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The effects of the nature of solvent, temperature and complex formation with alkali and alkaline-earth
metal cations, as well as protonation, on the efficiency and the kinetics of fluorescence of 3-azacrowned
7-diethylaminocoumarins have been studied. For the crown-ethers under investigation, the ratio of a
dipole moment to the radius of Onsager cavity/p is a constant value, and a macrocycle does not
affect A and p. The fluorescence of coumarin 1 in acetonitrile is quenched by an electron donor,
triethylamine, with the Stern-Volmer constant being equal to (0473.009) M. The decrease

in coumarin 1 fluorescence quantum yield upon the introductioN-@fikylazacrown moiety into
position 3 is caused by an intramolecular photoinduced electron transfer from the nitrogen atom
of macroheterocycle to the coumarin moiety, where the excitation is localized. The fluorescence
guenching has an activation energy2+ 0.05 kcal/mol in various hydrocarbons, and does not
depend on the solvent viscosity. The fluorescence kinetics of free crowned coumarins in methanol is
not monoexponential because of the existence of macrocycle conformers, or because of the hydrogen
bond complex formation between the solvent and the nitrogen atom of macrocycle, in which the
efficiency of intramolecular electron transfer is different. Upon complex formation with alkali and
alkaline-earth metal cations and upon protonation, the fluorescence quantum yield increases and
fluorescence decay becomes monoexponential.

KEY WORDS: Crown-ethers; 7-aminocoumarins; fluorescence quenching; complex formation; electron transfer;
fluorescent chemosensors.

INTRODUCTION creases and the fluorescence decay becomes monoex-
ponential upon the complex formation with alkali and
Crown-ethers with side chromophoric moieties are alkaline-earth metal cations.
sensitive to the presence of metal cations and widely used The reasons of low efficiency of crowned 7-
in quality and quantity analyses, as well as fluorescence aminocoumarins fluorescence are not yet clear. The pur-
labels in chemistry and biology [1-3]. The introduction of pose of the present work is to ascertain the regularities and
a macrocyclic substituent into a fluorophore moiety can mechanism of radiationless deactivation of azacrowned 7-
result in its fluorescence efficiency decrease [4]. aminocoumarins.
The introduction of azamacrocyclic moiety into the
molecule of coumarin 153 decreases the fluorescence
guantum yield, moreover, the fluorescence decay becomesEXPERIMENTAL
biexponential [5,6]. The fluorescence quantum vyield in-
The structural formulas of the derivatives under
Mry Department, Lomonosov Moscow State University, 119899 nvestigation of _ 7-diethylamino-4-methylcoumarin
Moscow, Vorob'evy gor'y’ RUSSIA. ' (1 and 2,3,6,7-tetrz_ihyfjr_o-9-methyH15H ,11_H-
2 To whom correspondence should be addressed. E-mail: rusalov@light. [1]b€nzopyrano[6,7,8{quinolizine-11-one2) are given
chem.msu.ru in the Fig. 1.
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tm, R = CH,N(CH,CH,0),CH,CH,-Na*

CH,
N 1n, R = CH,N(CH,CH,0),CH,CH,-Ca?*
4
@ .2 1o, R = CH,N(CH,CH,0),CH,CH, Li*
(CH,CH,),N 0o~ o

1p, R = CH,N(CH,CH,0),CH,CH,-Mg*

la,R=H 19, R = CH,N(CH,CH,0),CH,CH, Na*

1b, R = CH,N(CH,CH,0),CH,CH,

1r, R = CH,N(CH,CH,0),CH,CH, Ca?*
1s, R = CH,N(CH,CH,0),CH,CH,-Ba?*

1¢, R= CH,N(CH,CH,0),CH,CH,

1d, R = CH,N(CH,CH,0),CH,CH,

le, R = CH,NCH,CH,0CH,CH,

1f, R = CH,N*(CH,)CH,CH,OCH,CH,

1g, R = CH,NHCH,CH=CH,

1h, R = CH,NH*(CH,CH,0),CH,CH,

1i, R = CH,NH*(CH,CH,0),CH,CH, 2a, R = CH,NCH,CH,OCH,CH,
1j, R = CH,NH*(CH,CH,0),CH,CH, 2b, R = CH,N(CH,}(CH,),,CH,

1k, R = CH,NH*CH,CH,0CH,CH, 2¢, R = CH,NH*CH,CH,0CH,CH,
11, R = CH,NH;CH,CH=CH, 2d, R = CH,NH*(CH,)(CH,),,CH,

Fig. 1. The structural formulas of the derivatives under investigation of coumat)mbd coumarin 1022).

