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Abstract

Spectral properties of coumarin derivatives (2H-1-benzopyran-2-one), substituted with a bulky group in position 3, were investigated in
solvents and in polymer matrices. The bulky electron donating groups in position 3 were phenyl-, phenyltio-, 2-methylphenyltio-, 2,6-
dimethylphenyltio-, benzyl-, phenoxy-, dimethylamino- and benzoylamino-. Theabsorption spectraof all thederivativesaredominated by a
broad band with a maximum at 340 nm (log 1 , 4.0), which were not influenced by the polarity or viscosity of the environment. The
fluorescence of these derivatives is strongly influenced by the polarity of the solvent and viscosity of the surroundings. In high viscosity
solvents and in polymer matrices, the quantum yields of around 0.1 and a lifetime of around 2 ns was observed. In low viscosity non-polar
solvents such as cyclohexane, the quantum yields lower than 0.01 were observed. The fluorescence of coumarin probes was quenched by
polar methanol with abimolecular rate constant, kq, larger than diffusion controlled limi t indicating static quenching. The increased polarity
of the mixed solvent introduces processes such as intramolecular charge transfer or twisted intramolecular charge transfer which effectively
compete with fluorescence. The dependence of quantum yield of fluorescence on temperature was determined in viscose solvents and
polymer matrices. The activation energy of radiation-less process (Ea) increased in going from phenyl to more the bulky 2,6-dimethyl-
phenyltio group in non-polar high viscosity polybutene oil and polar glycerol supporting the idea that the radiation-less process is related to
rotation of the group in position 3. The Ea value is lower in rubbery matrices such as polyoctenamer or atactic polypropylene than in glassy
polymerssuch aspolystyrene, poly(methyl methacrylate) or polyvinyl chloride. 3-Phenylcoumarin, dueto itsspectral properties, seemsto be
the most suitable probe for monitoring microviscosity in polymers. q 1999 Elsevier Science Ltd. Al l rights reserved.
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1. Introduction

The environment of the molecule determines its basic
properties such as solubility or optical properties. Suitable
spectroscopic probes can be employed to investigate the
microenvironment of macroscopically homogeneous solu-
tions, micelles and polymers, and to correlate changes of
photophysical parameterswith modification of thestructure.
Singlet probes exhibiting fluorescence are suitable to
monitor the processes occurring in the nanosecond time
scale [1–4]. Triplet probes are suitable for longer processes
in the micro- and millisecond regions in ordered systems at
lower temperatures [5,6]. Aromatic hydrocarbons or dyes
are mainly singlet probes preferentially localized in hydro-
phobic microregions. The exact localization of singlet
probes is not always certain. The changes in micropolarity
form the basis for the detection of the polymer–dopant
interaction. Therefore, suitable probes must exhibit

fluorescence sensitive to the environment and can yield
information on diffusion, rotation, energy transfer, con-
formational changes, character of microenvironment, etc.
This information can be obtained from polymers or
polymers doped with a free or bound fluorescence probe.

Considerable attention has been devoted to the studies of
spectral propertiesof parent coumarin [7] and itsderivatives
substituted in positions 3–8 [8–12] in order to understand
thephotophysicsof thesecompoundsaslaser dyes. A strong
dependence of quantum yields and mean fluorescence life-
time on environment has been found for 4-alkyl and 7-
alkoxy substituted coumarin derivatives [13]. Moreover,
the photophysical behaviour of 3-chloro-4-methyl-7-meth-
oxycoumarine is influence by polarity of the solvent. The
internal conversion rateconstant (kIC) changesby two orders
of magnitude in going from non-polar solvents to polar
water. The dramatic variation of kIC is due to the fact that
there is a decrease of activation energy of internal conver-
sion (radiation-less process) because the S2(np

p) state is
lying close to S1(pp

p). Increasing solvent polarity widens

Polymer 41 (2000) 991–1001

JPOL 3949

0032-3861/00/$ - see front matter q 1999 Elsevier Science Ltd. Al l rights reserved.
PII: S0032-3861(99)00241-4

* Corresponding author.



the gap between these states and decreases the magnitude of
the effect and consequently increases the quantum yield of
fluorescence [14].

