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Abstract

Spectra properties of coumarn derivatives (2H-1-benzopyran-2-ongjubstitutel with a bulky grou in position 3, were investigate in
solvens ard in polyme matrices The bulky electran donatirg groups in position 3 were phenyl; phenyltio; 2-methylphenyltio; 2,6-
dimethylphenyltio; benzyl; phenoxy; dimethylamine ard benzoylamina-The absorptio specta of all the derivatives are dominatel by a
broal bard with a maximum at 340 nm (log ¢ ~ 4.0), which were nat influencel by the polarity or viscosiy of the environment The
fluorescene of thes derivatives is strongly influencel by the polarity of the solvert and viscosiy of the surroundingsin high viscosity
solvens ard in polymea matrices the quantum yields of arourd 0.1 ard a lifetime of arourd 2 ns was observedIn low viscosily non-polar
solvens sud as cyclohexangthe quantum yields lower than 0.01 were observedThe fluorescene of coumarn probes was quenchd by
polar methanbwith abimolecula rate constantk,, large than diffusion controlled limit indicating statc quenching The increasd polarity
of the mixed solvernt introduces processesud as intramolecula charge transfe or twisted intramolecula charg transfe which effectively
compet with fluorescenceThe dependene of quantum yield of fluorescene on temperatue was determiné in visco® solvens and
polyme matrices The activation energy of radiation-les proces (E,) increasd in going from pheny to more the bulky 2,6-dimethyl-
phenylto grouwp in non-pola high viscosity polybutere oil and polar glycerd supportimg the idea tha the radiation-les procesis related to
rotation of the group in position 3. The E, value is lower in rubbel matrices suc as polyoctenameor atactt polypropylere than in glassy
polymeis sud as polystyrenepoly(methy methacrylator polyvinyl chloride 3-Phenylcoumarirdueto its spectrapropertiesseensto be
the mod suitabk probe for monitoring microviscosiy in polymers © 199 Elsevig Sciene Ltd. All rights reserved.

Keywords Fluorescene probes Polyme matrix; 3-Substitutd coumarins

1. Introduction

The environmen of the mdecuke detemines its basic
properties sudch as solubility or opticd properties. Suitable
spectoscopt probes can be enployed to investigde the
microenvironmeh of macracopicaly homogeneuos solu-
tions, micelles and polymes, and to corrdate changs of
photophysichparaneterswith modfication of the structure.
Single probes exhibiting fluorescene are suitabk to
monitor the processs occurrirg in the nanogcond time
scak [1-4]. Triplet probes are suitabk for longe processs
in the micro- and millisecord regiors in orderel systens at
lower tempeatures [5,6]. Aromatic hydracarbors or dyes
are mainly singlet prokes prefeentially localized in hydro-
phobic microregiors. The exad localization of singlet
probesis nat always certain The changs in micropokbrity
form the bass for the detetion of the polymea—dopant
interadion. Therefae, suitabk probes mud exhibit

* Correspoding author.

fluorescene sensitive to the envirorment ard can yield
information on diffusion, rotation enegy transfer con-
formationd changs, chaacte of microenvironmen, efc.
This informaion can be obtained from polymes or
polyme's dopel with a free or bourd fluorescene proke.
Considerale attertion has been devded to the studies of
spectal properties of parer coumarin [7] and itsderivaives
substitute in positiors 3—8 [8—12] in orde to undersand
the photophysis of these compound aslase dyes A strong
depemence of quartum yields and mean fluorescene life-
time on envronmen has been found for 4-alkyl and 7-
alkoxy substitutél coumarin derivatives [13]. Moreove,
the photophysichbehaviou of 3-chlaro-4-methyl-7-meth-
oxycoumarine is influene by polarity of the solvent The
intemal converson rate congart (kic) changsby two orders
of magnitua in going from non-pola solverts to polar
wate. The dramadic variaion of k¢ is due to the fad that
ther is a decreas of activation energy of intemal conver-
sion (radiaton-les proces} becaus the S)(nw*) stak is
lying close to S;(ww"). Increasiry solvert polarity widens

0032-38@/00/% - see front matte © 199 Elsevie Sciene Ltd. All rights reserved.
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R, matrices. These data can be used for characterization of

/@\IR‘ the probe itself or of its environment.
R 0" o

2. Experimental

R, R, R,
2.1. Materials
I @ . " Coumarin derivatives substituted in position 3, were
obtained from the Department of Organic Chemistry,
Faculty of Science, Comenius University, Bratislava and
I —s© H H several of them were used previously [16]. Their structures,
given in Scheme 1, are: 3-phenylcoumarii, fn.p. 135—
H3C 138C; 3-phenylthiocoumarinl() m.p. 117-11%C; 3-(2-
@ methylphenylthio)coumarinll{ ), m.p. 143-147C; 3-(2,6-
I =S H H dimethylphenylthio)coumarin 1Y), m.p. 167-16%&;
3-phenoxycoumarin ), m.p. 115-118C; 3-benzylcou-
H3C marine ¥1), m.p. 106—108C;, 3-dimethylaminocoumarin
(VII'), m.p. 84.5-85%8 and 3-benzoylaminocoumarin
v *54© H H (VIIl), m.p. 172-1724C. The purity of the coumarin deri-
HaC vatives was controlled by spectroscopy and chromatography
(TLC). Laser dye Coumarin 1 (7-diethylamino-4-methyl-
coumarin,lX) was a commercial product (Aldrich, Stein-
v —0© H H heim, Germany).
Anthracene was zonally refined and quinine sulphate was
an analytical reagent (Lachema, Brno, CR). Cyclohexane,
VI —CH2© H H methanol and ethanol were for UV spectroscopy (Merck,
Darmstadt, Germany), chloroform (Mikrochem Ltd., Brati-
slava, SR), tetrahydrofurane (BDH, Poole, England) and
vl —N(CHy), H H

glycerol (Lachema Ltd., Brno, CR) were analytical
reagents. Polybutene oil (Hyvis 10) was a commercial
product (BP, Chemicals Ltd., London, England).