The absorption spectra were recorded on the spec-acetonitrile, methanol), and trifluoroacetic acid (1M1)
trophotometer “Shimadzu UV-3100,” the fluorescence in nonpolar solvent-hexane. The protonation of the ni-
spectra—on the spectrofluorimeter “Elumin-2M.” In or-  trogen atoms at the position 7 of coumarins of sefies
der to represent the fluorescence spectra in wave numbersand at the position 4 of coumarins of ser2sloes not
the fluorescence intensities were multiplied by squared take place.
wavelengths [7]. The fluorescence quantum yield was de- The complexes of crowned dyes with alkali and
termined by comparing of the squares under the correctedalkaline-earth metal cations were obtained by adding of
fluorescence spectra of a substance under study and quianhydrous perchlorates to a solution (the salt concen-
nine bisulfate solutiomi1 N H,SOy (¢ = 0.546 [8]). The  tration was 102 M). The completeness of protonation
fluorescence quantum yield of cooled solutions was cor- and complex-formation was controlled spectrophotomet-
rected for changing of optical density as a result of the rically. Because of the high sensitivity of neutral aza-
dependence of solvent density on the temperature. crowned compounds to medium acidity, the registration

The fluorescence lifetimes were measured using sin- of spectra and fluorescence lifetimes was performed in
gle photon counting technique by nanosecond spectrom-the presence of tetrabutylammonium hydroxide €191
eter SP-70. Coumarin 114 was “quantum electronic”  in acetonitrile and 16* M in methanol). It was shown
grade and was used without further purification. Synthe- that tetrabutylammonium hydroxide, in concentrations up

sis of crowned dye&b, 1c, 1d was performed according  to 10-2 M, does not influence on the fluorescence spectra
to the procedure described in [9]. Compouddslf (io- of 1cin methanol.

dide),1g, 2a and2b were kindly granted by Prof. M. A.
Kirpichenok. The solvents used were purified according

to the known procedures [10] RESULTS AND DISCUSSION
The protonation of compoundsb, 1c, 1d, 1e and
1gat the nitrogen atom of 3-substituent a?aland2b at The wavelengths of absorption and fluorescence

the nitrogen atom of 10-substituent was performed with spectra maxima of the compountig, 1b, 1c, 1d, 1e 1f,
sulfuric acid (10° M) in polar solvents (THF, acetone, 1g, 2a and2b , the protonated formgh, 1i, 1j, 1k, 1I,
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Table I. Spectral Properties of the Compounds of the Selri@sd2 in Various Solventsiapsandig Are the
Wavelengths of Absorption and Fluorescence Spectra maxinsathe Fluorescence Quantum Yield)

Solvent Aabs(NM)  Aq (NM) @ Solvent Aabs(Nm) g (NM) 1)
la Hexane 349 392 0.53 1h Acetonitrile 392 458 0.44
THF 362 418 0.85 Methanol 392 465 0.22
Acetonitrile 367 437 0.65 1i Hexane 389 427 0.86
Methanol 375 455 0.38 THF 387 441 0.90
1b Hexane 356 404 0.07 Acetonitrile 393 461 0.34
THF 366 429 0.05 Methanol 394 468 0.20
Acetonitrile 371 443 0.06 1j Hexane 388 425 0.76
Methanol 380 459 0.07 THF 385 441 0.85
1c Pentane 355 403 0.02 Acetonitrile 390 458 0.38
Hexane 356 403 0.02 Methanol 393 467 0.23
Decalin 359 408 0.02 1k Hexane 392 425 0.93
Toluene 365 419 0.02 THF 388 441 0.88
THF 365 430 0.03 Acetonitrile 393 462 0.25
Acetonitrile 374 446 0.03 Methanol 394 467 0.16
Methanol 379 461 0.25 1l Hexane 389 425 1.0
1d Hexane 356 406 0.08 THF 383 440 0.91
THF 366 431 0.08 Acetone 386 451 0.44
Acetonitrile 372 447 0.10 Acetonitrile 386 461 0.34
Methanol 380 459 0.55 Methanol 391 466 0.21
le Hexane 356 401 0.37 1lm Methanol 381 462 0.67
THF 370 429 0.38 1n  Methanol 398 473 0.49
Acetonitrile 374 445 0.37 1o Methanol 383 464 0.43
Methanol 379 459 0.45 1p  Methanol 386 466 0.64
1f Methanol 400 469 0.12 1g Methanol 381 463 0.64
1g Hexane 353 402 0.07 1r Methanol 401 474 1.0
THF 364 429 0.53 1s  Methanol 395 471 1.0
Acetone 367 438 0.58 2a  Methanol 396 480 0.87
Acetonitrile 371 445 0.61 2b Methanol 393 479 0.33
Methanol 378 462 0.74 2c Methanol 411 487 0.96
1h Hexane 389 422 0.82 2d Methanol 411 485 0.64
THF 384 440 0.86
2cand2d, and the metal-complexdsn, 1n, 1o, 1p, 10. Here, AV is Stokes’ shift of the fluorescence spectrum,