Recently the dramatic increase in fluorescence intensity
(up to seven times) has been observed for 7-diethylamino-4-
methylcoumarin (Coumarin 1) in the restricted geometry of
a pillared clay nanocomposite [15]. The coumarin and its
derivative attract attention as probes to monitor various
aspects of the environment.

In this paper we extent our previous study [16] on spectral
properties of coumarin derivatives substituted in position 3
with the bulky electron donating substituents in solution and
polymer in a broader temperature range. The goal of the
study is to obtain more data in order to relate the rotation
of the substituent in position 3 with the radiation-less
process, on quenching by polar solvents, and on micro-
environment (microviscosity, free volume) of polymer

matrices. These data can be used for characterization of
the probe itself or of its environment.

2. Experimental

2.1. Materials

Coumarin derivatives substituted in position 3, were
obtained from the Department of Organic Chemistry,
Faculty of Science, Comenius University, Bratislava and
several of them were used previously [16]. Their structures,
given in Scheme 1, are: 3-phenylcoumarin (I ), m.p. 135–
1388C; 3-phenylthiocoumarin (II ) m.p. 117–1198C; 3-(2-
methylphenylthio)coumarin (III ), m.p. 143–1478C; 3-(2,6-
dimethylphenylthio)coumarin (IV ), m.p. 167–1688C;
3-phenoxycoumarin (V), m.p. 115–1168C; 3-benzylcou-
marine (VI ), m.p. 106–1088C;, 3-dimethylaminocoumarin
(VII ), m.p. 84.5–85.58C and 3-benzoylaminocoumarin
(VIII ), m.p. 172–1748C. The purity of the coumarin deri-
vatives was controlled by spectroscopy and chromatography
(TLC). Laser dye Coumarin 1 (7-diethylamino-4-methyl-
coumarin,IX ) was a commercial product (Aldrich, Stein-
heim, Germany).

Anthracene was zonally refined and quinine sulphate was
an analytical reagent (Lachema, Brno, CR). Cyclohexane,
methanol and ethanol were for UV spectroscopy (Merck,
Darmstadt, Germany), chloroform (Mikrochem Ltd., Brati-
slava, SR), tetrahydrofurane (BDH, Poole, England) and
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
by hot pressing of impregnated polymer powder. Polysty-
rene (PS, Vestyron, Huls AG, Germany), poly(methyl
methacrylate) (PMMA, Diacon, ICI, England), atactic poly-
propylene (aPP, Slovnaft, Bratislava, SR) and polyoctena-
mer (VEST, Vestenamer 8012 Huls, Germany) were
prepared by casting of polymer solution (chloroform, 5 g/
100 ml) on the glass plate (26× 38 mm2). The solvent was
allowed to evaporate slowly. Films of polyvinylchlorid
(PVC, Neralit, Spolana Neratovice, CR) were cast from
tetrahydrofurane solution. All films were self-supporting
except for aPP and VEST. Polyoctenamer was purified by
precipitation of the toluene solution by methanol and the
solution of aPP in ether was precipitated by methanol.
The thickness of the films was 50mm and the dopant
concentration was 0.002–0.01 mol kg21.

Films of polyethylene (PE, Bralen, Slovnaft Bratislava,
SR) and isotactic polypropylene (iPP, Daplen, PCD Linz,
Austria) were prepared by hot pressing of the powder
impregnated by coumarin probes. Polymer powder (2 g),
singlet probe (4 mg) and 10 ml of chloroform were mixed
and allowed to stand for 24 h. After removal of the solvent
and drying, a part of the powder (1 g) was pressed under
0.8 MPa at 1408C for PE and at 1908C for iPP and then
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Scheme 1. Structure of coumarin derivatives.
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Table 1
Spectral characteristics of coumarin derivatives substituted at position 3 in solution and in polymer matrices