Polymer films were prepared by casting from solution or
CH, —NCHy), by hot pressing of impregnated polymer powder. Polysty-
rene (PS, Vestyron, Huls AG, Germany), poly(methyl
methacrylate) (PMMA, Diacon, ICI, England), atactic poly-

Scheme 1. Structure of coumarin derivatives. propylene (aPP, Slovnaft, Bratislava, SR) and polyoctena-
mer (VEST, Vestenamer 8012 Huls, Germany) were
prepared by casting of polymer solution (chloroform, 5 g/
the gap between these states and decreases the magnitude ®00 ml) on the glass plate (2638 mnf). The solvent was
the effect and consequently increases the quantum yield ofallowed to evaporate slowly. Films of polyvinylchlorid
fluorescence [14]. (PVC, Neralit, Spolana Neratovice, CR) were cast from

Recently the dramatic increase in fluorescence intensity tetrahydrofurane solution. All films were self-supporting
(up to seven times) has been observed for 7-diethylamino-4-except for aPP and VEST. Polyoctenamer was purified by
methylcoumarin (Coumarin 1) in the restricted geometry of precipitation of the toluene solution by methanol and the
a pillared clay nanocomposite [15]. The coumarin and its solution of aPP in ether was precipitated by methanol.
derivative attract attention as probes to monitor various The thickness of the films was %0m and the dopant
aspects of the environment. concentration was 0.002—0.01 mol Ky

In this paper we extent our previous study [16] on spectral  Films of polyethylene (PE, Bralen, Slovnaft Bratislava,
properties of coumarin derivatives substituted in position 3 SR) and isotactic polypropylene (iPP, Daplen, PCD Linz,
with the bulky electron donating substituents in solution and Austria) were prepared by hot pressing of the powder
polymer in a broader temperature range. The goal of the impregnated by coumarin probes. Polymer powder (2 g),
study is to obtain more data in order to relate the rotation singlet probe (4 mg) and 10 ml of chloroform were mixed
of the substituent in position 3 with the radiation-less and allowed to stand for 24 h. After removal of the solvent
process, on quenching by polar solvents, and on micro- and drying, a part of the powder (1 g) was pressed under
environment (microviscosity, free volume) of polymer 0.8 MPa at 148C for PE and at 19 for iPP and then

VIII —NH-CO
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Table 1
Spectral characteristics of coumarin derivatives substituted at position 3 in solution and in polymer matrices
Compound Mediun? A (nm) log&¢ Aexe (NM) Xen' (NM) Ap9 (cm™) O e (ns) G2
[ Cy 325 4.23 337 399 5707 0.054
EtOH 321 4.17 337 401 6 215 0.087
PS 330 3.89 340 403 5489 0.556 0.56 2.7
PMMA 325 3.81 335 399 5707 0.570 0.41 2.6
PVC 330 4.23 348 401 5365 1.026 0.61 1.7
1l Cy 334 4.21 347 464 8 388 0.0079
EtOH 335 4.08 351 522 10 694 0.0014
PS 338 3.94 348 470 8 309 0.227 29 4.8
PMMA 336 3.84 343 467 8349 0.547 4.3 4.6
PVC 338 3.90 347 471 8 354 0.407 4.1 6.0
1 Cy 334 4.24 340 456 8 010 0.0032
EtOH 335 4.09 351 516 10 471 0.0007
PS 339 3.99 349 466 8 039 0.112 2.1 6.1
PMMA 336 3.86 345 466 8 303 0.314 2.3 6.0
PVvC 338 4.07 345 467 8173 0.112 31 6.6
v Cy 335 4.25 330 452 7727 0.0042
EtOH 337 4.16 X
PS 339 4.02 349 443 6 925 0.314 14 2.9
PMMA 337 3.88 343 436 6738 0.393 1.7 4.1
PVC 339 3.92 345 443 6 925 0.673 1.9 4.4
\Y Cy 309 3.95 332 377 5837 0.0065
EtOH 310 3.85 328 399 7 195 0.012
PS 313 3.63 324 393 6 504 0.040 1.1 5.6
PMMA 309 3.51 320 387 6 523 0.052 0.57 3.5
PvC 311 3.60 325 387 6 315 0.244 0.79 3.8
Vi Cy 312 3.76 X
EtOH 310 3.85 X
PS 314 3.52 k
PMMA 312 3.54 330 382 5873 0.0098
PVvC 314 3.56 330 381 5600 0.023
Vi Cy 335 4.48 346 454 7 824 0.026
EtOH 338 3.97 X
PS 342 3.99 351 470 7 963 0.138 1.6 15
PMMA 339 3.85 348 469 8177 0.180 1.2 2.6
PvC 343 3.93 350 470 7878 0.147 13 34
Vil Cy 340 4.36 333 367 2164 0.020
EtOH 326 4.31 335 377 4150 0.0046
PS 342 3.97 332 374 2 502 0.741 0.71 2.8
PMMA 327 4.04 330 372 3699 0.843 0.7 2.8
PvC 329 4.03 332 373 3585 0.992 0.73 2.0
IX Cy 369 4.34 365 395 1784 2.81 2.5 1.3
EtOH 375 4.34 380 449 4 395 1.19 29 1.0
PS 373 4.34 373 413 2 597 3.60 2.8 0.8
PMMA 368 4.30 373 420 3364 3.56 3.7 14
PVC 377 4.32 378 426 3051 3.56 3.5 2.1