1r and 1s are given in the Table I. When passing from Apu is a change of the dipole moment upon the excitation,
the nonpolar solvents to the polar ones, one can observep is a radius of Onsager sphetejs Planck’s constant,
the low-frequency shift of absorption (800—1800 ¢ c is the speed of light in vacuung,andn are dielectric
and fluorescence (2000-3000 thispectra, caused by  constant and refractive index of the solvent, respectively,
the universal and specific (a hydrogen bond) interaction constis a certain constant value for a given substance. The
between the fluorophore and the solvent. A greater red dependence of Stokes’ shifts of the compouféslb,
shift of the fluorescence spectra in comparison with the 1c, 1d and1g, having 7-aminocoumarin as the same chro-
absorption spectra, when solvent polarity raises, is causedmophore moiety, on the solvent functidie, n) according
by an increase in the dipole moment of 7-aminocoumarin to the Eqg. (1) is shown in the Fig. 2. It can be seen that
molecule upon the excitatiomu = 7.2 D for 1a) [11]. the slopes of these straight lines (3100, 2800, 2700, 2700,
The influence of the medium polarity on the position 30004 200 cnT?, respectively) for all the compounds are
of absorption and fluorescence spectra can be describedhearly identical, in spite of the fact that they have differ-
by Lippert equation [12]. ent sizes of 3-substituent and therefore must differ in the
radius of the Onsager sphere. The data obtained allow us
to conclude that for the compounds under investigation
) + const the ratioAu/p is a constant value, and a macrocycle in
crowned coumarins does not affect the change of dipole
moment upon the excitation and the radius of Onsager
sphere.

2(Ap)? -1 n?—1
= 2 (¢

hod \2¢e+1 2n2+1
_2(Ap)?

h—q<)3 f (e, n) 4 const Q)
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for fluorescence spectrum maximum). At the same time,
the complex formation with the cations €aand B&",
which have significantly larger radii (1.06 and 1.38
respectively [15]), produces the greater shifts of absorp-
tion (1450 and 1070 cmt) and fluorescence (560 and
460 cntl) spectra, although, due to the smaller magni-
tudes of the ratio of the charge to the radius, one might
expect lesser shifts for these cations in comparison with
Mg?*. This fact enables us to suppose that the cations
Ca’* and B&* form a coordination bond with the oxygen
atom of the carbonyl group db andl1c, which is directly
. . T . . . T conjugated with the chromophore part of the molecule.
0.0 0.1 0.2 03 The similar assumption, that the coordination of the car-
Jen) bonyl group with a complexing agent is also possible, was
Fig. 2. The dependence of Stokes’ shifts of the compourai®), 1b made for the Crownefd coumarin 153 [5] and Was provc_—:‘d
(V), 1c(V), 1d (W) and1g (O) on the solvent functiorf (¢, n). later by the observation of a low frequency shift of the vi-
brational band of the pyrone carbonyl group by 37ém
The joint linear regression with the same slope for all for Mg and Ca-complexes of the crowned coumarin 343

4.8 1

4.4 1

4.0 1

AVx 1073 cm™!

