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Abstract

Excitation energy transfer between coumarin derivatives and acridine orange (AO) in solutions of two different viscosities has been
studied. The rate constants of the electronic energy trarigfey &nd critical radius ) were determined for coumarin derivatives as
donors and AO as acceptor. The obtained valudgptindRy indicate that dipole—dipole interaction between D—A pairs is responsible
for the energy transfer mechanism. The experimental data of energy transfer efficiency are well described by the Forster theory.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction intramolecular energy transfer mechanism (the long-range
dipole—dipole interaction) favours its many applications.
The coumarins establish a family of dyes which are ap- The same mechanism is responsible for intermolecular
plicable in different fields of science and technology. In electronic energy transfer between donor—acceptor pairs of
guantum and non-linear optics the coumarin derivatives many molecules.

are used as an active medium in dye lagérsl] and as a In this paper, we report results of intermolecular electronic
doping dye of polymers used as electro-optical materials energy transfer studies between four coumarin derivatives
for light modulators and frequency doubling devi¢gk In (donors) and acridine orange (acceptor) pairs in methanol

chemistry some coumarin derivatives are used as fluores-and glycerol. The studies in viscous glycerol were performed
cence derivatization reagents for liquid chromatograshy with selected pairs only. The coumarin derivatives used in
fluorescence probes for protein stud[@ and as fluores-  the study differ from each other by the kind of the alkoxy
cent ionophore$8]. In medicine coumarin derivatives are group substituting the hydrogen atom at position 7 of the
used as anticoagulanfg], as fluorescent indicators for the parent coumarin molecule. From the viewpoint of future bio-
physiological pH regiorf10,11] and as fluorescent probes physical applications, it seems interesting to study the radi-
to determine the rigidity and fluidity of living cells and ationless electronic energy transfer for this set of molecules
its surrounding mediuni3,12,13] Coumarin derivatives in particularly to determine the influence of the 7-alkoxy
have intensively been used as model substrates to quanfunctional groups on the energy transfer mechanism, i.e., on
tify the enzymatic activity of microsomal monooxygenases the parameters describing this phenomenon.
[32,33]

Coumarin derivatives often constitute one or both
chromophores in a bichromophoric molecylet]. Such 2. Experimental details
molecules have been a subject of considerable interest in
numerous fields, i.e., photophysical processes of biological In the present paper, we study 7-alkoxycoumarins with
systemg15,16], polymers[17], pharmacology18] and dye  following substituents at the 7 position of the parent
laser physic$l,5]. For these molecules the effectivity of the molecule (seéig. 1): Ry = —OCH; (7-methoxycoumarin,

7MOC), —OGHs (7-ethoxycoumarin, 7EOC), —Q€ 17
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AN R;= OCH; - 7TMOC The fluorescence decay timg of coumarin derivatives
R;= OC;H; - 7TEOC in solution was calculated using the formula:
R1= OC3H17 —70c0C @
R;= OCyoH,; — 7DecOC D F
R 0 o = )
E
Fig. 1. Structure formula of the coumarin derivatives used. whereke is the fluorescence rate constant. As it was shown

