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Abstract

Photophysical properties and characteristics of electronic energy transfer of coumarin derivatives substituted by bulky group in positio
3 and 7-diethylamino-4-methyl coumarin (Coumarin 1) were investigated in solution and polymer matrices. The bulky electron donatinc
groups were: phenyl-, phenylthio-, 2-methylphenylthio-, 2,6-dimethylphenylthio-, dimethylamino- and benzoylamino- in position 3. Flu-
orescence of coumarin derivatives was quenched by polar methanol with bimolecular rate ckgistngef than the diffusion controlled
limit indicating static quenching. The increased polarity of mixed solvent prefers processes leading to intramolecular charge transfer (ICT
or twisted intramolecular charge transfer (TICT) which effectively compete with fluorescence. The experimental and theoretical value:
for the rate constants of the electronic energy trangfear) @nd critical radiusRp) were determined for derivatives of coumarin as donors
and N-oxyl radical as acceptor. For selected pairs, the experimental and theoretical values of the electronic energy tkansfied Ry
were compared in various solvents like cyclohexane, heptadecane and methanol in order to determine the type of the electronic enel
transfer, influence of the solvent and number of paramagnetic centers on this process. The resonance transfer seems to be the preva
mechanism of energy transfer. In non-polar glassy polystyrene matrix at temperature low&y, ttenenergy transfer from coumarin
donor to N-oxyl acceptor follows the Perrin’s model for static quenching in solid phase. There is strong indication that resonance energ
transfer is operative as well. ©1999 Elsevier Science S.A. All rights reserved.
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1. Introduction Recently, we have shown [2] that several coumarin
derivatives substituted in position 3 by bulky electron do-
The concept of twisted intramolecular charge transfer nating substituents exhibit the large Stoke’s shift in going
(TICT) was introduced by Grabowski et al [1] in or- from non-polar cyclohexane to polar ethanol. At the same
der to explain the presence of the dual fluorescence oftime the decrease in quantum yield of fluorescence is ob-
N,N-dimethylaminobenzonitrile (DMABN) in polar sol- served as well. Several authors [3-5] observed the decrease
vents. In ground state this molecule is planar so that the of quantum yield of fluorescence for coumarin derivatives
conjugation between dimethylamino group and aromatic in position 3,4,6,7 and 8 in polar solvents as compared with
ring is maximal. This geometry is preserved after direct non-polar. This stabilization of the excited state in polar
excitation. The TICT state can be reached from originally solvents indicates that large extent of intramolecular charge
excited planar §state by rotation of dimethylamino group transfer (ICT) or twisted intramolecular charge transfer
to the right angle so the conjugation is disrupted. In this (TICT) is involved which results in the rapid radiationless
state, complete charge separation occurs between dimethydecay of the excited state.
lamino group and cyanobenzene part of the molecule. The In order to elucidate the processes more thoroughly, we
polar solvent stabilizes this dipolar TICT-state, which lies investigated the quenching of coumarin derivatives substi-
lower than 3. tuted in positions 3 and 7-diethylamino-4-methylcoumarin
(Scheme 1) by polar methanol in non-polar cyclohexane and
for some derivatives in more viscose heptadecane.
* Corresponding author. Tel.: +42-7-373448; fax: +42-7-375923 The resonance energy transfer was extensively investi-
E-mail addressupolhrdi@savba.sk (P. HrdIdb) gated on several donor acceptor pairs [6-8]. Recently, it has
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2. Experimental details
Scheme 1. Structure of coumarin derivatives.