3.6 1

3.2 1

the straight lines gives the value 30Z®0 cn1!, which [16]. The absorption and fluorescence spectra of the
corresponds ta\p = 7.2 D [11] on the assumption that  crowned coumaririb, its protonated formih and com-
the radius of the Onsager sphere is equal to/6.8his plexeslmandlnin methanol are givenin Fig. 3, as typical
assumptionis in a good agreement with the value oA5.5  ones.

obtained as half of the largest interatomic distance of the The fluorescence quantum yield d is within 0.2—

la, calculated using semi-empirical AM1 method. For 0.9 depending on the solvent, passing through the max-
comparison, the value ok, obtained at the investiga- imum in a series “non-polar—polar—protic” solvent [17].

tion of solvatochromism ofa, is 8.02 D [13]. The introduction of azacrown macrocycle in the molecule
Upon protonation of the compountls, 1c, 1d,1e 1g of laresults in a decrease of the fluorescence quantum

at the nitrogen atom of 3-substituent a2aland2b at the yield in aprotic solvents more than ten times (Table I).

nitrogen atom of 10-substituent, a low frequency shift of One of the possible mechanisms of increasing

absorption and fluorescence spectra (300—1300 and 800-the efficiency of radiationless deactivation upon the

2500 cn?, respectively) is observed, caused by the influ-

ence of the intramolecular electric field of trialkylammo-

nium cation on the chromophoric part of the molecule. The

magnitude and the direction of displacement are in agree- D I(@u)

ment with the model of intramolecular electrochromism

and electrofluorochromism [14]. In polar solvents (ace-

tonitrile, THF), the shifts of absorption and fluorescence 0.31

spectra (800-1500 and 300-700 Tnare less than

in nonpolar solvents (hexane), 2500 and 1300 tm

respectively. 0.2
The complex formation of the compoundbé and

1c with alkali and alkaline-earth metal cations, as well

as protonation, leads to the low frequency shift of ab- 0.1

sorption and fluorescence spectra. The value of this shift

depends on the charge of a cation and its radius. As one

can see in the Table I, in the case of cations of small ra- 0.0 =

dius (0.70A and 0.75A for Lit and M@ [15]), when 300 400 500 600

the cation is essentially less than the macrocycle cavity A, im

of 1c (1.0 0.1 A) [5], the shift caused by the complex Fig. 3. Absorption (1, 2, 3, 4) and fluorescencé, (@, 3, 4) spectra

formaﬂon InCreases nea_rly In proportion to the (irharge of of the compoundéb, 1h, 1m and1nin methanol, respectively. Squares
cation (198 and 411 cnt in the case of LT and Mg+ for under the fluorescence spectra of the compounds are proportional to its

absorption spectrum maximum b€, 116 and 243 cm' fluorescence quantum yields.
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Fig. 4. The scheme of photophysical and photochemical processes in the molecule of 3-alkylamino-7-
aminocoumarinky is the rate constant of radiationless deactivatiiis the rate constant of radiative deacti-
vation, ket is the rate constant of photoinduced electron trankfgris the rate constant of dark back electron
transfer.

introduction of azamacrocycle moiety into the coumarin following equation:
molecule may be an intramolecular reaction of electron
transfer in the excited state from the donor fragment of 1 — 1 i + L
trialkylamine of 3-substituent to the acceptor fragment of I —lo K(c—=1)Cm lc—1o
aminocoumarin (Fig. 4). In this case, one can also expect
that the fluorescence efficiency of aminocoumarin upon
the introduction of any aminoalkyl substituent in the posi-
tion 3 of aminocoumarin decreases, which was confirmed
experimentally {g and 1a, Table. I). The efficiency of
electron transfer must decrease, when the lone pair of ni-
trogen atom participates in the formation of a coordination
bond. According to this, the fluorescence quantum yield
of the crowned coumarinkb, 1¢, 1d increases upon pro-
tonation, upon complex formation with alkali and alkaline
earth metal cations, as well as when passing from aprotic
solvents to protic ones. 20 A