2 Compounds are shown in Scheme 1.

P Medium: Cy, cyclohexane; EtOH, ethanol; PS, polystyrene; PMMA, poly(methyl methacrylate); and PVC, polyvinyl chloride.
¢ Wavelength of the absorption band.

4 Molar decadic extinction coefficient (dhmol ™2 cm™3).

¢ Wavelength of excitation.

fWavelength of fluorescence.

9 Stoke’s shift.

" Quantum vyield relative to anthracene in the given medium.

" Lifetime of the fluorescence determined by the phase plane method.
I Standard deviation.

KThe emission was not measurable.
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Fig. 1. Fluorescence and long-wavelength absorption spectra of coumarin probestl pfedi& curves), probdll (dashed curves) and prob¢ (dotted
curves) in cyclohexane.

rapidly cooled. The thickness of the films was 0.1-0.15 mm Anthracene was excited af,. in the range 356—360 nm
and the dopant concentration was 0.01 molkg depending on the medium.

The decay of emission was measured on the set-up LIF
200 (LTB GmbH, Berlin, Germany) which operates as a
stroboscope. Analogous output was digitized in an A/D

The absorption spectra were measured on spectrometeconverter and transferred to a microcomputer [19]. The
M-40 (C. Zeiss, Jena, Germany). The emission spectra weredecay curves were evaluated by the phase plane method
taken on spectrofluorometer MPF-4 (Perkin—Elmer, [20]. The standard deviatio"? = ¥ ((lea — lexp) /M
Norwalk Co., USA) which was connected through an A/D characterized the quality of fitting. A standard deviation,
converter and interfaced to a microcomputer [17]. The emis- G*2, higher than 5% indicates that a mono-exponential
sion spectra of the solutions were measured in a right anglefunction does not fit the decay satisfactorily.
arrangement in the cell with controlled temperature. The
emission spectra of the polymer films were recorded in a
front face arrangement in a solid sample holder at room i i
temperature. For the temperature dependence of the probe: Results and discussion
fluorescence doped in polymer matrices, the polymer films
were placed in a standard thermostated cellX1® mnt)
diagonally immersed in water. The quantum yield was
determined relative to anthracene in solution and polymer
matrix. The quantum yield of anthracene in solution was
checked with quinine sulphate. The absolute quantum yields
of coumarin derivatives were determined assuming that the
anthracene fluorescence is independent of the medium. Th
quantum vyield ¢F) was determined according to the

2.2. Instrumentation

3.1. Photophysical properties in solution and in polymer
matrices

Polymer matrices as supports are widely used in spectro-
scopy measurements [21-24]. At present, it is well estab-
lished that low molecular compounds doped in polymer
matrices often exhibit different photophysical and photo-
%hemical properties as in solutions. The polymer matrix

differs from the low molecular solvent in several aspects.

1-10%
1-10A

[3 1e(7) d7

O = O
R dp

relation [18]:
)

where®f is the quantum yield of anthracene as standard,
which was assumed to be 0.25 for all the environments. For
the relative quantum yields, the value ®g for anthracene
was assumed as 1. The integralfy Ig(#)d? and

[o IE(ﬁ) dv are the areas under the emission curves of the
investigated compound and standard,and AS are the

Even at the same structure of monomer unit as for low
molecular solvent, the polymer matrix exhibits different
microviscosity and mobility. It means that the solvation
envelope (layer) around the solute by the polymer has got
different mobility as that of analogous low molecular
solvent.

The polymer matrix influences the excited states and their
decay by different interactions:

1. Specific (hydrogen bond) or non-specific interactions
(dipole—dipole) might stabilize the excited states.

absorbances of the investigated compound and standard a2. The viscosity of polymer matrix (mainly microviscosity)

the excitation wavelength. The excitation wavelength was
chosen in order to achieve maximum of emission (Table 1).