Compounda Mediumb la
c (nm) log1 d lexc

e (nm) lem
f (nm) D ~n g (cm21) FF

h tF
i (ns) G1/2,j

I Cy 325 4.23 337 399 5 707 0.054
EtOH 321 4.17 337 401 6 215 0.087
PS 330 3.89 340 403 5 489 0.556 0.56 2.7
PMMA 325 3.81 335 399 5 707 0.570 0.41 2.6
PVC 330 4.23 348 401 5 365 1.026 0.61 1.7

II 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 2.9 4.8
PMMA 336 3.84 343 467 8 349 0.547 4.3 4.6
PVC 338 3.90 347 471 8 354 0.407 4.1 6.0

III 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
PVC 338 4.07 345 467 8 173 0.112 3.1 6.6

IV Cy 335 4.25 330 452 7727 0.0042
EtOH 337 4.16 –k

PS 339 4.02 349 443 6 925 0.314 1.4 2.9
PMMA 337 3.88 343 436 6 738 0.393 1.7 4.1
PVC 339 3.92 345 443 6 925 0.673 1.9 4.4

V Cy 309 3.95 332 377 5 837 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 –k

EtOH 310 3.85 –k

PS 314 3.52 –k

PMMA 312 3.54 330 382 5873 0.0098
PVC 314 3.56 330 381 5600 0.023

VII Cy 335 4.48 346 454 7 824 0.026
EtOH 338 3.97 –k

PS 342 3.99 351 470 7 963 0.138 1.6 1.5
PMMA 339 3.85 348 469 8 177 0.180 1.2 2.6
PVC 343 3.93 350 470 7 878 0.147 1.3 3.4

VIII Cy 340 4.36 333 367 2 164 0.020
EtOH 326 4.31 335 377 4 150 0.0046
PS 342 3.97 332 374 2 502 0.741 0.71 2.8
PMMA 327 4.04 330 372 3 699 0.843 0.7 2.8
PVC 329 4.03 332 373 3 585 0.992 0.73 2.0

IX Cy 369 4.34 365 395 1 784 2.81 2.5 1.3
EtOH 375 4.34 380 449 4 395 1.19 2.9 1.0
PS 373 4.34 373 413 2 597 3.60 2.8 0.8
PMMA 368 4.30 373 420 3 364 3.56 3.7 1.4
PVC 377 4.32 378 426 3 051 3.56 3.5 2.1

a Compounds are shown in Scheme 1.
b Medium: Cy, cyclohexane; EtOH, ethanol; PS, polystyrene; PMMA, poly(methyl methacrylate); and PVC, polyvinyl chloride.
c Wavelength of the absorption band.
d Molar decadic extinction coefficient (dm3 mol21 cm21).
e Wavelength of excitation.
f Wavelength of fluorescence.
g Stoke’s shift.
h Quantum yield relative to anthracene in the given medium.
i Lifetime of the fluorescence determined by the phase plane method.
j Standard deviation.
k The emission was not measurable.



rapidly cooled. The thickness of the films was 0.1–0.15 mm
and the dopant concentration was 0.01 mol kg21.

2.2. Instrumentation

The absorption spectra were measured on spectrometer
M-40 (C. Zeiss, Jena, Germany). The emission spectra were
taken on spectrofluorometer MPF-4 (Perkin–Elmer,
Norwalk Co., USA) which was connected through an A/D
converter and interfaced to a microcomputer [17]. The emis-
sion spectra of the solutions were measured in a right angle
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
temperature. For the temperature dependence of the probe
fluorescence doped in polymer matrices, the polymer films
were placed in a standard thermostated cell (10× 10 mm2)
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. The
quantum yield (FF) was determined according to the
relation [18]:

FF � FS
F

R∞
0 IF� ~n� d ~nR∞
0 IS

F� ~n� d ~n
1 2 102AS

1 2 102A

 !
; �1�

whereFS
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 ofFS

F for anthracene
was assumed as 1. The integrals

R∞
0 IF� ~n� d ~n andR∞

0 IS
F� ~n� d ~n are the areas under the emission curves of the

investigated compound and standard,A and AS are the
absorbances of the investigated compound and standard at
the excitation wavelength. The excitation wavelength was
chosen in order to achieve maximum of emission (Table 1).

