2

Here (II* - - - Q) is an encounter complex between I and the
proton donor Q, 7, is the fluorescence lifetime of I1, ¢, and
7'y are the fluorescence quantum yield and lifetime of the
ESPT product ITH, ™ * on excitation from the ground state,
kair and k _ g,y are the rate constants of formation and disso-
ciation of the encounter complex, k, and k, are the rate con-
stants of formation of the excited product and radiationless
deactivation induced by the forward reaction and k _, is the
rate constant of the back reaction. The values of kg rand k 4
have been calculated according to Egs. (3)—(5) {26-28]

)
kdn‘f:47""c(DQ+Du)NAC—,§j (3)
47 (Do+Dy)Na 1)

V j—e °

q

Ko g = (4)
5= Zue

S
er.RT A )

where r, is the radius of the encounter complex, D, and Dy,
are the diffusion coefficients of Q and IT*, N, is Avogadro’s
number, V, is the volume of the encounter complex, Zg and
Zy; are the charges of Q and II*, e is the elementary charge,
€ is the dielectric constant of the medium, R is the universal
gas constant and 7 is the absolute temperature.

The diffusion coefficients of IT* and H,SO, ( Dyas04) have
been estimated according to the Othmer-Thakar relation
[29]

14.0x 1073
D= —‘;ﬁr (6)
where V is the molar volume (¢cm® mol ') of the compound
and 7, is the solvent viscosity (¢P) at 20 °C. For fluorescence
quenching of II by H*, the diffusion coefficient of the
quencher (D) has been calculated according to the equation

Dy=A_RT/F? (7)

where A, 1s the limiting proton conductance of the solvent
and F is the Faraday constant.

If the non-stationary quenching is accounted for, the fluo-
rescence quantum yield of the initial form IT can be calculated
according to the equation [30]

@ =(1+kq’r0[Q])ev“[Q]= ﬂ! eValQl (8)

b bs

where k is the rate constant for the stationary quenching of
II fluorescence
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k= kgeelky Hho(1+k_ 7)) ] (9)
4 ky+ (ke +k_gige) (1 +k_y757)

The ratio of the fluorescence quantum yields of the cation
ITH, ™ and the initial form II is expressed as

%; %kmm] (10)
por= (1)

kithk(1+k_10")

If the reaction is irreversible (k_, =0), then ¢',= ¢,
[31]. The value of the total rate constant of proton transfer
and induced deactivation (k;) is determined by the following
equation

k_gi
ki=k1+k2=_d—ffkq' (12)
kgige— kq

If the non-stationary diffusion of reagents is accounted for,
the following law of fluorescence decay is valid [32]

1

F(1) =F0je“9x'¢*‘”W(t—x) dx (13)

0

where W(x) is the pump profile, #=1/7,+k,[Q] and £ is
determined by (1) the diffusion coefficients of IIb* and the
quencher, (2) the quenching sphere radius (r, for the fluo-
rescence quenching of the initial form) and (3) the quencher
concentration. The analysis of the fluorescence kinetics of
ITb in EtOH in the presence of H,SO, shows that, at a time
greater than /£, the contribution of the second term in the
exponent of Eq. (13) is negligible and the dispersion of £is
comparable with &2, In this case, the T, and 7, values of IT*
and ITH,* * fluorescence are determined by [33]

2 1 1
— =t S tHkIQl
7'12 To
l 1 2 1/2
iu~_f+mQﬂ+%hdm] (14)

where 1/7'=1/17o+k_,.

The dependence of ¢,/ ¢ and 7,/ T on the acid concentra-
tion for IIb in EtOH is shown in Fig. 2. It can be seen that,
for r.= 0 (stationary quenching), ¢,/ ¢ and 7,/ 7do not coin-
cide. This may be caused by the reversibility of the photo-
reaction, the static quenching effect or non-stationary
quenching. The analysis of the fluorescence kinetics of IIb
using Eq. (14) for the initial and protonated forms by the
non-linear least-squares method gives the rate constant of the
forward reaction k= (4.1540.16) X 10° s~ !; the product
kyk _, differs insignificantly from zeroand 7/, = 5 45 ns. Thus
the excited state protonation of the C=0 group of IIb is
dynamic and practically irreversible. Since the static quench-
ing can be neglected because of the experimental conditions
(excitation at the absorption band of the non-protonated form
of IIb) and the irreversibility of the reaction is indicated by

3.5 — . — , —— 3.5
% o |
3.0 | 3.0
S 25T 2.5
N | | \\o
> -
S 2.0 2.0

n .
T 1 T 7

[

w

1 1 I 1 l

0.00 0.05 0.10

[H,50,1, M

Fig. 2. Dependence of ¢/ (O), 1o/ 1(V), ¢/ ¢bs ([J) and 75/ 75 (A) on
the H,SO, concentration for ITb in EtOH at 20 °C.