influences the mobility (rotation) of the whole molecules
or parts of it.
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Table 2
Calculated values d¢, 7r andk,, for derivatives of coumarin substituted at position 3 in various environments (symbols have the same meaning as in Table 1)
Compound Medium £ (dm*moltcm™ O k (s7H 7e° (ns) Kr (7Y
I Cy 1.7x 10* 0.014 1.7 10° 0.082 1.2¢<10%
EtOH 1.5x 10* 0.022 1.5¢ 10° 0.15 6.5x 10°
PS 7.8x 10° 0.139 7.8 10 1.78 4.8< 10°
PMMA 6.5x 10° 0.143 6.5¢ 107 2.2 3.9x 10°
PVC 1.7x 10 0.257 1.7 10° 1.51 4.9¢10°
] Cy 1.6x10* 0.002 1.6x 10° 0.013 7.7 10"
EtOH 1.2x10* 0.00035 1.%10° 0.0029 3.4x 10
PS 8.7x 10° 0.057 8.7x 10’ 0.66 1.4x10°
PMMA 6.9x 10° 0.137 6.9< 10 1.99 4.3x 10°
PVC 7.9x 10° 0.102 7.9 10 1.29 7.0x 108
11} Cy 1.7x10* 0.0008 1.7 108 0.0047 2.1x 10"
EtOH 1.2x 10* 0.00018 1.x10° 0.0015 6.7 10
PS 9.7 10° 0.028 9.7 10’ 0.29 3.4x 10°
PMMA 7.2x10° 0.079 7.2¢ 10" 1.1 8.4x 10°
PVC 1.2x 10 0.028 1.2x 10° 0.23 4.2¢10°
v Cy 1.8x10* 0.0011 1.8x1d 0.0061 1.6< 10"
EtOH 1.4x 10 _ 1.4x16
PS 1.0x 10* 0.079 1.0x 10° 0.79 1.2x 10°
PMMA 7.6x10° 0.098 7.6x10° 1.29 7.0¢ 10°
PVC 8.3x 10° 0.168 8.3x 10’ 2.02 4.1x 10°
\Y Cy 8.9x 10° 0.0016 8.9¢ 10’ 0.018 5.5¢ 10%°
EtOH 7.1x 10° 0.003 7.1x 107 0.042 2.4¢ 101
PS 4.3 10° 0.01 4.3x 107 0.23 4.3x 10°
PMMA 3.2x10° 0.013 3.2¢ 107 0.41 2.4 10°
PVC 4.0x 10° 0.061 4.0¢ 10 1.53 6.1x 10°
Vi Cy 3.0x 10 0.0065 3.0<10° 0.022 4.5¢ 10"
EtOH 9.3x 10° _ 9.3x 10’
PS 9.8x 10° 0.035 9.8¢ 10’ 0.36 2.7 10°
PMMA 7.1x10° 0.045 7.1x 107 0.63 1.5x 10°
PVC 8.5x 10° 0.037 8.5 10’ 0.44 2.2x10°
Vil Cy 2.3x10* 0.005 2.3x 10° 0.022 4.5¢ 10
EtOH 2.0x 10 0.0012 2.0< 10° 0.006 1.7 101"
PS 9.3x 10° 0.185 9.3x 10’ 1.99 4.1x 10°
PMMA 1.1x10* 0.211 1.1x 10° 1.92 4.1x 10°
PVC 1.1x 10* 0.248 1.1x 10° 2.25 3.3x 108
IX Cy 2.2x10* 0.703 2.2 10° 3.2 9.3x 10
EtOH 2.2x 10 0.298 2.2x 10° 1.35 5.2¢ 10°
PS 2.2x 10* 0.90 2.2x 10° 4.09 2.4x 10
PMMA 2.0x 10" 0.89 2.0x 10° 4.45 2.5x 10’
PVC 2.1x 10* 0.89 2.1x 10° 4.24 2.6x 10

 Calculated from relative quantum yieib (Table 1) assuming that quantum yield of anthracene in all environments is 0.25.
b |ifetime of the fluorescence determined according to relation (2), where the rate constant of radiation pfoeessoalculated by relation (5).
¢ The emission was not measurable.

3. Aggregation of dopants (solutes) and its solvation is structure (Table 1) at around 340 nm. The experimental

strongly influenced by the solute—solvent interaction.  studies and theoretical calculations indicate that the parent
coumarin has got the lowest singlet stat@fcharacter m”*

The main question of the study of the effect of polymer [7] which results in low fluorescence. Substitution in posi-

matrix on emission spectra is whether the reorganization tions 3—8 leads to switch frommi to " and consequently

of the solvation envelope occurs during the lifetime of the to the higher fluorescence. Probably the character of the

excited state. It means that the solvation envelope can corredowest singlet state;3s preserved for 3-benzyl derivatives

spond to the different arrangement of electrons or charges(VI) because its fluorescence was not measurable in our

than in the ground state [25,26]. experimental set up. Other coumarin derivativés\f,

The absorption spectra of coumarin derivatives substi- VII —IX) exhibit broad fluorescence without any vibrational
tuted in position 3 by bulky substituent (Scheme 1) show structure. The quantum vyield of fluorescence strongly
that low molecular mass solvents such as cyclohexane (Fig.depends on the polarity and the viscosity of the environ-
1) or ethanol and polymer matrices such as PS, PMMA and ment. A small hypsochromic shift is observed with increas-
PVC do not effect the broad band without vibrational ing the size of the substituent in position 3 for protigsil|
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andlV in solvents (Fig. 1) as well as in polymer matrices. It Analysis of the radiation and radiation-less processes (Table
indicates that the substitution in positiortho of phenylthio 2) indicates that the substituent in position 3 influences the
group hinders the formation of the ICT state to some extent, radiation-less process, which is sensitive to the environ-
especially in polymer matrices. ment. It is assumed that the substituents in position 3 of
Recently, it has been shown that fluorescence of severalcoumarin exhibit rotational, twisting or other kinds of reor-

coumarin derivatives substituted in positions 3,6,7,8 [13] ientation motion through which the electronic energy is
strongly depends on the viscosity of the environment. transformed to heat what is an actually internal conversion.
Previous [16] as well as present data show that the quantumHigh viscosity solvents or polymer matrices decrease the
yields of fluorescence of coumarin derivatives substituted in amplitude and the frequency of these motions. Conse-
position 3 (Scheme 1) are higher in polymer matrices than is quently, the quantum yield and lifetime of fluorescence is
low viscosity solvents (Table 1). The lifetime of the excited increased (Table 2).