Anthracene was excited atlexc in the range 356–360 nm
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
converter and transferred to a microcomputer [19]. The
decay curves were evaluated by the phase plane method
[20]. The standard deviationG1=2 � P��Ical 2 Iexp�2=n�1=2
characterized the quality of fitting. A standard deviation,
G1/2, higher than 5% indicates that a mono-exponential
function does not fit the decay satisfactorily.

3. Results and discussion

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-
chemical properties as in solutions. The polymer matrix
differs from the low molecular solvent in several aspects.
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.

2. The viscosity of polymer matrix (mainly microviscosity)
influences the mobility (rotation) of the whole molecules
or parts of it.
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Fig. 1. Fluorescence and long-wavelength absorption spectra of coumarin probes: probeII (solid curves), probeIII (dashed curves) and probeIV (dotted
curves) in cyclohexane.



3. Aggregation of dopants (solutes) and its solvation is
strongly influenced by the solute–solvent interaction.

The main question of the study of the effect of polymer
matrix on emission spectra is whether the reorganization
of the solvation envelope occurs during the lifetime of the
excited state. It means that the solvation envelope can corre-
spond to the different arrangement of electrons or charges
than in the ground state [25,26].

The absorption spectra of coumarin derivatives substi-
tuted in position 3 by bulky substituent (Scheme 1) show
that low molecular mass solvents such as cyclohexane (Fig.
1) or ethanol and polymer matrices such as PS, PMMA and
PVC do not effect the broad band without vibrational

structure (Table 1) at around 340 nm. The experimental
studies and theoretical calculations indicate that the parent
coumarin has got the lowest singlet state S1 of character npp

[7] which results in low fluorescence. Substitution in posi-
tions 3–8 leads to switch from npp toppp and consequently
to the higher fluorescence. Probably the npp character of the
lowest singlet state S1 is preserved for 3-benzyl derivatives
(VI ) because its fluorescence was not measurable in our
experimental set up. Other coumarin derivatives (I –V,
VII –IX ) exhibit broad fluorescence without any vibrational
structure. The quantum yield of fluorescence strongly
depends on the polarity and the viscosity of the environ-
ment. A small hypsochromic shift is observed with increas-
ing the size of the substituent in position 3 for probesII , III
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Table 2
Calculated values ofkr, tF andknr for derivatives of coumarin substituted at position 3 in various environments (symbols have the same meaning as in Table 1)

Compound Medium 1 (dm3 mol21 cm21) FF
a kr (s21) tF

b (ns) knr (s21)