Since the complex formation of crowned coumarins
with metal cations may sometimes lead to a consider- Iauw)
able enhancement of their fluorescence, some crowned 15 A
coumarins can be used as fluorescent chemosensor:
[5,6,18]. In order to ascertain the possibility of us-
ing the crowned 7-coumarins under study as fluores-
cent chemosensors, the fluorescence spectia ofere
recorded at various concentrations of sodium perchlorate 5
in acetonitrile—water mixture (1:1 vol.). As it is shown in
Fig. 5, the fluorescence intensity gradually increases up to
several times as the concentration of sodium perchlorate 0 t— . . . :
grows (while the absorption spectra remain practically un- 400 450 500 550 600
changeable). X, nm

The dependgnce of the fluorescence .|ntenS|tgzcof Fig. 5. Uncorrected fluorescence spectraloin the acetonitrile—water
on the concentration of Naupon the formation of com-  mixre (1:1 vol.) in the presence of NaGi@t the concentration 0,
plex with the 1:1 stoichiometry can be expressed by the 0.004, 0.007, 0.014, 0.028 and 0.077 mol/L.

)

whereCy, is the concentration of metal catiori§, is the
stability constant| is the current value of fluorescent in-
tensity at a certain wavelength, is the fluorescence in-
tensity of the pure ligand in the absence of complex for-
mation, I¢ is the fluorescence intensity under complete
complex formation. The best fit parameters for linear re-
gression (2) at the wavelength 460 nm are as follows:
K =200+ 40M7 1, Ic/lg = 4.2.
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It is known that the fluorescence of 7- constantK) in 1la-NEt is expressed by the following
aminocoumarins is quenched by a series of organic equation:
and inorganic electron donors and electron acceptors K_akq
[19]. For the donors with the potential of half-wave Ket = ko —
Ef%, < 1.0 V and the acceptors withE{s5 > —1.5 V _ ka _
(relative to the saturated calomel electrode), the fluores- Here, kq is a fluorescence quenching rate constéat,
cence quenching is limited by the diffusion. Later, the andk_q4 are the rate constants of diffusion formation and
products of photoinduced electron transfer, ion-radicals, decomposition of encounter complex of the reagents,
having lifetimes 100-200 ps, were found in the transient Which were calculated according to the Smoluchowski
absorption spectra of 4-(trifluoromethyl)-coumarins in EQs. (4) and (5), respectively [23],

®3)

aromatic amines [20,21]. — 47 1o(Dp + Da)N 4

In order to test the assumption that the radia- ks (Do AINa “)
tionless deactivation in the crowned 7-aminocoumarins K q= ﬁ (5)
takes place by electron transfer mechanism, the flu- Ve

orescence quenching in the model system, coumarinwherer. and V; are a radius and a molar volume of
1 (1a) and triethylamine in acetonitrile, was studied. the encounter compleX\ is Avogadro constant. The
The reciprocal value of fluorescence quantum yield in- diffusion coefficients of donor and acceptdp and Da
creases linearly with the concentration of triethylamine, were calculated using the Othmer—Thakar relationship
as shown in the Stern-Volmer plot (Fig. 6). The quench- [24] between the magnituddd, molar volumeV and

ing constant K= 0.474+ 0.009 M. If we assume  solvent viscosity.

that the fluorescence lifetime dfa in acetonitrile is 14 % 104
equal to 3.4 ns [17] and the dynamic mechanism of D= 'T (6)

this quenching, the quenching rate constant is equal Voo

to 1.4 x 10° M~1. s~1. Upon the fluorescence quench- The rate constarkt, calculated according to the Egs. (3)-
ing of 1a the formation of the encounter complex of (6) and on the assumption thet = %77/)3+VEt3N, is

the reagentsl@- NEt), in which electron transfer hap- equal to 18 x 10® s~1. This shows that a noticeable
pens, takes place. We consider this reaction intermedi- decrease, (¥ ker) ™! & 1.6 times, of fluorescence quan-
ate as a model compound for the electron transfer in tumyield oflaoccurs inacontact pair. The similar picture
the crowned 7-aminocoumarin. The replacement of an is observed for the morpholine-substituted compoigd
azacrown by triethylamine is quite appropriate in this the fluorescence quantum yield of which in acetonitrile is
model. In such a way, it has been shown that Stern-Volmer 1.7 times less than for the unsubstituted compaledh
constants for triethylamine andN-methylmorpholine relatively small value okt in comparison with the typical