been observed that resonance energy transfer occurs betweed 1. Materials
laser dyes based on coumarin in solution [9,10]. Long range
dipole—dipole interaction at resonance energy transfer is in  The coumarin derivatives (Scheme 1) substituted at posi-
fact the interaction between the transition moments of deac-tion 3, were obtained from Department of Organic Chem-
tivation on donor part (D) and excitation on acceptor part istry, Faculty of Science, Comenius University, Bratislava,
(Q). If electron of excited donor (D falls on lower orbital of and several of them were used previously [2,11]. Their
donor (D), there is a change in dipole moment which forms structure, given on Scheme 1, is: 3-phenylcoumatin (
electric field. This field is directly proportional to transition  3-phenylthiocoumarin(), 3-(2-methylphenylthio) coumarin
moment(M) and reciprocal value of third power of the dis-  (lll'), 3-(2,6-dimethylphenylthio)coumarii\(), 3-dimethy!-
tance (~3). The force proportional td7 /2 acts on electron  aminocoumarin ) and 3-benzoylaminocoumarinvi).
in the molecule of acceptor (Q). If it is transferred to higher Laser dye Coumarin 1 (7-diethylamino-4-methylcoumarin,
orbital, then it creates its own electric field which is applied VII') was a commercial product (Aldrich, Steinheim, F.R.G).
on electron in molecule D As result of downward motion ~ The concentration of coumarin derivatives in solution was
of electron in ¥ and upward motion of electron in Q their 10~° or 104 mol -1,
electric fields are in resonance interaction. Two N-oxyl radicals were prepared at the Polymer
In this paper we focus besides quenching of excited statesinstitute. Their structures, given on Scheme 2, are: 4-
of coumarin derivatives substituted in position 3 (Scheme propionyloxy-2,2,6,6-tetramethylpiperidine-N-oxyl Q{),
1) by polar methanol as well as on quenching by several 4- stearyloxy-2,2,6,6-tetramethylpiperidine-N-oxyQQ2).
N-oxyls derived from sterically hindered amines (Scheme 2,6- di-tert.butyl-4-methylphenylbis(2,2,6,6-tetramethyl-4-
2) in solution and in glassy polystyrene matrix. The experi- piperidyl-N-oxyl)phosphite@3) was a gift of Dr. Habicher
mental and theoretical parameters for all pairs under inves-of TU Dresden, FRG.
tigation were determined in cyclohexane. For selected pairs The purity of the coumarin derivatives and N-oxyl rad-
these studies were performed in more viscose (heptadecaneicals was controlled by spectroscopy and thin layer chro-
and more polar (methanol) media. matography (TLC).
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Anthracene was zonally refined (Lachema, Brno, CR). shorter than 0.15 ns which is the limit of the time resolution
Quinine sulphate was an analytical reagent (Lachema, Brno,of LIF 200 set up since the half-width of pulse of nitrogen
CR). Cyclohexane and methanol were of UV spectroscopy laser is 0.5ns.
grade (Merck, Darmstadt, FRG), chloroform (Mikrochem,  Therefore, the lifetime of the excited stateg] of
Bratislava, SR) and heptadecane (Fluka AG) were analytical coumarin derivative$-VI in solution was determined ac-

reagents. cording to the relationship:
Polymer films were prepared by casting from solu-
tion. Polystyrene (PS, Vestyron, Huls AG, FRG.) films T = ®F/kr @

were prepared by casting of polymer solution (chloroform,
5g100mi?) on the glass plate (26 mm38mm). The
solvent was allowed to evaporate slowly. All films were
self-supporting. The thickness of the films wasu®0 and
the dopant concentration was 0.002 motkg

where §; ) is the rate constant of the radiation process (flu-
orescence). The theoretical absorption rate coefficieqit (
expressed by the absorption and emission integral was de-
termined according to relationship [16]:

80007 In 10cn? -1 g [Pe(P)dD
_ n 10cng <§_3> &f e(d)dv 3)
0 v

2.2. Instrumentation A= N =

The absorption spectra were measured on an M-40 specwhere
trometer (C. Zeiss, Jena, FGR). The emission spectra were 00+ o im
taken on an MPF-4 spectrofluorometer (Perkin—Elmer, Nor- <;—3>_1 — Jo Ir(¥) dv (4)
walk, USA) which was connected through an A/D converter [o Ur(®)/ (%)) dv

and interfaced to a microcomputer [12]. The emission spec- L

tra of the solutions were measured in a right angle arrange-nF’ Na are the solvent refraction indices for the wavglengths

ment in the cell with controlled temperature. The emission correspondlng to the fluorescence and the ab_sorptlo.n band,

spectra of the polymer films were recorded in a front face N IS Avoga~erS ?humberlc denbotes ;[_he velo%l.ty. of I|~ght

arrangement in a solid sample holder at room temperature.In va_cuoa(v) IS the molar absorption CO€ icient(v)

The quantum yield was determined relative to anthracenedescr'bes the normalized energy distribution of the fluo-
rescence spectrum, amgd, gq are degeneracy coefficients

in solution and in a polymer matrix. The quantum yield of for th ted and th d stat ivelv. If th
anthracene in solution was checked with quinine sulphate. or the excited and e ground state, respectively. €
molecules are in dilute solution in a transparent solvent

The absolute quantum yields of coumarin derivatives were ¢ liaibl tical di ion theme=na =n. Eq. (3

determined assuming that anthracene flourescence is indegllorxsg I(?alllcﬁlaot?olrfaof tﬁge\g;ﬁg,of fr're —rg/ckii;t:be t?én(si)t ion
endent of the medium. The quantum vyi was deter- . Y .