I Cy 1.7× 104 0.014 1.7× 108 0.082 1.2× 1010

EtOH 1.5× 104 0.022 1.5× 108 0.15 6.5× 109

PS 7.8× 103 0.139 7.8× 107 1.78 4.8× 108

PMMA 6.5× 103 0.143 6.5× 107 2.2 3.9× 108

PVC 1.7× 104 0.257 1.7× 108 1.51 4.9× 108

II Cy 1.6× 104 0.002 1.6× 108 0.013 7.7× 1010

EtOH 1.2× 104 0.00035 1.2× 108 0.0029 3.4× 1011

PS 8.7× 103 0.057 8.7× 107 0.66 1.4× 109

PMMA 6.9× 103 0.137 6.9× 107 1.99 4.3× 108

PVC 7.9× 103 0.102 7.9× 107 1.29 7.0× 108

III Cy 1.7× 104 0.0008 1.7× 108 0.0047 2.1× 1011

EtOH 1.2× 104 0.00018 1.2× 108 0.0015 6.7× 1011

PS 9.7× 103 0.028 9.7× 107 0.29 3.4× 109

PMMA 7.2× 103 0.079 7.2× 107 1.1 8.4× 108

PVC 1.2× 104 0.028 1.2× 108 0.23 4.2× 109

IV Cy 1.8× 104 0.0011 1.8x108 0.0061 1.6× 1011

EtOH 1.4× 104 –c 1.4x108

PS 1.0× 104 0.079 1.0× 108 0.79 1.2× 109

PMMA 7.6× 103 0.098 7.6× 107 1.29 7.0× 108

PVC 8.3× 103 0.168 8.3× 107 2.02 4.1× 108

V Cy 8.9× 103 0.0016 8.9× 107 0.018 5.5× 1010

EtOH 7.1× 103 0.003 7.1× 107 0.042 2.4× 1010

PS 4.3× 103 0.01 4.3× 107 0.23 4.3× 109

PMMA 3.2× 103 0.013 3.2× 107 0.41 2.4× 109

PVC 4.0× 103 0.061 4.0× 107 1.53 6.1× 108

VII Cy 3.0× 104 0.0065 3.0× 108 0.022 4.5× 1010

EtOH 9.3× 103 –c 9.3× 107

PS 9.8× 103 0.035 9.8× 107 0.36 2.7× 109

PMMA 7.1× 103 0.045 7.1× 107 0.63 1.5× 109

PVC 8.5× 103 0.037 8.5× 107 0.44 2.2× 109

VIII Cy 2.3× 104 0.005 2.3× 108 0.022 4.5× 1010

EtOH 2.0× 104 0.0012 2.0× 108 0.006 1.7× 1011

PS 9.3× 103 0.185 9.3× 107 1.99 4.1× 108

PMMA 1.1× 104 0.211 1.1× 108 1.92 4.1× 108

PVC 1.1× 104 0.248 1.1× 108 2.25 3.3× 108

IX Cy 2.2× 104 0.703 2.2× 108 3.2 9.3× 107

EtOH 2.2× 104 0.298 2.2× 108 1.35 5.2× 108

PS 2.2× 104 0.90 2.2× 108 4.09 2.4× 107

PMMA 2.0× 104 0.89 2.0× 108 4.45 2.5× 107

PVC 2.1× 104 0.89 2.1× 108 4.24 2.6× 107

a Calculated from relative quantum yieldFF (Table 1) assuming that quantum yield of anthracene in all environments is 0.25.
b Lifetime of the fluorescence determined according to relation (2), where the rate constant of radiation process (kr) was calculated by relation (5).
c The emission was not measurable.



andIV in solvents (Fig. 1) as well as in polymer matrices. It
indicates that the substitution in positionorthoof phenylthio
group hinders the formation of the ICT state to some extent,
especially in polymer matrices.

Recently, it has been shown that fluorescence of several
coumarin derivatives substituted in positions 3,6,7,8 [13]
strongly depends on the viscosity of the environment.
Previous [16] as well as present data show that the quantum
yields of fluorescence of coumarin derivatives substituted in
position 3 (Scheme 1) are higher in polymer matrices than is
low viscosity solvents (Table 1). The lifetime of the excited
state (tF) is given by

tF � FF=kr: �2�
The theoretical absorption rate coefficient (kA) expressed by
the absorption and emission integral was determined
according to the relation [27]:

kA � 8000p ln 10cn3
F

NnA
k ~n23

F l21 ge

gg

Z∞

0

1� ~n� d ~n
~n

; �3�

where

k ~n23
F l21 �

Z∞

0
IF� ~n� d ~nZ∞

0

IF� ~n�
~n3 d ~n

�4�

nF, nA are the solvent refraction indices for the wavelengths
corresponding to the fluorescence and the absorption band,
N is the Avogadro number,c denotes the velocity of light in
vacuum, 1� ~n� the molar absorption coefficient,IF� ~n�
describes the normalized energy distribution of the fluores-
cence spectrum, andge, gg are degeneracy coefficients for
the excited and the ground state, respectively. If the mole-
cules are in dilute solution in a transparent solvent of negli-
gible optical dispersion, thennF� nA � n. Eq. (3) allows the
calculation of the value of the radiative transition rate coef-
ficient kA (or the natural lifetime of the excited S1 state)
based on absorption data. The values ofkA obtained should,
in general, be equal tokr, provided that the mirror-symmetry
condition is fulfilled, i.e. when the values of the transition
moments for absorption and emission are equal� ~Mge�
~Meg� and the populations of the vibrational states of S0