in a series of fluorescence quenching of naphthalenevalues of preexponential factor for the intramolecular
and anthracene derivatives are the same within a 25%electrontransfer (4 10*?s~1, [25]) allows us to conclude
accuracy [22]. The value of the electron transfer rate that this reaction inla- NEt; has an activation barrier.
One can expect that when the solvent polarity decreases,
the barrier of electron transfer reaction increases, and a
temperature change will affect the rate of this process
more markedly. Therefore, the fluorescence quenching
of 1c by the temperature change in non-polar solvents
(n-pentane, decalin (racemate), toluene) was studied. The
o 151 fluorescence efficiency dfc in these solvents increases
dramatically as the temperature decreases (Fig. 7). It can
_ be seen that the quenching efficiency does not depend on
the solvent nature. The dependence of the fluorescence
quantumyield of.con the temperature is described by one

2.0 1

1.0 .
. . . . . common Eq. (7) [26] simultaneously for all three solvents.
00 05 10 15 20 1 1 0 E
1 _=—+ﬁexp = ™
Cgy > mol-dm- ¢ ¢ ki RT
Fig. 6. The dependence of the fluorescence quantum yiglof(1ain In this eXpressionkg and E, are a preexponential

acetonitrile on the concentration of triethylamir@en).- factor and an empirical activation energy of radiationless
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' ) ' ] 10*-1@ for aminobenzonitriles) and a considerable acti-
vation energy E¢ = 3-9 kcal/mol).

The temperature dependence of radiationless deacti-
vation, found forlc, might be connected with the inhibi-
tion of mobility of macrocycle as a result of the solvent
viscosity growth as the temperature decreases. The data
obtained show that the fluorescence quantum yield is pre-
dominantly determined by the temperature of the system
and does not depend on the solvent viscosity. In particular,
atthe room temperature the viscosities of pentane, toluene
! : and decalin differ within one order (0.24, 0.60 and 2.4 cP,

3 4 5 6 respectively), but the efficiency of radiationless deactiva-
T 10, K™ tion does not change (the values of fluorescence quantum
Fig. 7. The dependence of the fluorescence quantum yigldf1con yield are significantly lower thagpg and are equal to 0.02).
the temperatureT() in various hydrocarbongpentane ©), toluene The independence of fluorescence quantum vyield of vis-
(), decalin (A)). cosity indicates that the temperature-activated radiation-

less deactivation is not connected with the transposition

deactivation,R is the universal gas constant, is the  of the molecular fragments relative to each other.
temperatureyy is a limiting value of fluorescence quan- When considering the reaction of electron transfer as
tum yield whenT — 0, ks is a rate constant of fluores-  a cause of the radiationless deactivation, it is necessary to
cence emission, which is suggested to be temperaturebe sure that the reaction is thermodynamically possible for
independent. aseries of compounds under study in the solvents used. For

Experimental data fit satisfactorily to the straight this purpose, a change of free Gibbs energy in the reaction
line, obtained by the linearization of the expression (7), of 1awith triethylamine in polar solvent , i.e. acetonitrile,
assuming thatpp = 0.82+ 0.08, k/k; = (3.0+ 0.3) x was estimated. According to the Rehm-Weller equation
10%, Ea = 2.324 0.05 kcal/mol (Fig. 7). If we estimate  [31], the change of free Gibbs energy for electron transfer
the value ofk; on the basis of the measurements of the in an excited state is
fluorescence lifetimes in methanol (see below), we shall e _
obtaink = (6.7 + 1.0) x 10! s71. The value obtained AGer=Ep/p — Eajp —Eoo—C (8)
for ¢o within the confidence interval is in agreement with whereEg , andE, , are the electrochemical potentials
the fluorescence quantum yield of the protonated forms of donor and acceptor, respectively, is an energy of
1h, 1i, 1j, 1k and 1l in non-polar solvents in which the the excited stateC is a Coulomb term, which takes into
reaction of intramolecular electron transfer is suppressed. account the stabilization of reaction products due to their
Accurate within the confidence intervé, is significantly coming together to a finite distance. According to the work
different from the activation energies of viscous flow of [19], Eg/D and Eajn are equalto 1.1V and2.2V (rel-
pentane, toluene and decalin which are equal to 1.44, 2.14ative to the saturated calomel electrode) for triethylamine
and 3.21 kcal/mol, respectively [27]. and for coumarin 1 in acetonitrile. The energy of 0-0 tran-