P q yietk] rate coefficientky (or the natural lifetime of the excited

i i he relationship [13]:
mined according to the refationship [13] S state) based on absorption data. Generally, the values
- < [ Ie(D) di (1_ 10A5) ( n )z " of ka obtained should be equal tq, provided that the

ds

= PF 0 7S, 4~ — A -3 mirror-symmetry condition is fulfilled. This is valid when
Joo IE@ v \ 1 =107 " the values of the transition moments for absorption and

where @ is the quantum yield of anthracene as standard, €MiSSion are equalge = Meg) and the populations of the
which was assumed to be 0.25 for all environments. The in- Vibrational states of Sand § are described by the same
tegralsfooo I£(9) di andf0°° IFS(T’) dv are the areas under the distribgtion function. According to Stri.ckler and_Berg [17]
emission curves of the investigated compound and standard@nd Birks and Dyson [16], greater discrepancies between
A andAS are the absorbances at the wavelength of excita- t_he ka andk values can be ex_plamed 0r_1|y by configura-
tion, n andnS are the refractive indices for the investigated tional changes of the molecule in the excited state.
compounds and standard, respectively.

The decay of emission was measured on set up LIF 200
(LTB GmbH, Berlin) which operates as a stroboscope. The 3. Results and discussion
analogous output was digitized in an A/D converter and
transferred to a microcomputer [14]. The decay curves were 3.1. Quenching of fluorescence by formation of excited
evaluated by the phase plane method [15]. The standard devistates with charge transfer (ICT or TICT)
ation GY2 = 3" ((Iear — lexp)?/n)Y/?characterized the qual-
ity of fitting. The standard deviatiorG&/?) higher than 5% Several authors [3-5] have explained the decreased quan-
indicates that a mono-exponential function does not fit the tum yield of fluorescence in polar environments through the
decay satisfactorily. The decay of fluorescence of coumarin formation of ICT or TICT states, which open new radia-

derivatived andVIl in polystyrene matrix an®fll in cyclo- tionless route [18]. Population of this state depends on the
hexane and heptadecane solution obeys mono-exponentiationor-acceptor ability of the respective groups and on the
(G2 < 5%). The decay of other derivatives/! in solution polarity of the solvent stabilising the highly polar final state

does not obey mono-exponential. The lifetime in solution is [19].
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Fig. 1. Stern—Volmer dependence of quenching fluorescence of coumarin derivities), 1ll (O) andIV (A) with methanol in cyclohexane.
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Fig. 2. Stern-Volmer dependence of quenching fluorescence of coumarin derivati¢@y; VI (A), VII ((J) with methanol in cyclohexane and (@),

VIl (M) with methanol in heptadecane.

Polar solvents quench the emission of coumarin deriva- hexane solutions of coumarin derivativéis{/11 ) except of

tives Il -VII . Since the quencher (polar solvent) is used in

high concentration dynamic and static quenching might op-

| decreases their fluorescence and the ratibgqlﬁ)D on
guencher concentration is linear (Figs. 1 and 2). The cal-

erate at the same time. If both static and dynamic quenchingculated quenching bimolecular rate constants (Tablégl),
occur, the modified Stern—Volmer equation is to be applied using estimated values of |ifetimeg, are higher than the

[20]:

s 0

oo = A+ kBlRD A+ K QD (5)
wherecbg and®p are fluorescence quantum yields of donor
without and with quencheky is the bimolecular rate con-
stant,zJis the fluorescence lifetime without quenchiéris
the equilibrium constant for formation of the dark ground
state complex ‘AQ’ and [Q] is the quencher concentra-
tion. In the absence of static quenching=0), the stan-
dard Stern—Volmer applies. Addition of methanol to cyclo-

diffusion controlled bimolecular rate constant in cyclohex-
ane (3% =0.66x 101° mol~1s~1). Lifetime of the fluores-
cence (rg) was determined according to relationship (2),
where the rate constant of radiation procdg$ as cal-
culated by relationship (3). Since the estimated lifetimes
are very short (Table 1), it is less probable that during the
lifetime of excited state collision occurs. Therefore, static
guenching is operating. Molecules of coumarin derivatives
are preferentially solvated by methanol forming ‘dark com-
plex’ AQ which is transformed to ICT state after excitation.
This polar ICT attracts even more polar methanol molecules.
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Scheme 3. Charge distribution in excited states of 3-substituted coumarin derivatives.