earlier[24] the absorption and fluorescence spectra of the
coumarins under study fulfil the mirror symmetry relation.
coumarin derivatives have been describfP]. The F.or these compounds the Fheoreticql absorption rate coeffi-
3,6-bis(dimethylamino)acridine (acridine orange—AQO) was cientka, expressed acgor@ng_ to Strickler and BE2g] by
purchased from Merck and used without further purification. € @bsorption and emission integrals equals:
The solvents methanol and glycerol were of spectroscopick 80007 In 10cn,3:‘ <~_3>_1ge % ¢ (v) di a)
grade. A= T gn. P _/ =
The absorption spectra of the dyes were measured on a N 890 b
Shimadzu UV-2401PC spectrophotometer. The fluorescencewhere
spectra of the compounds and their mixtures were performed 00 SI A0 -1
with a Shimadzu RF-5301 spectrofluoro photometer. Mea- (F°) " = / Ir(V) di </ = df)) ; 4)
surements were carried out using the triangular cuvette with 0 oV
frontal excitation to minimize the effect of reabsorption of ng, na are the solvent refraction indices for the wavelengths
donor emission by the acceptor. The emission was observedcorresponding to the fluorescence and the absorption band,
perpendicular to the direction of the exciting beam. Thus respectivelyN is the Avogadro’s numbecg denotes the ve-
the errors due to fluorescence reabsorption were reduced irocity of light in vacuum,s(9) is the molar absorption co-
a way that mathematical corrections were superfluous. efficient, Ir(9) describes the normalized energy distribution
The quantum yield was determined by comparison with a of the fluorescence spectrum, amd gq are degeneracy co-
standard solution. Quinine sulphate in 0.5N sulphuric acid efficients equal to one for the excited and the ground singlet
was used as a reference compound, which quantum yield isstate, respectivelj21,22]
®F = 0.554+0.03[19]. The fluorescence quantum yield was It was shown by many authof&9,21,22]that for those

calculated according to the relationsh®]: molecules the fluorescence rate constgnequals to the

% 1y di 1 10-45 n? absorption rate coefficiet, i.e., kg = ka. Making use of

P = Ec,fo F()dv 1 - ”_, (1) this equality the fluorescence decay timg, of the donor
S 1@ db 1—1074 »2 molecules has been determined usitgg. (2) and (3)

Table 1assembles the determindg: and r'FD data of the
where® is the quantum yield of the standard solution, the compounds under study. The instrumental errobgf de-
integralsfc‘,’olp(ﬁ) dv and fc‘)’ol,:s(ﬁ) dv are the areas under termination is within 10% whereas th:@ calculated data
the emission curves of the investigated and standard com-agree with the experimental values in the range of instru-
pound, respectivelyd andAg are the respective absorbances mental error limit equal to 5%24]. Since the estimated life-

of the solutions at the wavelength of excitationand ns times,rE, are very short as can be seermable ] it is less

is the refractive index of the studied and standard samples,probable that during the lifetime of excited state depopulat-
respectively. ing collision occurs in both solutions.

Table 1

Fluorescence quantum yieId@S, fluorescence decay timeﬁ?, radiative transition probabilitiee, and spectral overlap integralpa (v), of coumarin
derivatives in methanol and glycerol at room temperature

Donor Solvent 32 ke (x1077sh)b P (nsf Joa(®) (x107141cm3 mol~1)d
7MOC M 0.033 13.16 0.25 1.20497
G 0.430 18.52 2.32 0.88672
7EOC M 0.050 12.24 0.40 1.27213
G 0.570 25.45 2.23 0.80485
70cOC M 0.062 10.90 0.56 1.27865
7DecOC M 0.064 12.22 0.52 1.28446

a8Quantum yield of the pure dondgq. (1)

b Fluorescence rate constant calculatedBuy (3)

¢ Fluorescence lifetime of the pure donor determined accordirigqto(2)
4 The spectral overlap integral calculated uskg. (5)
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3. Results and discussion formula[23]:

0 - -
3.1. One-compound solution Joa (V) :/o Mdﬁ’ (5)
As an example the absorption and emission spectra ofwhere Irp(d) is the spectral distribution of the donor fluo-

the donor molecule (7EOC) and acceptor molecule (AO) rescence intensity normalized to unity as(v) the molar

in methanol are shown ifig. 2a, wheread-ig. 2b shows extinction coefficient of the acceptor.

the donor emission and the acceptor absorption spectra The values of the spectral overlap integral for all
and the calculated overlap integral of the 7TEOC-AO pair. donor—acceptor systems under study are listedaible 1

The overlap of the A-Ab and D-Em spectra suggests (see The values of the various donor—acceptor pairs in methanol
Fig. 2) that the donor—acceptor energy transfer can take and some pairs in glycerol do not show significant differ-

place. The spectral overlap integral was calculated using theences. The/pa (V) values increases with increasing chain