Itis known that the temperature fluorescence quench- sition was estimated as a half-sum of energies of the ab-
ing of some donor-acceptor systems such as aminoben-sorption and fluorescence spectra maxima, and is equal to
zonitrile [28,29], is not caused by the intramolecular 3.1 eV. Without taking the Coulumb term into consider-
charge transfer and occurs according to the mechanismation, AG¢ amounts to 0.2 eV. For high-polar solvents,
of activated internal conversion and intersystem crossing. the valueC is usually assumed to be equalt®.1 eV
If one compares the values obtained for the preexponential[19,32]. Even taking into account this term, the change
factor and the activation energy with the similar values, of free Gibbs energy is slightly positive. This estimation
say, for aminonaphthalenes [26,30] and aminobenzoni- points out that intermolecular fluorescence quenching of
triles [28], one might notice that the intersystem crossing coumarin 1 derivatives by aliphatic amines must not oc-
is characterized by a very small magnitude of the preexpo- cur very efficiently and one may expect that the constant
nential factork&/ ks is equal to 10 for aminobenzonitriles  of bimolecular quenching will be considerably less than
and to 0.5-5 for aminonaphthalenes) and has a relativelythe diffusion barrier (B x 10!° M—* s71). Such a result
low activation energy=1 kcal/mol. The internal conver-  is in agreement with our investigation of the fluorescence
sion is characterized by great values of the preexponentquenching of coumarin 1 by triethylamine in acetonitrile.
(k/ ks is equal to 18-1C° for aminonaphthalenes and to  Insome cases, however, fluorescence of coumarin 1 can be
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guenched very effectively by cyclic tertiary amines, for in- Table Il. The Lifetimesry andz of the Compounds of the

stance, by 1,4-diazabicyclo-[2,2,2]-octane [33]. This fact Seriesl in Methanol and the First Emitter' antributiem

matches the low oxidative potential of diazabicyclooctane into Integral Fluorescence Emission

(0.52 V in acetonitrile [34]). a 11 (ns) 12 (ns)
The occurence of the reaction of electron transfer

in the encounter complex of coumarin 1 with aliphatic iz é'gg é'g 29

amines allows us to suggest that a similar intramolecu- 1c 066 29 04

lar reaction is also possible in 3-azacrowned coumarins, 1d 0.91 35 08

which leads to fluorescence quenching. It is quite unex- le 1.00 2.0

pected that the fluorescence quantum yield of the com- if 1.00 0.7

poundslb, 1c, 1d andledoes not depend practically on iﬁ é;gg ig’ 36

solvent polarity in a series of aprotic solvents, and is de- 1i 0.95 0.9 29

termined by the size of macrocycle (non-monotonically). 1 0.75 08 3.0

In methanol, in spite of the suppression of electron trans- 1k 0.96 0.6 25

fer in 1g, the fluorescence of compoundb and ic is 1q 1.00 2.9

quenched noticeably. This fact points out to the circum-
stance that electron transfer in crowned coumarin occursit can be seen that fluorescence decay becomes monoex-
inner-spherically, and the solvent is already properly or- ponential in case of the compourd upon protonation
dered due to macrocycle, and displaced out of the reactionand complex formation, i.e. upon binding a lone electron
zone to a considerable degree. Such a course of the propair of the 3-substituent nitrogen atom. The typical ki-
cess is typical for tight encounter complexes, but not for netic curves of fluorescence decay are given in Fig. 8 and
solvent-separated ones, which are observed in the exces§ig. 9. Essentially non-exponential kinetics of the crown-
of a quencher, when diffusion of reagents to each other is etherlc (Fig. 8) becomes monoexponential after the for-
not necessary [35-37]. mation of the sodium complekq (Fig. 9).