the analysis of the kinetic data, we can conclude that the
difference between ¢,/ @ and 7,/ 7 values is caused by non-
stationary quenching. The ratio ¢,/ ¢ corrected for the non-
stationary quenching effect by the equation

G0/ ps= (¢! p)e~ "1V

coincides with the ratio 7,/7at r,.=9 A (Fig. 2). The cor-
rected Stern—Volmer constant &, 470 is equal to 15.86+0.42
M~ The same value of r,=9 A was found in the analysis
of the non-stationary perylene fluorescence quenching by
oxygen in dodecane [34]. The non-stationary contribution
to the total fluorescence quenching of the initial form IIb in
EtOH, calculated according to the ratio

l_e_VKI[Q}
1~/ ¢y

is equal to 25% for 0.1 M of acid. In Ref. [15], the non-
stationary effect in the ESPT reaction kinetics of IIb in H,0
was not taken into consideration, although its contribution is
rather high (18% at pH 1).

Thus the ESPT reaction of ITb with sulphuric acid in EtOH
is an irreversible diffusion-limited process with a rate con-
stant ;= (4.154+0.16) X 10° M~ ! s 7! at 20 °C. The differ-
ence between ¢/¢ and 7,/7 values is caused by non-
stationary reagent diffusion. The radius of the quenching
sphere is equal to 9 A.

5.3. Effects of solvent and structure on the ESPT of
7-aminocoumarins

5.3.1. ESPT reaction of b in various solvents

The rate constants of the reactions in Scheme 2 are given
in Table 2. The rate constants of the reaction of IIb* with
CF;COOH in EtOH and MeCN (similar to that of IIb* with
H,SO, in EtOH) are almost equal. The fluorescence quantum
yield ¢’ of the ESPT reaction product with CF;COOH in
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Fig. 3. Dependence of the rate constant k, of coumarin IIb fluorescence
quenching by sulphuric acid on the reciprocal solvent viscosity 1/7, (O).
The relation between the rate constant k, of coumarin IIb fluorescence
quenching by sulphuric acid and the rate constant kg, of reagent diffusion
for the interaction with the solvated proton (O) and with a molecule of
H,SO, (V).

MeCN on excitationat long- wavelength (365 nm) and short-
wavelength (320 nm [11]) absorption bands differ by
approximately 1.5 orders of magnitude. In the first case, only
initial form IIb is excited, but in the second case, the N-
protonated form IIbHy " is excited (Fig. 1). In the second
case, the formation of IIbH,,* * takes place in two steps: (1)
acidic dissociation of IIbHy ™ * into IIb* and H*; (2) reac-

Table 4

169

tion of IIb* and H™ to form the final product IIbH," *
according to Scheme 2. Since the quantum yield of IIbH, * *
formation in the second step is high and depends only slightly
on the solvent, the low value of ¢'.. can be explained either
by the greater time of IIbHy ' * dissociation in comparison
with the fluorescence lifetime, or by the effective radiation-
less deactivation induced by IIbHy, ' * dissociation.

It has been shown that the ESPT reaction of IIb in EtOH
is a diffusion-limited irreversible process. Therefore, if the
diffusion of the reagents obeys the Stokes—Einstein law, the
value of k, should be proportional to the reciprocal solvent
viscosity (7,!. The dependence of &, on 1/7, is shown in
Fig. 3. In viscous alcohols, k, increases lincarly as 1/,
increases, but at low viscosities {MeOH and H,0), large
deviations from linearity are observed. This indicates that, at
low viscosities, quencher diffusion may take place faster than
expected from the Stokes-Einstein law. It seems that, in this
case, the relay mechanism of proton transfer along the hydro-
gen bond chain [35] plays an important role.

The ESPT reaction of IIb* in the protic solvents studied
occurs via a molecule of sulphuric acid or via a solvated
proton. In order to determine the nature of the quencher in
fast reactions. the dependence of kg, on the medium viscosity
for various quenchers can be used. The calculated values of
the diffusion coefficients and kinetic rate constants at r. =9
A are given in Table 4. The values of A, and 7, necessary
for the calculation were taken from Refs. [35-38] and are
listed in Table 4. In Fig. 3, the measured &, values are plotted
against k¢ evaluated for different quenchers. A satisfactory
correlation is observed for ky, of the solvated proton,
v=0.994. The correlation for k4, of a molecule of acid is
poor, y=0.637. Furthermore. it can be seen from Table 4
that the values of & in (CH,OH), and H,O are negative if
the quencher of ITb fluorescence is assumed to be a molecule
of H,SO,. This indicates that ITb fluorescence quenching is