Table 1

. . from electron donor and electron acceptor parts connected
Quenching of coumarin probes by methanol

by simple bond. After excitation, the local excited (LE) state

Comg M ¢  3d(ns) K® (Imol™) kgx 1071 (Imol~*s1)! S1 is rapidly relaxed to perpendicular arrangement of donor

I Cy 0.002 0.015 1.4 9.3 and acceptor group with full charge transfer from which red

1 Cy 0.0008 0.0053 1.2 22.6 shifted emission originates. Coumarin derivatilies/l and

\Y Cy 0.0011 0.0066 1.0 15.2 Coumarin 1 ¥Il') do not exhibit this red shifted emission.

v gy g'gggg g'gig ig'g fg'(l) Probably, TICT-like state, which is formed in these com-

v 0;7 0005 0012 194 162 pounds after excitation, is non-emissive and acts as effective

Vil Cy 0703 2.58 7.5 0.30 intramolecular quencher [22]. Similar short-lived TICT-like

Ci7 075 2.74 7.9 0.29 states are formed in diphenylmethane or triphenylmethane

apesigned according to Scheme 1. dyes [23]. The TICT-like state in coumarin derivatives sub-
P Medium: Cy-cyclohexane, -heptadecane. stituted at position 3 has got two characteristic features

¢Quantum vyield of the pure donor (Eq. (1)).
d Fluorescence lifetime of the pure donor determined according to
relationship (2), where the rate constant of radiation prockgswas

namely (Scheme 3):
The TICT state is dipolar with positive charge localised on

calculated by relationship (3). bulky electrc_)n donating group iq posit?on 3. _
€ Equilibrium constants for formation of dark complex. The perpendicular arrangement is achieved by rotation of
f Rate constant for bimolecular quenching. electron-donating group in position 3.

9 Lifetime of the fluorescence determined by phase plane method.

" Several authors have shown that the model compounds
Stern-\olmer constant.

with electron donating group bound to ring exhibit intense

At present, we cannot quantify an increase in local concen- fluorescence while it diminishes with free rotating groups
tration of methanol. Since the longest wavelength absorp-[23]. Quantum chemical calculations on typical diphenyl-
tion band of 3-substituted coumarin derivatives at around methane dye Michler's Hydrol Blue clearly show that for-
340 nm is not sensitive on polarity or other specific inter- mation of TICT-like state can follow after optical excitation
actions [2], it does not yield any support for formation of [24].
the dark ground state complex. On the other hand, in pro- The TICT state of coumarin derivativéis-VIl is formed
tic solvents as methanol, it can be assumed that there is theéy slow twisting of two parts of molecule of the planar
strong specific interaction between coumarin derivatives in state. The solvent plays the decisive role in stabilising highly
ground or in excited states and the protic solvent [21]. More dipolar TICT state. Therefore, it is formed in polar solvents
polar local environment enriched on methanol induces the only.
transformation of ICT to TICT state [5,18] and its conver- ~ The calculatedg in this way might be related to reor-
sion to ground state which is an effective radiationless route ganization of solvation sphere of coumarin derivative from
competing with fluorescence. As have already been shownground state to excited ICT or TICT states. Since the actual
by us [2] that coumarin derivatives under study except for local concentration of methanol around coumarin derivative
exhibit the large Stoke’s shift in going from non-polar cy- is not known, the actual rate of reorganization cannot be de-
clohexane to polar ethanol. Such stabilization in the excited termined either. Comparison &for kg, respectively, shows
state in polar ethanol might also indicate the large ICT or that amino derivative¥ andVI are quenched by methanol
TICT (Scheme 3). more effectively tharll, 1ll , andIV. This points out that

According to Grabowski et al. [1] the molecules forming the amino derivatives\{, VI ) have probably more polar
TICT state are coplanar bichromophoric system composedICT (TICT) state adl, Il , andlV. For Coumarin 1VII)
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Fig. 3. Stern—Volmer dependence of quenching fluorescence of 7-diethylamino-4-methylcovriariwith quencherQ1 (@), Q2 (CJ) andQ3 (A) in
cyclohexane and with quenché@l (O) in heptadecane.

the quenching bimolecular rate constant is slightly lower 3.2. Resonance energy transfer in solution

than diffusion controlled one. The fluorescence lifetime of

VIl is substantially longer as compared with other coumarin ~ The fluorescence of coumarin derivatives (donér)

derivatives. The quenching d&fll is clearly dynamic al- V-VII was effectively quenched by N-oxyls with alkyl

though not each collision is effective. Since the estimated chain of different length according to SchemeQ@1( Q2).