The independence of quenching efficiency of solvent The non-exponential character of fluorescence decay
polarity may be observed also in case when weak inter- of the compound4b, 1candi1d can be accounted for by
mediate exciplexes are formed. the existence of the molecules with different conformation

Formation of intramolecular exciplexes is possible of macrocycle in the solution, and, as a consequence, with
even when the donor and the acceptor are separated bylifferent rate constant of the intramolecular electron trans-
only one methylene bridge [38] (instead of a longer and fer and the lifetime of the excited state. Upon binding of a
more flexible chain). lone electron pair of the 3-substituent nitrogen atom, pho-

Comparing fluorescence quantum yields in the series toreaction does not occur and the lifetime of the excited
1h, 1i, 1j and1k, 1lin hexane and in THF, as wellas inthe  molecule must depend insignificantly on the conformation
series2a, 2cand2b, 2d in methanol, one can notice that  of aliphatic macrocycle. Another possible explanation of
oligomer substituents themselves cause only weak fluores-the biexponentiality of fluorescence decay may be the ex-
cence quenching. For instance, the fluorescence quantumistence of the equilibrium among the molecules with the
yield of azacrowned coumarins with the amidated nitro- hydrogen bond between the solvent and the nitrogen atom
gen atom of macrocycle is high (0.56 in acetonitrile) and of macrocycle, and without hydrogen bond in the solution.
practically remains unchanged upon complex formation In this case the long living component can be referred to
[16]. the complex with hydrogen bond.

The fluorescence kinetics of crown-ethébs 1cand If, by analogy with the independence of dipole mo-
1d in methanol is not monoexponential and can be de- ment and Onsager radius of the coumarins of the séries
scribed as the sum of two exponents with the fluorescenceof the substitution in the position 3, we assume that in this
lifetimes; and amplitudes;. The magnitudes of contri-  series the rate constant of fluorescence emidsgimnalso
bution of the components into the integral fluorescence determined only by the coumarin core, then fluorescence

emissiony; were calculated according to the formula: quantum yieldp will be proportional to the square under
o = G © the fluorescence decay curve, and upon normalizing to the
I — . . . .
> G unity of contributions:;, we can write down:
The values ofry >, and ai(o2 = 1 — «3) for the neutral _
forms1la, 1b, 1c, 1d, 1e 1g, for the protonated formsh, ¢ =kt =k Z G (10)
I

1i, 1j, 1k, the sodium completq and for the quaternary
ammonium salfLf in methanol are given in the Table Il.  wherer is an averaged fluorescence lifetime.
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Fig. 8. The fluorescence kinetics &t in methanol.

103 =

Oj:‘#WWN‘%WWWW monoexponential due to the existence of macrocyclic

conformers, or due to the formation of complex with a
10 15 20 25 hydrogen bond between the solvent and the nitrogen atom
of macrocycle. The efficiency of intramolecular electron
transfer in these species is different. The binding of alone
electron pair of nitrogen atom of macrocycle upon com-

A relationship between fluorescence quantum yield plex formation with alkali and alkaline-earth metal cations

(¢) of the compounds of the seridsand the averaged
fluorescence lifetimer() in methanol is shown in Fig. 10. i
The value ok; is equal to (2 4+ 0.1) x 10° s1.

Thus, for the crown-ethers under study, the ratio of
a change of dipole moment upon excitatidn to the
radius of the Onsager cavity is a constant value. The

introduction of macrocycle into the molecule of coumarin =~ |

1 does not affect the valuesy andp, the fluorescence
guantum yield being significantly diminished, probably,

as a result of the photoinduced intramolecular electron , |

transfer from the nitrogen atom of a macroheterocycle

to the coumarin fragment, where the excitation is local-
ized. The fluorescence quenching has an activation en- ¢,
ergy 232+ 0.05 kcal/mol in various hydrocarbons, and

does not depend on the solvent viscosity. The fluores-

0.6 1

1ge
1q
L]
1d
1e
L)
1a
1C,:
1
1i &
1k. 1h
o1f 1b
[ ]
0 1 2 3
7,18

cence of Couma”n 1 'r_] aceto_mmle is quenched by elec- Fig. 10. The correlation between fluorescence quantum yigjaf the
tron donor, triethylamine, with _the. Stern-Volmer con-  compounds of the seridsand the averaged fluorescence lifetimii~
stant (0474+ 0.009) M. The kinetics of fluorescence  methanol.
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and upon protonation, due to the inhibition of electron 20.S. Nad and H. Pal (2000). Electron transfer from aromatic amines
transfer, leads to an increase in fluorescence quantum

yield. In this case the fluorescence decay becomes mo-

noexponential.
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