state g) is given by For coumarin derivatives under study with measurable
e = Ok ) fluqrescence in ethanoll ( 1l ,.VIII and1X) exc.ept fprl,

- F an increase of the Stoke’s shift was observed in going from
The theoretical absorption rate coefficieki)(expressed by ~ non-polar cyclohexane to polar ethanol (Table 1). Such
the absorption and emission integral was determined stabilization in the excited state in polar ethanol might indi-

according to the relation [27]: cate the large intramolecular charge transfer (ICT) or
3 o o e twisted intramolecular charge transfer (TICT). Moreover,
ky = w@?yl%J '9(”3 d”’ 3 a decrease of the quantum yield of fluorescence was
NN 9g Jo v observed in going from cyclohexane to ethanol for all the

where derivatives excepV, which exhibit an increase in Stoke’s
shift. There are several processes, which effectively

J'°° () di compete with fluorescence such as formation of intra_mole—

(e t= Jo () cular charge transfer state [29], formation of twisted intra-
J‘” ) di molecular charge transfer state [11,30] and changing the

o planar structure of amino group to a pyramidal one [11].

L Large Stoke’s shift (about 8000 ctf) for some derivatives
Ng, Ny are th Ivent refraction indi for the wavelengths .~ .
F, x are the solvent refraction indices for the wavelengths ;o oo (Table 1) that the fluorescence originates from

corresponding to the fluorescence and the absorption band,,. .
N is the Avogadro numbec denotes the velocity of light in dlﬁergpt state as corresponding to the Frank—Condon
vacuum, &(») the molar absorption coefficientlg(¥) tran5|thn. . fth vati h duri he lifeti

describes the normalized energy distribution of the fluores- fF:ﬁorlentitlgn (: : € sfoc}/atlont sp eTe urlnglt N |et|r|:§
cence spectrum, angl, g, are degeneracy coefficients for of the excited state of dopant in glassy polymers (PS,

the excited and the ground state, respectively. If the mole- EMMA’ PVtcll) IS negllgrl]k_)flteofat tefr?lperatures undé(;g.
cules are in dilute solution in a transparent solvent of negli- onsequently, no red shi em OTTUOTESCENCE and an

gible optical dispersion, tham: = n, = n. Eq. (3) allows the |nc|reran)\e/Ccn:NStok§ S r?/h'gt fmr gomrg frricr)]m rntc))n—pc_)ll_arblPsl to
calculation of the value of the radiative transition rate coef- P° 6;“ b as ,:) dse Ea to .coul ?. pRo dgst'( al el) a:s
ficient ky (or the natural lifetime of the excited; State) mig € expected on data In solution. Radiation-iess rate

based on absorption data. The valuekobbtained should, constantk,, is higher in PS than in PMMA or PVC. More-

in general, be equal tg, provided that the mirror-symmetry ﬁyehr, an mgreafse n ttl:le qr?nltau\% ﬁeld fOf quorelsct:]ence 'S
condition is fulfilled, i.e. when the values of the transition "9 o' " 99InG rom Ethanot to an from cyclonexane

moments for absorption and emission are eC{MﬁeZ to PS indicating that the PS matrix is less stiff than PVC and

I\7Ieg) and the populations of the vibrational states @f S PMMA.
and S are described by the same distribution function.
According to Strickler and Berg [28] and Birks and Dyson

[27], greater discrepancies between khandk; values can

be explained only by configurational changes of the mole-
cule in the excited state. A useful rough estimatk, cain be

3.2. Quenching measurements

Polar solvents quench the emission of most coumarin
probes. Since the quencher (polar solvent) is used in high
) A i h i concentration, dynamic and static quenching might operate
obtained from intensity of the absorption band applying the ;i the same time. If both static and dynamic quenching

approximate relationship [10] derived from the exact ... the modified Stern—Volmer equation is to be applied
formula by Strickler and Berg [28]: [31]:

k =10 ©) Dyd = (1 + ke [QD(L + K[QD), ()

wheree is the molar decadic extinction coefficient. The rate

L . i where &, and ® are the quantum yields of fluorescence
constant of radiation-less processs, is the given by: 9 d y

without and with the quenchek, the bimolecular rate
Koy = (1 — D)/ (6) constant,rr the fluorescence lifetime without quenchgr,
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Fig. 2. Stern—Volmer dependence of quenching emission of coumarin
probes: (a) probdl; (b) probelll and (c) probelV with methanol in
cyclohexane.

the equilibrium constant for the formation of the dark
ground state complex “AQ” and [Q] the quencher concen-
tration. In the absence of static quenching=f0), the
standard Stern—Volmer applies. Addition of methanol to
cyclohexane solutions of all coumarin probes except of
andV decreases their fluorescence and the ratidg® on
guencher concentration is linear (Fig. 2). The calculated
guenching bimolecular rate constants (Tablek3),using
estimated values of lifetime, are higher than the diffusion
controlled bimolecular rate constant in cyclohexane