Diffusion cocfficients of IIb* (Dy,), proton (D) and H,SO, molecule (Dyy,50,) and Kinetic rate constants (ky and &) of IIb* interaction with H,S0O, in

different solvents at 20 °C

Solvent Dy Dy Dyasos L K" k? k" e a® B* LN A
e tem” Q4 'mol Y
(107 %cm?s™ ") (1°M~ sl (10°s™ 1)

MeOH 8.88 38.90 23.60 32.40 22.10 15.30 25.60 060 093 0.62 0.545 146.2 ¢
EtOH 4.47 16.60 11.90 14.30 11.10 2.58 2.84 054 0.83 0.77 1.083 624"
PrOH 2.50 11.10 6.63 923 6.21 2.06 2.58 052 0.78 0.84 1.938 418"
i-PrOH 2.33 998 6.18 8.34 5.79 2.35 3.05 048 0.76 0.95 2.080 3751
BuOH 1.86 9.63 493 7.78 4.62 1.16 1.42 047 0.79 0.88 2.608 362"
s-BuOH 1.43 8.01 3.80 6.40 3.55 097 1.26 - - - 3382 30.1 ¢
(CH,CH), 0.29 7.37 0.77 5.20 0.73 1.42 <0 092 0.90 0.52 16.60 277¢
H,O 4.84 97.90 12.80 66.40 12.00 2570 <0 109 1.17 0.47 1.000 3498 ¢

* For the interaction of IIb* with H™; encounter complex radius, 9 A
® For the interaction of IIb* with H,SO, molecule; encounter complex radius, 9 A.

¢ From Ref. [23].
¢ From Ref. [38].
¢ From Ref. [35].
" From Ref. [36].
£ From Ref. [37].
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Fig. 4. Correlation between the experimental and calculated (according to
Eq. (2)) log k; values.

not caused by molecules of H,SO,, but by solvated protons.
The deviation from the linear dependence of &, on 1/ at
low 7, values is attributed to the accelerated proton diffusion
along the hydrogen bond chain.

The correlation between the experimental values of
log k; and similar values calculated according to Eq. (2) is
given in Fig. 4. A linear correlation (XYZ,=5.48+0.78,
s=—2.08+0.80, a=6.19+1.38, & differs insignificantly
from zero, y=0.938) is observed. Thus the value of k; is
mainly influenced by the solvent proton-donor ability. An
increase in solvent acidity results in an increase in the k; value,
but an increase in the solvent polarity and polarizability
results in a decrease in the k; value. Based on these results, it
can be proposed that the activation energy of the monomo-
lecular decay of the encounter complex between the solvated
base and proton

+

/C::O* H__(I) H_(l)_H —
R R

AN + %
C=0—H - O0—H -0—H
7 | |
R R

is determined by two factors: (1) the energy of H-OR bond
breakage; (2) the difference between the stabilization ener-
gies of the encounter complex and the transition state in the
polar solvent (this energy is less for the transition state
because of the greater delocalization of the positive charge).
An increase in solvent acidity results in a decrease in the
activation barrier of the reaction because of the first factor,
but an increase in the solvent polarity results in an increase
in the activation barrier of the reaction because of the second
factor.

5.3.2. Effect of structure on ESPT of 7-aminocoumarins in
ethanol

The wavelengths of the fluorescence maxima (A’}), fluo-
rescence quantum yields of the cations IIH, ™ (¢'..), kg
and k, (with and without non-stationary quenching) of the
coumarins and k; for the reaction in the encounter complex
with non-stationary quenching are given in Table 5. The value
of ¢', reaches 0.48. An increase in the electron-acceptor
properties of the substituents in positions 9 and 10 results in
a long-wavelength shift of the fluorescence spectrum and a
decrease in ¢'., (compare IIbH,* with IlaH, ", ITeHy*
and IIpH, ™ for 9-substituted aminocoumarins and ITbHg *
with IIjH, ", HIH,* and IInHy* for 10-substituted ami-
nocoumarins) . The maximum frequencies of the fluorescence
spectra of the IIH, * cations correlate with the o * inductive
constants of the substituents according to Eq. (1)
(a=18900+150 cm™ !, b=514+124 cm ! and
c=136+70cm"'; y=0.829). The substituent in position 9
influences the v, value of the IIHy " cations more than the
substituent in position 10.