and S1 are described by the same distribution function.
According to Strickler and Berg [28] and Birks and Dyson
[27], greater discrepancies between thekA andkr values can
be explained only by configurational changes of the mole-
cule in the excited state. A useful rough estimate ofkr can be
obtained from intensity of the absorption band applying the
approximate relationship [10] derived from the exact
formula by Strickler and Berg [28]:

kr � 1041 �5�
where1 is the molar decadic extinction coefficient. The rate
constant of radiation-less processes,knr, is the given by:

knr � �1 2 FF�=tF: �6�

Analysis of the radiation and radiation-less processes (Table
2) indicates that the substituent in position 3 influences the
radiation-less process, which is sensitive to the environ-
ment. It is assumed that the substituents in position 3 of
coumarin exhibit rotational, twisting or other kinds of reor-
ientation motion through which the electronic energy is
transformed to heat what is an actually internal conversion.
High viscosity solvents or polymer matrices decrease the
amplitude and the frequency of these motions. Conse-
quently, the quantum yield and lifetime of fluorescence is
increased (Table 2).

For coumarin derivatives under study with measurable
fluorescence in ethanol (II , III , VIII and IX ) except forI ,
an increase of the Stoke’s shift was observed in going from
non-polar cyclohexane to polar ethanol (Table 1). Such
stabilization in the excited state in polar ethanol might indi-
cate the large intramolecular charge transfer (ICT) or
twisted intramolecular charge transfer (TICT). Moreover,
a decrease of the quantum yield of fluorescence was
observed in going from cyclohexane to ethanol for all the
derivatives exceptV, which exhibit an increase in Stoke’s
shift. There are several processes, which effectively
compete with fluorescence such as formation of intramole-
cular charge transfer state [29], formation of twisted intra-
molecular charge transfer state [11,30] and changing the
planar structure of amino group to a pyramidal one [11].
Large Stoke’s shift (about 8000 cm21) for some derivatives
indicates (Table 1) that the fluorescence originates from
different state as corresponding to the Frank–Condon
transition.

Reorientation of the solvation sphere during the lifetime
of the excited state of dopant in glassy polymers (PS,
PMMA, PVC) is negligible at temperatures underTg.
Consequently, no red shift oflem of fluorescence and an
increase of Stoke’s shift in going from non-polar PS to
polar PVC was observed for coumarin probes (Table 1) as
might be expected on data in solution. Radiation-less rate
constant,knr, is higher in PS than in PMMA or PVC. More-
over, an increase in the quantum yield of fluorescence is
higher in going from ethanol to PVC than from cyclohexane
to PS indicating that the PS matrix is less stiff than PVC and
PMMA.

3.2. Quenching measurements

Polar solvents quench the emission of most coumarin
probes. Since the quencher (polar solvent) is used in high
concentration, dynamic and static quenching might operate
at the same time. If both static and dynamic quenching
occur, the modified Stern–Volmer equation is to be applied
[31]:

F0=F � �1 1 kqtF�Q���1 1 K�Q��; �7�
whereF0 and F are the quantum yields of fluorescence
without and with the quencher,kq the bimolecular rate
constant,tF the fluorescence lifetime without quencher,K
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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 (K� 0), the
standard Stern–Volmer applies. Addition of methanol to
cyclohexane solutions of all coumarin probes except ofI
andV decreases their fluorescence and the ratio ofF0/F on
quencher concentration is linear (Fig. 2). The calculated
quenching bimolecular rate constants (Table 3),kq, using
estimated values of lifetime,tF, are higher than the diffusion
controlled bimolecular rate constant in cyclohexane
(kdiff