(k3% = 0.66x 10" dm® mol *s7%). Lifetime of the fluores-

997

excitation. This polar ICT attracts even more polar methanol
molecules. At present, we cannot quantify an increase in
local concentration of methanol. More polar local environ-
ment enriched on methanol induces the transformation of
ICT to TICT state [8,30] and its conversion to ground state
which is an effective radiation-less route competing with
fluorescence. The calculatéglin this way might be related

to reorganization of the solvation sphere of the coumarin
probe from ground state to excited ICT or TICT states.
Since the actual local concentration of methanol around
the coumarin probe is not known, the actual rate of reorga-
nization cannot be determined either. Comparisoid of k,
respectively shows that amino derivatinéd andVIIl are
guenched by methanol more effectively tHanlll , andIV .
This indicates that the amino derivatives have probably
more polar ICT (TICT) state than ICT state Ibf Il , and

IV. For Coumarin 11X) the quenching bimolecular rate
constant is slightly lower than the diffusion controlled
one. The fluorescence lifetime bf is substantially longer

as compared with other coumarin derivatives. The quench-
ing of IX is clearly dynamic although not each collision is
effective. Since the estimated lifetimes are loaded with
considerable error, the calculated values of rate conkgant
are approximate as well. ProbeandV are not quenched by
polar methanol because they do not form complexes of ICT
or TICT states with polar quencher.

3.3. Temperature effect on radiation-less processes

In order that to gain more insight into the radiation-less

cence ¢g) was determined according to relation (2), where processes related to the rotation of the bulky group in posi-
the rate constant of radiation procesy (vas calculated  tion 3 of the parent coumarin, the activation energy) of
using relation (3). Since the estimated lifetimes are very this process was determined for coumarin probes in different
short (Table 3), it is less probable that during the lifetime environments. The fluorescence of several coumarin probes
of the excited state collision occurs. Therefore, static clearly decreased with increasing temperature in high
guenching is operating. Molecules of coumarin derivatives viscosity non-polar mixture polybutene oil Hyvis 10-cyclo-
are preferentially solvated by methanol forming a “dark hexane, 9:1 (Fig. 3) and polar mixture glycerol—ethanol, 9:1
complex” AQ which is transformed to the ICT state after (Fig. 4). Applying Egs. (2), (5) and (6) and assuming that the
absolute quantum yield is substantially lower than 1, the
ratio k,(T,)/k.(T1) can be approximated bsp(T,)/P(T,).
Dependence ob(Ty)/P(T) on 11T yields activation energy
(Ea), whereTy is the lowest temperature of the measurement.

Table 3
Quenching of coumarin probes in cyclohexane by methanol

Compound ¢ (ns)  K° (dm*mol™) kg x 107" (dm’ mol s In high viscosity solvents, thE, increases with the size of

1 0.015 1.4 9.3 the group in position 3 starting from pheny) &nd being the

I 0.0053 1.2 22.6 largest for 2,6-dimethylphenylthid\(). This fact supports

v 0.0066 1.0 15.2 the suggestions that radiation-less processes are related to
x:h 8'812 12'2 1862'1 the motion of this group which moves faster at higher
IX 2 5% 75 0.30 temperature. Higher values d, of several probes in

mixture  Hyvisl0—cyclohexane as compared with
glycerol—ethanol indicate that the viscosity of Hyvis 10—
cyclohexane at 3C is largern = 144.23 P than glycerol—
ethanol n =5.661 P and consequently, the smaller free
volume is available. On the other harig, for Coumarin 1
(IX), although it is substantially lower than for other probes,
is higher in glycerol—ethanol than in Hyvis 10-cyclo-
hexane. The highly polar excited state ¥ (ICT or

@ Designed according to Scheme 1.

P |ifetime of the fluorescence determined according to relation (2),
where the rate constant of radiation procdgswas calculated by relation
3).

¢ Equilibrium constants for formation of dark complex.

4 Rate constant for bimolecular quenching.

€ Lifetime of the fluorescence determined by the phase plane method.

f Stern—Volmer constant.
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5] Table 4
Activation energyk, of radiation-less processes for coumarin probes
4] Compound Mediun? Aexc (NM)  Agm (NM) E. (kJ mol™?)
£ ° | Gly—EtOH 340 405 33
S 3] Hyvis—Cy 341 398 57
= Il Gly-EtOH 364 505 69
5 ) Hyvis—Cy 357 460 108
E 47 I Gly—EtOH -
1 d Hyvis—Cy 361 455 126
14 ¢ v Gly—-EtOH 367 471 80
b a Hyvis—Cy 357 437 165
Vil Gly—EtOH -
0+ — AR Hyvis—Cy 362 454 31
0,0030 0,0031 0,0032 0,0033 0,0034 0,0035 0,0036 IX Gly—EtOH 390 462 35
1/T(K") Hyvis-Cy 367 398 12.5
EtOH 380 449 14.5
Fig. 3. Dependence of If(Ty)/P(T)) on LT for coumarin probes: (a) probe Cy 365 395 8.5
I; (b) probell; (c) probelll and (d) probelV in polybutene oil
Hyvis 10—cyclohexane mixture (9:1). 2 Designed according to Scheme 1.

® Medium: Gly—EtOH mixture glycerol—ethanol 9:1, Hyvis—Cy mixture
polybutene oil Hyvis 10—cyclohexane 9:1.