lifetimes tr are loaded with considerable error, the calcu- QuencheQ3 with two radical centres was used for quench-

lated values of rate constantg( are approximate as well.  ing of Coumarin 1 YIl ) besidesQ1 and Q2. The plots
Since the relaxation of LE ;Sstate to TICT-like state  of steady state quenching of fluorescence are linear (Figs.

depends on polarity and viscosity of solvent, the effect of 3—4) and fulfill the Stern—Volmer relationship [26]:

viscosity on formation of TICT state was investigated for

3-dimethylaminocoumarin). Quenching ofV with polar d’%

methanol was followed in less viscose solvent (cyclohex- &p =1+ KsvlQ] ©6)
ane, k3% =0.66x 101°Imol~ts1) and more viscose one
(heptadecane;23 =0.188x 10'°Imol~1s~1). With grow- where®3 and®p are quantum yields of donor without and

ing viscosity the equilibrium constant of formation of the With quencherKsy is the Stern—Volmer constant and [Q] is
‘dark complex’ slightly decreases as a result of slightly lim- duencher concentration. The rate constant of energy transfer
ited formation of perpendicular arrangement of two parts of (KT ) might be calculated using the relationship [27]:
molecule (Table 1, Fig. 2). This decrease might be due to by

N S S . . Ksv
slight increase in lifetime o¥ in more viscose heptadecane ket = —5- (7)
than in cyclohexane as apparent bimolecular rate constant ™D

indicates as well (Table 1). No distinct effect of viscosity
was observed on bimolecular quenching rate constat (
of Coumarin 1 VIl ) by methanol (Table 1, Fig. 2). Compar-
ison ofkgitt andkq for VII by methanol in cyclohexane in-
dicates that no each collision results in quenching. Contrary
to it each collision in heptadecane results in quenching.
3-Phenylcoumarinl] is not quenched by polar methanol
because it does not form of ICT or TICT states and their
complexes with polar solvent.
During last decade the compounds forming TICT 7.35
states are centre of interest [25] as molecular models for Ro = W (8)
photo-initiated charge separation for important biological
and technological processes. Up till recently the existence where [Q}/2 is the quencher concentration at which the flu-
of TICT states was considered as rare. At present it is ac-orescence intensity is reduced to half. The pertinent data
cepted that the ICT or TICT states can occur at relaxation of concerning the energy transfer are summarised in Ta-
of many bichromophoric molecules. ble 2. The values oket are around 1¥-1021mol~1s1

whererg is fluorescence lifetime of coumarin derivatives in
absence of quencher. Valuesrgf were calculated according
to Eq. (2), applyingk based on Eq. (3).

Critical radius of energy transfé, (in A) is the average
distance between coumarin derivative (donor) and N-oxyl
radical (acceptor) at which probability of energy transfer
equals the probability of other relaxation processes. It was
calculated from relationship [28]:



M. Kaholek, P. Hrdlowt/ Journal of Photochemistry and Photobiology A: Chemistry 127 (1999) 45-55 51

54

T

. — : -
0,00 0,01 0,02 0,03
Quencher concentration ( mol I )

Fig. 4. Stern—Volmer dependence of quenching fluorescence of 3-phenylcoumasiith(quenchersQ1 (@) and Q2 ([J) in cyclohexane and witiQ1
(O) in methanol.

Table 2

Theoretically and experimentally determined critical transfer distaRge dnd rate constants for energy transfiest{ of various coumarin derivatives

D2 AP me 9d 98 (ns)  J(@) x 104 ket x 10712 Ro Ksv ket x 10712 Ro Rs

(lem® mol—1)f (Imol~ts 19 A9 (Imol~1)h (Imol~1s1yh A" R

| Q1 Cy 0.014 0.041 4.05 5.7 21 99 24 32 7.4
Q1 M 0.037 0.14 5.29 35 27 127 9.1 35 7.4
Q2 Cy 0.014 0.041 5.06 6.5 22 119 29 34

\Y Q1 Cy 0.0065 0.019 8.29 12 21 85 45 30 7.2
Q2 Cy 0.0065 0.019 8.36 12 21 126 67 35

\ Q1 Cy 0.0050 0.012 4.13 12 18 67 56 27 7.6

Vi Q1 Cy 0.703 2.58 2.72 0.50 37 181 0.72 40 7.6
Q1 Ci7 0.75 2.74 2.86 0.50 38 179 0.65 40 7.6
Q2 Cy 0.703 2.58 4.00 0.64 40 273 1.08 46
Q3 Cy 0.703 2.58 4.66 0.69 41 275 1.09 45 9.0

@Donor: designed according to Scheme 1.

b Acceptor: designed according to Scheme 2.