The introduction of an uncharged electron-acceptor sub-
stituent into positions 10 (IIc and IId) and 9 (IIs) results in
a decrease in ¢’ and the rate constant of proton transfer £,
(see Table 5). The transition of the ESPT reaction from a
diffusion to a kinetic regime is accompanied by a decrease in
¢'... The small value of ¢’ may be caused by the small value
of ¢, and/or by the small value of ¢';. The ESPT reaction
of some 7-aminocoumarins (including Ila, IIb and IlIs) on

Table 5
The wavelengths of the fluorescence spectral maxima (A,'), the limited
fluorescence quantum yields of IIH,* (¢.’) and kinetic (kq, kgige and &;)
characteristics of the ESPT reaction of 7-aminocoumarins in EtOH-H,SO,
at 20 °C

Coumarin A/ & kgt kS kire k;
(nm) (10°s™ ")
(1°M~ts™ 1)

IlaH,™ 533 0.38 5.77 433 1443 3.06
IIbH, ™" 530 0.45 4.79 364 1430 2.58
IIbH,* © =550 <001 - - - -
IIcHy ™" 552 0.18 244 186 1395 1.17
IIcH,* © =~ 550 <001 - - - -
IIdH,,* 554 0.19 1.91 1.74 14.20 1.08
IIdH,* © =550 <001 - - - -
ITeH,* 543 0.29 5.16 359 14.00 2.62
IleHy* © ~550 <001 - - - -
IIfH,* 542 035 1276 10.71 14.15 24.00
IfH,* © =550 <001 - - - -
IgHs™ 530 0.04 5.01 366 1447 2.66
IjH, " 539 0.28 2.26 1.97 42.90 -
HIH,* 541 0.24 3.25 2.81 4293 -
IInH,* 540 0.19 2.89 1.17 4278 -
IInH,* * =550 <001 - - - -
HpH," 567 0.12 5.56 503 4295 -
IIsH,* 590 0.05 2.02 146 1395 0.887

# The error of the determination of k4 is 10%. .

® Corrected for non-stationary fluorescence quenching; encounter com-
plex radius set to 9 A.

¢ In MeCN-H,SO,; short-wavelength excitation [11].
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the carbonyl group has been studied and the reaction effi-
ciency ¢, has been estimated [39]. According to Ref. [39],
¢, 1s less than unity for some systems (particularly IlIs).
Unfortunately, Ref. [39] does not give a description of the
¢, estimation technique in detail. Therefore, the ¢, values in
Ref. [39] give rise to some doubt. The electrostatic field of
the positively charged substituent in position 9 of the ITH, *
cation results in a decrease in ¢',, and a fluorescence band
shift to the long-wavelength region (up to 27 nm from
IIbH, " to HIpH *). The field of the charged substituent in
position 10 of the IIH, ™ cation results in a decrease in ¢ ',
but does not influence the spectral position of the fluorescence
band (compare IIfH,* and I[jHy*, IMH, " and IInH, ™ ).

The logarithm of the total rate constant of the proton trans-
fer reaction and induced radiationless deactivation (logk;)
correlates with the o* inductive Taft constants for coumarins
IIa-IIf and Ils

log kk=a-bo,* —co,*

The  correlation  parameters are a=8.5810.04,
b=0.20+0.03,¢c=0.18 £0.02, y=0.977. It is clear that the
value of k, decreases as the electron-acceptor ability of the
substituent in positions 9 and 10 increases. The value of k;
for coumarins I1j, II1, IIn and lp, having charged substitu-
ents in positions 10 (IIj, IIl, IIn) and 9 (IIp), can be eval-
uated only with a large margin of error, since k, = k.

The carbonyl group basicity changes (ApK,) on excitation
of the compounds of series II, calculated by the Forster cycle
[40], are given in Table 5. For the majority of the compounds,
pK, increases by approximately 5 units on excitation. The
aminocoumarin Ilg is an exception, since in this case the pK,
value increases by approximately 2 units.

6. Conclusions

The ESPT reaction of 7-aminocoumarins at the carbonyl
group in protic solvents proceeds by a dynamic mechanism
and is an irreversible diffusion-limited process. The effect of
non- stationary reagent diffusion contributes significantly
(25% for IIb in EtOH in the presence of 0.1 M H,S0,) to
fluorescence quenching. It was found that the quenching of
7-aminocoumarins in protic solvents is effected by solvated
protons. The dependence of k, on the solvent is determined
by the limiting proton conductance in the solvent. The acti-
vation energy of monomolecular decay of the encounter com-
plex between the solvated base and proton is determined by
two factors: (1) the energy of H-OR bond breakage in the
complex; (2) the difference between the stabilization ener-
gies of the encounter complex and the transition state in the
polar solvent. The electrostatic field of the charged substituent
in position 10 influences mainly kg4, but not k.. This may be
caused by a change in the S-T interaction. The solvent effect
on k; of IIb can be explained by the dependence of the Ein-
stein coefficient A on the transition energy and, according to

the Kamlet-Taft equation, is determined by the proton-donor
ability of the solvent.
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