TICT) is more tightly solvated in polar solvents because of  °Weak emission for measurements.
formation of hydrogen bonds. Surprisingly, Coumarin 1
(IX) monitors the same microviscosity in Hyvis10—cyclo-
hexane as in cyclohexane (Table 4). In polar glycerol—etha- Coumarin substituted in position 3 by phenyl group
nol E, follows the changes of viscosity. ThHe, value of (probe I) was used to investigated the mobility of the
probe VIl was not possible to determine in polar polymer matrix. This derivative was chosen because it
glycerol—ethanol because its fluorescence is completely exhibits relatively intense fluorescence, which is strongly
quenched. dependent on environment, and its excited state is the
At present, it is generally accepted that the free volume least polar among the coumarins included in this study. It
and the size and structure of the molecule or part of it are thewas found that activation energi4 of the radiation-less
decisive factors controlling chemical and physical processesprocesskK,,) is lower in elastomers than in amorphous glassy
in polymers. Glassy polymers are often considered to be (Fig. 5) or in semicrystalline polymers (Fig. 6). In our effort
amorphous solids containing sub-microscopic ‘holes’ with to understand the observed facts concerning the radiation-
a distribution of sizes defined by the length of a moving less deactivation of the electronic energy, we try to relate
polymer segment and a jump frequency. Macroscopic andthe activation-energy parameters of this radiation-less
microscopic polarity, viscosity, glass temperature, tacticity process with the free volume microstructure characteristics
and history of the sample might influence the photophysical of the matrices investigated. The idea behind this attempt is
and photochemical properties of the doped molecule. Freebased on the plausible assumptions that (1) the radiation-
volume or microviscosity concept is suitable for description less deactivation is associated with the rotation of the phenyl
of mobility of the doped molecule in the polymer matrix.  groups and that (2) this rotation process requires a certain

4
2,5
2,04 —
= E
= =]
S 154 =
~ =
= =1
S 1,04 E
£
0,5
0,0 T T T T T T T T T T 0+ T T T T T T =
0,0029 0,0030 0,0031 0,0032 0,0033 0,0034 0,0035 0,0032 0,0033 0,0034 0,0035 0,0036
1/T(K") 1/T(K")

Fig. 4. Dependence of Ifi{(Ty)/P(T)) on LT for coumarin probes: (a) probe Fig. 5. Dependence of Id{(To)/®(T)) on LT for coumarin probel in
I; (b) probell ; (c) probelV in glycerol—ethanol mixture (9:1). polymer matrices: (a) VEST; (b) aPP; (c) PS; (d) PMMA and (e) PVC.
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Table 5

Summarizes the meamPs lifetime values at room temperature together
with the corresponding free volume hole size characteristics as represented
by their hole radius?, and volumeV,

-
3 Polymef 73° (ns) R (A) Vi (A% References
g aPP 2.35 3.16 132 [35]
z PS 2.05 2.9 101 [36]
= PMMA 1.94 2.8 93 (37]
PVvC 1.81 2.68 81 [38]
LDPE 2.70 3.4 168 [39]
iPP 2.32 3.13 128 [39]

2 Polymers are designed as given in Section 2.

® The mearortho-positronium ¢-Ps) lifetime at room temperature.
TIT(K") ° The free volume hole radius.

9The mean hole volume calculated frorp= (4m/3)R:.

00032 00033 00034 00035 00036

Fig. 6. Dependence of I8(To)/®(T)) on 1T for coumarin probed in
polymer matrices: (a) VEST; (b) aPP; (c) LDPE and (d) iPP. . . .
materials with the known hole sizes, e.g. molecular crystals

and zeolites. The meawn-Ps lifetime values at room
free space in the vicinity of the moving group. Positron temperature as found for thermoplastics from the literature
annihilation lifetime spectroscopy (PALS) is a powerful data [35—-39] and for aPP from our own PALS measure-
technique to direct detection and measurement of the freements together with the corresponding mean free volume
volume microstructure in disordered systems [32,33]. The hole size characteristics as represented by their hole radius
ortho-positronium (-Ps), being the bound system of R, and volumeV, are given in Table 5. The correlation
electron and positron, is localized and stabilized for the between the effective activation energies of the radiation-
mean lifetimers in the local regions of a matrix with the less deactivation processd&s)and the mean hole volumes
reduced electron density, i.e. free volume holes. The anni- (V;) for our series of four amorphous polymer matrices is
hilation process of theo-Ps in a spherical hole can be shown in Fig. 7. The inverse relationship between both the
described by a simple quantum-mechanical model of the quantities indicates that the phenyl group rotation takes
spherical potential well with an electron layer of the thick- place easier in the matrices with the larger free volume
ness AR. The semi-empirical relationship between the hole entities, because the cooperative motion of the matrix
measuredrtho-positronium lifetimer; and the free volume  chain segments associated with the displacement of this

hole radiusR, is [34]: group requires smaller energy. Clearly, thgs decreasing
with the increasing free volume (Fig. 7). With increasing
_1 1 Ry N 1 i zﬂ& -1 8 free volume E, approaches the limiting value. The polarity
£ 2[ Ro 2° ( Ry )] ’ ®) of the matrix does not influence this radiation-less channel

s of | because the Stock’s shift is nearly the same for non-
where Ry= R, + AR; AR=1.656 A has been determined polar and polar solvents and matrices. Dependence of the
from fitting the experimental values of; obtained for relative quantum yield on the temperature, employing probe

80
T PVC
[<]
£
=
X
< 60 PMMOA
<
()
c
)
c
£ Ps
g “0- o
2 aPP
O
20 . T T T T T T T
75 90 105 120 135

Mean hole volume ( A*)