¢Medium: Cy-cyclohexane, M-methanolsfheptadecane.

d Quantum vyield of the pure donor (Eq. (1)).

€ Fluorescence lifetime of the pure donor determined according to relationship (2), where the rate constant of radiation precessdlculated
by relationship (3).

f The spectral overlap integral is given by the relationship) = [5 ((Fpo(Mea (9)/(i3)) di.

9 Theoretically calculated using relationships (12) and (10).

h Experimentally determined from Stern-Volmer plots for bimolecular quenching.

i The radius of donor and acceptor collision complex for collision transfer wReris sum of donor Rp) and acceptorRg) radii.

I Lifetime of the fluorescence determined by phase plane method.

which is substantially higher than the bimolecular rate con- tance, the higher rate constankgy) are needed fot, V,
stant controlled by diffusion calculated according to Debye VI than forVIl because low values of lifetime and quan-
equation [29] for cyclohexandZy =6.6x 10°Imol~1s~1 tum yield of fluorescence (Table 2). The valueskef and
which is generally accepted for collision energy transfer. The Ry are slightly higher foilQ2 with long aliphatic chain. The
experimental values dRy (Table 2) also indicate that the  minimal donor acceptor distance required for collision trans-
energy transfer occurs under conditions whnis larger fer was calculated assuming spherical shape for coumarin
thanRp + Rg. The sum of collision radii of coumarin donor  derivatives andQ1 and Q3. The values of van der Waals
and N-oxyl acceptor is about 7-7.5A (Table 2). The ex- volumes of respective increments of donors and acceptors,
perimental values oket and Ry clearly indicate that res-  which are given in [30,31], were summarised to get van
onance transfer is operative in non-polar cyclohexane. Forder Waals volume\(w) of the respective molecule. The

Coumarin 1 YII') the critical radiusRy is larger thanRy equivalent radius for donoRb) and acceptorRg) was cal-
of the other coumarin derivatives, (V, VI) as a result of  culated fromVyy according toRy = (3Vw/4w)Y/3. The ra-
higher quantum yield of fluorescenc@g) and longer life- dius of donor and acceptor collision complex for collision

time (z3). In order to achieve energy transfer on longer dis- transfer is sum of donoiRp) and acceptorRq) radii. For
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Fig. 5. Absorption spectra of quencheépd (——) and Q2 (------ ) andfluorescence spectrum of derivativél (------- ) in cyclohexane.

rod-like moleculeQ2 the spherical approximation is not RS

applicable. BT = (735 % 10-8)370
The radiationless energy transfer for dipole—dipole b

long-range interaction is one step process, which occurs on

distance larger than sum of radii of donor and acceptor. whereRy is the critical radius(cm)z:g is lifetime of donor in

Forster derived expressions for the rate of energy transferabsence of acceptor (£);is the mutual diffusion coefficient;

(ke) and for critical radius Rg) expressed in quantities, N is Avogadro’s number.

(12)

accessible by spectroscopic measurements [27,32,33]: The Eq. (9) was derived assuming that the energy transfer
2.0 roo _ is much slower than vibrational relaxation. Therefore, the
ket — 9000In 1G&“®p ~ ~ d_V 9 energy transfer occurs from the vibrationally relaxed state
ET= o sano.0 |  DWeal®)— 9) e
1287°>n*Nr°tgJ o v and molecules of donor and acceptor are sufficiently sepa-

rated. Consequently, the probability of this process is inde-

and pendent on the excitation wavelength even when higher ex-
6 90001In 1&2q>% © Fp(D)ea(®) .. cited states are considered. Valuekgf andRy calculated
0= T12875,4N . 5 dv (10) according to Forster relationships 10 and 12 agree quite with

those determined experimentally (Table 2). Both data indi-
where Fp(D) is spectral distribution of emission of cate that the energy transfer occurs on the distance larger
donor (expressed in quanta and normalized to unity on athan the sum of collision radii. Theoretical and experimen-
wave-number scale(9) is spectral distribution of ac-  tal values ofRy for VI are larger than for other coumarin
ceptor (expressed as extinction coefficient in wave—numberdeflV&thGSO(, V, V1) due to h_|gher0quar_1tum yield of fluo-
scale);#3 is quantum yield of donor emission in absence rescence®p) and longer lifetime {5). Slightly higher val-