4
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Fig. 2. (a) Normalized fluorescence and absorption spectra of the compounds 7EOC and AO. (b) The overlap spectrum between donor emission 7EOC
and acceptor absorption AO.
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Fig. 3. Emission spectra of 7MOC and AO in glycerol in the presence of various concentration of AO. Donor conce@ifsatidn125 x 10~4 M.

length of the alkoxy functional groups substituted at po- Whereas the simultaneous successive red shift of the accep-
sition 7 of the donor molecule. It must be noted that the tor fluorescence maximum can be attributed to reabsorption
substituent at position 7 of coumarin, shifts the fluorescence and radiative migratiof25,26]. It results because by the ab-
spectra to longer wavelengths, increases the quantum yieldsorption depth of the exciting light (about 2 mm) the reab-
and the mean fluorescence lifetime. The observed changesorption is not completely reduced. The changes inthg
of the data can be explained by the electronic transition mo- of the acceptor fluorescence were observed also in absence
ment changes in the molecule, caused by the weak donatiorof the donor (data not shown). This red shift of AO spectrais
potential of the substitueri24]. independent on coumarin derivatives, thus this phenomena is
not important for the fluorescence quenching studies there-
fore will not be discussed here. Fig. 3, the noted spectra
changes distinctly show that the fluorescence of coumarin
_ derivatives was effectively quenched by AO molecules.

Fig. 3 shows the fluorescence spectra of the donor  pg quenching process, as it follows from the fluorescence
(7TMOC) obtained in the presence of the acceptor (AO) q,antum yield ratio of the donor versus the acceptor concen-

molecule at its various concentrations. The spectra have aiion [Ca] (seeFig. 4), is described by the Stern—Volmer
been obtained at the donor constant concentratits £ relation[27]: '

1.125x 10~*M). The acceptor concentration changes from
1.2 x 107° to 15 x 10~3M. The solutions were excited @3 b
at Aexc = 340nm. From these spectra it is obvious that ¢ = 1+ Ksv[Ca] = 1+ kette [Cal, (6)
increasing the acceptor concentration a successive decrease
occurs in the donor fluorescence intensity. The same de-where(bg and®p are the quantum yield of the donor with-
pendence is noted for all other donor—acceptor pairs underout and with acceptor molecules in the soluti&y is the
study. It should be noted that we did not detect any extra Stern—\Volmer constarkgt the energy transfer rate constant
absorption band in the spectral range 200-600 nm for theandr,:D the fluorescence decay time of donor molecules un-
mixture of the coumarin derivatives and AO. It points to the der study.
absence of any detectable ground-state complexes of the Fig. 4 shows the Stern—\Volmer plots of the fluorescence
donor acceptor pairs in the solution. guenching of selected coumarin derivatives in methanol and
Analysing the emission spectra of all donor—acceptor pairs glycerol using AO as a quencher. Experimental data fol-
a blue shift of the donor fluorescence spectrum is observedlow the Stern—Volmer dependence well in the concentration
with increasing acceptor concentration. The observed shift isrange of the quencher used. Determining the slopes from this
about 5 nm by concentration changes of AO frof210~° drawing, i.e., theKgy values, the quenching rate constants
to 1.6x 10~3 M. This finding can be attributable to the radia- ket can be determined. THeT data obtained are listed in
tive transfer phenomer{&5]. It is known that the acceptor ~ Table 2 The values oket comprise 16*~102Imol—1s!
molecules quench the longer wavelength portion of donor which is substantially higher than that noted for the bimolec-
fluorescence spectrum more effectively than the shorter one.ular rate constants controlled by diffusion. Diffusion rate

3.2. The fluorescence quenching phenomena
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Fig. 4. Stern—Volmer plots of the fluorescence quenching of coumarin derivatives in methanol and glycerol solutions using AO as a quencher.