Fig. 7. Dependence of the activation eneEjyof probel on the mean hole volumé, for several amorphous polymers.
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Table 6 o o microviscosity of the polymer matrices under study. The
Activation energy ;) of radiation-less process of probein different polarity of matrices does not interfere with this function
polymer matrices
of I.
Polymef Xexe (NM) Aem(mm) VP (AD) E, (kJ mol ™) In conclusion, derivatives of coumarin substituted in
position 3 might be applied for the characterization of poly-
VEST 349 400 24 : ; o :
aPP 347 399 132 29 meric matrlces_ Qljlenerally and 3-phenyl derivative for micro
PS 345 203 101 39 viscosity specially.
PMMA 345 399 93 59
PVC 349 401 81 75
LDPE 357 400 168 57
iPp 345 308 128 71 Acknowledgements
2polymers are designed as given in Section 2. The authors thank the Grant Agency VEGA of the Slovak

® The mean hole volume at respective polymer at room temperature. ~ Republic for financial support through projects 2/4005/97
and 2/4008/97.

| in elastomeric aPP, and VEST were taken up t6C25
because of the leaching of the probe in water. Hge
value of | is larger in semicrystalline polymer matrices
(LDPE, iPP) than in elastomeric (aPP, VEST) in spite of [1] Kalyanasundaram K. In: Rammamurthy V, editor. Photochemistry in
the fact that the average free volume hole is large or nearly organized and constrained media. New York: VCH Publishers, 1991.
same (Table 6). Doped molecules are located mainly in the Chapter 2.

amorphous phase and on the interphase of crystalline and [2] Kalyanasundaram K, Thomas JK. J Am Chem Soc 1977;99:2039.
amorphous phase. It can be assumed that crystallinity of the E} \?V?:gilfgﬁwlilniil;m:ﬁdcgfll A] Ccféi’;dlsggr‘:éféfr?sgés A 19961181
polymer .and its thermal hlStOI‘y might be re.latedzgom the [5] CIine-Love’ LJ, gSkrilec M. Analytical Chem 1981;53:1872. ’
preparation of polymer films of LDPE and iPP by hot press- 6] goit Jp, Turro NJ. Photochem Photobiol 1982:35:305.

ing and rapid cooling, small crystals are formed [40]. [7] Seixas de Melo JS, Becker RS, Macanita AL. J Phys Chem
Consequently, there is a larger interphase and less total ~ 1994;98:6054.

free volume available. As a result, higher valuesEgffor [8] Arbeloa TL, Arbeloa FL, Tapia MJ, Arbeloa JL. J Phys Chem

. . i 1993;97:4704.
probel are observed for semicrystalline LDPE and iPP than [9] Raju BB, Varadarajan TS. J Phys Chem 1994:08:8903,

for amorphous aPP and VEST. Films of amorphous [iq] raju BB, Varadarajan TS. J Photochem Photobiol A 1995:85:263.
polymers were prepared by casting from solution under [11] Arbeloa TL, Arbeloa FL, Arbeloa JL. J Luminescence 1996;68:149.
more or less equilibrated conditions, whereas at hot pressing[12] Raju BB, Varadarajan TS. Laser Chem 1995;16:109.
the conditions are clearly far from equilibrium. The solva- [13] ngﬁ-,t-g-,ﬁsge'dt J, Ston M, Diehl HA. Spectrochim Acta A
tion sphere IS. given by the dopant—pplymer mteragnop [14] Seixa‘s de Melo JS, Becker RS, Elisei F, Macanita AL. J Chem Phys
(thermodynamic effect) and the preparation process (kinetic 1997:107:6062.
effect). The higheEa for | in semicrystalline matrices than [15] Wlodarczyk P, Komarneni S, Roy R, White WB. J Mater Chem
in amorphous matrices is caused by the fact that the semi- 1996,6:1967.
crystalline matrix is formed under conditions which are far H% sahOIEIE;M,{A?rdIEVJFCJP'%( Pgmﬁc;emvpg‘oabio' /C_ 1t99175£8£8537-

H H oyze G, ek J, Juri , Ardlovic P. em LIS ,00:0/.
from equilibrium which resglts in .a Sma"?r total free [18] Kav}\l/ski A, Klebicki A, Kublinsky B. J Photocherr): Photobiol A
volume. In the case of semicrystalline matrices of LDPE 1993:79:161.
and iPP, the presence of the ordered phase acts as a natur@o] Jurék D, Mlynek J, Moyze G, Hrdlovi®. Chem Listy 1989;83:531.
hindrance on the cooperative mobility of surrounding chain [20] Demas JN, Adamson AW. J Phys Chem 1971;57:2463.
segments around the moving phenyl group. [21] Guillet JE. Polymer photophysics and photochemistry. Cambridge:

. . . . L . Cambridge University Press, 1985. Chapter 5.
Activation energy Ea) In polymer films is similar ta, in [22] Michl J, Thulstrup EW. Spectroscopy with polarized light. Solute

high viscose po'Vb_Utene oil Hyvis 10_C.yC|0hexa'f‘e or alignment by photoselection in liquid crystals, polymers and
glycerol—ethanol mixtures. In fact, the microviscosity of membranes. Deerfield, FA: VCH Publishers, 1986.
the polymer is several orders of magnitude smaller than as[23] Salmassi A, Schnabel W. Polym Photochem 1984;5:215.

]

macroscopic viscosity, which for polyethylene corresponds [24] Uznanski P, Kryszewski M, Thulstrup EW. Eur Polym J 1991;27:41.
]
]
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