is critical radius for energy transfer (cmip is the aver-  Sion spectrum of coumarin donor and absorption spectrum
emission bandn is refractive index of the solvenkis ori- (D) and N-oxyls (Q) are Frank-Condon type, then the trans-
entation factor which takes into account angle of transition ferred energy is proportional to the overlap of emission and
moments vectors of the molecules which is equal #73) ~ absorption. The increase of the overlap with the length of
transfer; N is Avogadro’s number. Eqg. (9) is valid for solid the probability of the transfer. The largest overlap integral

sate. For solution it must be modified as [34]: J(¥) is for V as donor andQ2 as acceptor (Table 2). Since
the quantum yield foW is substantially lower than fovll ,
8 NR(3)/2D3/4 the critical radiusRy for V is smaller than fowIl . In order
ket = EJTWTDO)M (11) to achieve energy transfer on longer distances With, VI

as donors, highde is required because quantum yields are
or the values oket can be calculated using the relation rather low and lifetimes are rather short as compared with
[7]: VIl (Table 2).
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Fig. 6. Absorption spectrum of quench@d in cyclohexane (------ ) and methanol-(----- ) andfluorescence spectrum of derivativén cyclohexane

(—) and methanol (——---).

To confirm that the resonance energy transfer operatesyield of fluorescence is observed. Therefore, the efficiency
with coumarin derivatives as donors and N-oxyls as accep- of quenching ofVIl by Q2, which has one paramagnetic
tors, the donowIl and acceptoQl was investigated in  centre, was compared with quenchingwf by Q3, which
less viscose cyclohexal % =6.6x 10°Imol~1s~! and has two centres. For both pairs the overlap integral is nearly
more viscose heptadecanisy =1.88x 10°Imol~ts1. the same. AlthouglQ3 is more paramagnetic, thésy for
Previously, we have determined that quantum yield of all both pairs is the same (Table 2). It might be assumed that
coumarin derivatived—VI exceptVIl increases with the  quenching of coumarin derivatives under paramagnetic ac-
viscosity of the medium [2] which should be reflected in tion of quenchers is not important due to very short lifetime
values ofRy andkgt. Therefore, the paivll -Q1 was in- of donor.
vestigated and the independencéRpfandkgT on viscosity Experimental studies and theoretical calculations have
was confirmed. The quenching of fluorescencé bf Q1 shown that the lowest excited state 8f unsubstituted
was tested in polar methanol as well. Coumarin derivdtive coumarin has a* character [35]. The fluorescence origi-
was chosen because its emission is not quenched by polanating in this state is low because therhtransition is both
methanol as that 0, VI, VII . The values oRy andKsy symmetry and orbital forbidden. Substitution in positions
are higher for this pair in methanol because quantum yield 3-8 brings about the switch of the lowest state fromrh,
of fluorescence, lifetime and overlap integral are larger in to m,@* from which more intense fluorescence is observed.
methanol than in cyclohexane (Table 2, Fig. 6). On the Since there is an equilibrium between close laying state S
other hand, the collision is needed for electron transfer (n,m*) and $ (w,7*) the easy switch from one state to an-
from donor to acceptor as quenching mechanism. In this other brings about higher fluorescence [36]. The resonance
case the following relationships are valigh=Rp+Rg energy transfer starts from,=* singlet state of coumarin
and ket ~ kgif . SinceRy and ket are larger, quenching of derivativesl, V, VI, VIl . In order to get efficient transfer,
coumarin derivatives, V-VII is not due to electron transfer  the excited state of N-oxyl radical must be lower than that
from free radical centre on coumarin chromophore sup- of coumarin derivative and the process must occur during
ported by polar environment. Based on these data, it migh’[the lifetime of the coumarin donor. In all cases of radiation-
be assumed that resonance energy transfer is operative iness energy transfer the resonance of the original state (D
this case. In fact this is the interaction between transition Q) and final state (D, Q is required. This is fulfilled when
moments of excitation N-oxyl (Q) N-oxyl* (Q*) and de-  transitions D — D and Q— Q* are nearly equal.
activation of coumarin derivative 'D— D. As a result of
downward motion of electron in coumarin derivative*jD
and upward motion of electron in N-oxyl radical (Q), their
electric fields interact. The energy transfer from coumarin donors to N-oxyl

Free radicals of N-oxyl type are paramagnetic due to un- quenchers was tested in solid polymer matrix as well. We
paired electron. At paramagnetic quenching, external mag-assume that no ICT or TICT states, which can open new
netic field of acceptor molecule can also enhance spin-orbitdeactivation radiationless route, are formed in non-polar
coupling in donor and consequently the decrease of quantumpolystyrene matrix similarly as in cyclohexane or hep-

3.3. Transfer of energy in solid matrices
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Fig. 7. Dependence of IW(B/CI)D) on gquencher concentration according to Perrin’s model for pairs: deriMativith quencherQ1 (A) and Q2 (v) and

derivative VIl with Q1 ((J), Q2 (O), andQ3 (o) in polystyrene matrix.