constants calculated according to the Debye equdf#8h If the energy transfer between the donor and acceptor
for methanol and glycerol at room temperature lasgr = molecules is caused by a dipole—dipole long-range interac-
9.7 x 10° and kpier = 4 x 10°Imol~1s™1, respectively. tion in accordance to Forster’'s thed8g], the energy trans-
The big difference noted between tker and kppr val- fer rate constarkeT is expressed bj25,29}

ues indicate a diffusion-free mechanism for the electron en-

ergy transfer of the studied D-A pairs. On this base we kgt =
can state that the dipole—dipole mechanism is responsible 1287T5Nr67|:D
for the radiationless energy transfer of the D—A pairs un- wherer is the distance between D and A molecules (in cm),
der study. The values &7 for 7TMOC—-AO and 7TEOC-AO  « the orientation factor which takes into account the angles
pairs in methanol and glycerol are different, the value between the transition moments of the D and A molecules,
in methanol solution is about five times greater than in glyc- the other denotation have the same meaning dsgin(5)
erol. This difference does not exceed 1 order of magnitude, The viscosities of glycerol and methanol solvents are very
is smaller than that given earlier fogrr and ket. Tak- different (1giycerol = 1.49 andnmethanol= 0.6 x 103 Pas),

ing this into consideration we believe that the dipole—dipole therefore in accordance wifi9,30] we assume for the in-
mechanism is confirmed and is the dominating quenching vestigated systems in glycer@?) = 0.472 and in methanol
mechanism of the donor fluorescence in the D—A solutions. (k2) = 2/3. Taking the experimental values of the spectral

90001n 1@2®2 [ Ipe(D)ea (D
n D/ DF(‘?:“A(V) . Ko
0 v

Table 2
Experimentally determined critical transfer distanBg, and rate constants for energy transfef;, of various coumarin derivatives

Donor Solvent  Ksy (Imol™1)2 kgt (x102Imol~1s )P Ro (A)¢ Ro (A)¢ [Cli2 (x10*molI71)® Ro (A)f Rs (A)9

7MOC M 1024 4.09 65.0 74.1 9.15 75.7 4.8
G 1268 0.54 88.3 79.5 6.0 87.1 4.8
7EOC M 1115 2.78 70.0 76.2 8.5 77.6 4.9
G 1282 0.57 91.0 815 5.6 89.2 4.9
70cOC M 958 1.71 72.8 72.4 5.0 74.7 6.2
7DecOC M 1343 2.58 73.2 81.1 7.0 82.7 6.7

aExperimentally determined from Stern—Volmer plots.

b Calculated using th&q. (6)

¢ Theoretically calculated using tHeq. (8).

d Theoretically calculated using tHeg. (9)

€ Determined from the Forster quenching theory.

f Theoretically calculated using tHeq. (13)

9 The radius of donor and acceptor collision complex for collision transfer wReris sum of donor and acceptor radii.
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overlap integral/pa (¥) (seeTable 1), the Forster distance
Rp at which the transfer rate constadagty is equal to the flu-
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3.3. Donor fluorescence quantum yield in
excitation energy transfer

orescence decay rate constant of the donor in the absence of

acceptor, has been calculated using the formula:

6 _ 9000In1G%®F ™ Ipr(P)a (D) & ®)
07 128t%4N  Jo o4 '

The Ry data obtained fronkq. (7) are assembled ifable

Transfer of excitation energy from donor to accep-
tor causes a decrease of the quantum yield of the donor
molecule. The quantum yield of the donor determined in
the presencepl, and in the absence of the accepwp,
permits to calculate the energy transfer efficiery, in an
independent way. According to the Forster the[#y] the

2. The ket and Ry values have been calculated assuming energy transfer efficiencgt as well as the ratiopp /2,

that the distance between all the donor and acceptor pairs isor fluorescence quantum yields depend from the reduced
constant, e.g. as for solid state or bichromophoric systems.concentrationy pa for donor-overlapping as follows:

For its solutionEq. (7) must be modified31] to
3
(7.35x 10-8)3¢P

/
kET

(9)

The Ry data, calculated usingq. (9)and thekg values

Table 2 too. As can be seen analysing the dataaifle 2the
experimental values d®y obtained from the Stern—\Volmer

[}
q)—ﬁ =1- &1 =1— J/Typa expypa)?[L — erf(ypa)l.
D
(10)

where erf{pa) is the Gaussian error function described by
obtained from the Stern—Volmer dependence are inserted in

erf(x) = 2 / xexp(—xz) dx (11)
0

plots are in good conformity with those calculated using ¥pa = Ca/Coa is the reduced concentration for donor-
formula (8), and both indicate that the energy transfer oc- overlapping26,29] whereCa is the acceptor concentration
curs on the distance larger than the sum of the collision @nd Coa is a critical concentrationCop is related to the

radii, Rp + Ra. The sum of collision radii of coumarin and
AO is about 4.5-7 A. The values & are larger for 7De-

cOC, possessing a long alkoxy chain, than for the other Coa =
coumarin derivatives (7MOC, 7EOC, 70cOC). This depen-

critical transfer distanc®q as follows[26]:
3000

dence is a result of its higher fluorescence quantum yield and Fig. 5 shows relative fluorescence quantum yield data of

longer fluorescence decay time. The valueBRgpfor 7MOC

the systems under study versus IBg] and the theoretical

and 7EOC in glycerol are larger than those determined for curves calculated fronkq. (10) The Férster curves were
methanol solutions. This difference (about 30%) is a result calculated for thd?y values obtained frorkq. (8) The best
of the fluorescence quantum yield differences noted for glyc- fit of the experimental points with the curve obtained from

erol and methanol donor—7MOC and 7EOC solutions.

the Forster theory are shownfhiig. 5. It can be seen that the

1.0

081 o - TMOC+AO
© - TEOC+AO
& A e 70c0C+AO
S 06 L ®  —— 7DecOC+AQ
04 -
|
1E-5

Acceptor concentration

Fig. 5. Relative donor fluorescence quantum yi€iébo in presence of acceptor molecules dissolved in methanol. The full and dashed curves are

calculated fromEq. (10) The points represent the experimental results.

1E-4
[mol/l]
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empirical results are in good agreement with the predictions [3] M.S.A. Abdel-Mottaleb, M.S. Antonious, M.M. Abo-Aly, L.F.M.

of the Forster theory.
This conformity allows us to calculate the critical radius
of energy transfeRy by means of following formulg31]:

Ro = 7.35([C12]) Y3, (13)

where [C1/7] is the acceptor concentration at which the
fluorescence intensity of the donor is reduced to half. The
[C1/2] values of the acceptor concentration for all D-A
pairs under study are summarizedlable 2 The Ry values
calculated fronEq. (13)are listed inTable 2 Analysing all

Ry values obtained fronkgs. (8), (9) and (13)it indicates
that the critical distance valu®, obtained from the spectral
overlap integral Eq. (8) and from the mairEgs. (9) and
(13) are equal in the error range of its determination. The
differences are less than 9%. Also, it follows that Re

values show a weak dependence on the volume of donor

molecule, i.e., coumarin derivatives. It must be noted that
Ro values are smaller for methanol solutions. The difference
is about 5% in comparison to they values obtained for
glycerol solutions. The performed studies show thatRhe
values of 7-alkoxycoumarin—AO D-A pairs show a regular
dependence from the 7-alkoxy substituent of coumarin with
an exception for 70cOC-AQ pair féty values determined
usingEgs. (9) and (13)Big differences between the values
of the collision radii Reon ~ 5-7 A) and the critical radius

of energy transferfy ~ 65-90 A) are noticed. This points
that for 7-alkoxycoumarin—AQO (D—-A) pairs a dipole—dipole
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