Table 3

Experimentally determined volum&/) and radius R) of ‘active quenching sphere’ for energy transfer in polystyrene matrix

D2 AP 3¢ 39 (ns) GYee AQ' (molkg™) Vo (A3) R (A) Rs (A)h

| Q1 0.139 0.56 2.7 0-0.4 12600 14.4 7.4
Q2 0-0.4 9600 13.2

VIl Q1 0.90 2.8 0.8 0-0.26 22600 17.5 7.6
Q1 0-1.6 6300 115 7.6
Q2 0-0.26 20600 17.0
Q3 0-0.27 27500 18.7 9.0

aDonor: designed according to Scheme 1.
b Acceptor: designed according to Scheme 2.
¢Quantum vyield of the pure donor (Eq. (1)).

d Fluorescence lifetime of the pure donor determined by phase plane method.

€Standard deviation.
f Concentration range of acceptor.

9 Experimentally determined according to Perrin’'s model for static quenching in solid phase.
" The radius of donor and acceptor collision complex for collision transfer wRens sum of donor Rp) and acceptorRy) radii.

tadecane solutions. Static measurements of fluorescencéng. The quenching of two derivatives of coumatinvil ,
guenching coumarin derivatives as donor and N-oxyls as which exhibit more intense fluorescence and longer life-
acceptors at various concentration fulfill the Perrin’s model time, was tested in polymer matrix. The plots of mg(/CDD)

for static quenching in solid phase [37]:

0

25 _ exp(N[Q)) (13)
®p

on quencher concentration were linear with all quenchers
(Fig. 7). The data of ‘active quenching sphet’(Table 3)
indicate that the energy transfer occurs on distance slightly
larger thanRp +Rg=7.5 A. For rod-like molecul&?2 the
spherical approximation is not applicable. High concentra-

where®?  and®p, are fluorescence quantum yields of donor tions of quenchers are required to get quencher molecule in

without and with quenche¥ is volume of active sphere of

active sphere of donor. F&l the active quenching sphere

guenching, is quencher concentration and N is Avogadro’s is decreasing with increasing concentration of quenger
number. The radius of active sphere can be calculated asdn order to compare the donor-acceptor pairs under similar

suming its spherical shape in a simple wRy (3V/4m)Y/3,
No molecular diffusion occurs during

lifetime of

conditions, the same concentration range of quencher was
used. Under these conditions, coumarin dovitir exhibit

coumarin donors, which is rather short even in polymer larger ‘active sphere’ thahas a result of highe@% andrg
matrix around 2ns, in glassy polystyrene matrix under for VII. The ‘active quenching sphere’ of both donols (
Tg~ 100°C. According Perrin’s model the coumarin deriva- VII') is slightly smaller withQ2. This might be due to the
tive (donor) is quenched by N-oxyls in the active sphere with fact that quenching of rod-like molecu@2 depends on the
unit efficiency. Outside this active sphere there is no quench-orientation to the donor. The rod-like quencher might be
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either in or out of the "active sphere’ at given concentration

depending on orientation due to its size. This is not the case

with Q1, which always will quench in the vicinity of donor.

Therefore, the ‘active sphere’ @1 is slightly larger than

Q2 (Table 3). The volume of ‘active spher¥ and radius

R is larger for quenching oW¥Il with Q3 as compared

with Q1. In this case the energy transfer takes place at the

distance larger thaRp +Ro =9 A.

This study of energy transfer from coumarin donors to
N-oxyl acceptor in solution and in solid state results in fol-
lowing conclusions:

1. Fluorescence of most coumarin derivatives in cyclohex-
ane solution is quenched by polar methanol. Probably

ICT or TICT-like states are formed at these derivatives in

polar methanol, which opens new radiationless channel
for deactivation of the excited state of these coumarin
derivatives.

. Calculated and experimental values of critical radRys
and rate constarkT for energy transfer from coumarin
as donor to free radical of N-oxyl type as acceptor
are larger than the corresponding values if the collision
mechanism is involved. No new red shifted emission
was observed which could indicate formation of an ex-
ciplex. The data oRy and ket clearly show that the
resonance energy transfer is involved in quenching of
coumarin derivatives with N-oxyls in solution.

. In non-polar glassy polystyrene matrix undgrthe en-
ergy transfer from coumarin donor to N-oxyl acceptor
occurs according to Perrin’s model. There is strong in-
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