20 � 0.66× 1010 dm3 mol21 s21). Lifetime of the fluores-
cence (tF) was determined according to relation (2), where
the rate constant of radiation process (kr) was calculated
using relation (3). Since the estimated lifetimes are very
short (Table 3), it is less probable that during the lifetime
of the excited state collision occurs. Therefore, static
quenching is operating. Molecules of coumarin derivatives
are preferentially solvated by methanol forming a “dark
complex” AQ which is transformed to the ICT state after

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 calculatedkq in 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. Comparison ofK or kq

respectively shows that amino derivativesVII andVIII are
quenched by methanol more effectively thanII , III , andIV .
This indicates that the amino derivatives have probably
more polar ICT (TICT) state than ICT state ofII , III , and
IV . For Coumarin 1 (IX ) the quenching bimolecular rate
constant is slightly lower than the diffusion controlled
one. The fluorescence lifetime ofIX 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 lifetimestF are loaded with
considerable error, the calculated values of rate constantkq

are approximate as well. ProbesI andV 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
processes related to the rotation of the bulky group in posi-
tion 3 of the parent coumarin, the activation energy (Ea) of
this process was determined for coumarin probes in different
environments. The fluorescence of several coumarin probes
clearly decreased with increasing temperature in high
viscosity non-polar mixture polybutene oil Hyvis 10-cyclo-
hexane, 9:1 (Fig. 3) and polar mixture glycerol–ethanol, 9:1
(Fig. 4). Applying Eqs. (2), (5) and (6) and assuming that the
absolute quantum yield is substantially lower than 1, the
ratio knr(T2)/knr(T1) can be approximated byF(T1)/F(T2).
Dependence ofF(T0)/F(T) on 1/T yields activation energy
(Ea), whereT0 is the lowest temperature of the measurement.
In high viscosity solvents, theEa increases with the size of
the group in position 3 starting from phenyl (I ) and being the
largest for 2,6-dimethylphenylthio (IV ). This fact supports
the suggestions that radiation-less processes are related to
the motion of this group which moves faster at higher
temperature. Higher values ofEa of several probes in
mixture Hyvis10–cyclohexane as compared with
glycerol–ethanol indicate that the viscosity of Hyvis 10–
cyclohexane at 308C is largerh � 144.23 P than glycerol–
ethanol h � 5.661 P and consequently, the smaller free
volume is available. On the other hand,Ea 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 ofIX (ICT or

M. Kaholek et al. / Polymer 41 (2000) 991–1001 997

Table 3
Quenching of coumarin probes in cyclohexane by methanol

Compounda tF
b (ns) Kc (dm3 mol21) kq × 10210d (dm3 mol21 s21)

II 0.015 1.4 9.3
III 0.0053 1.2 22.6
IV 0.0066 1.0 15.2
VII 0.019 15.6 82.1
VIII 0.012 19.4 162
IX 2.53e 7.5f 0.30

a Designed according to Scheme 1.
b Lifetime of the fluorescence determined according to relation (2),

where the rate constant of radiation process (kr) was calculated by relation
(3).

c Equilibrium constants for formation of dark complex.
d Rate constant for bimolecular quenching.
e Lifetime of the fluorescence determined by the phase plane method.
f Stern–Volmer constant.

Fig. 2. Stern–Volmer dependence of quenching emission of coumarin
probes: (a) probeII ; (b) probe III and (c) probeIV with methanol in
cyclohexane.



TICT) is more tightly solvated in polar solvents because of
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-
nol Ea follows the changes of viscosity. TheEa value of
probe VII was not possible to determine in polar
glycerol–ethanol because its fluorescence is completely
quenched.

At present, it is generally accepted that the free volume
and the size and structure of the molecule or part of it are the
decisive factors controlling chemical and physical processes
in polymers. Glassy polymers are often considered to be
amorphous solids containing sub-microscopic ‘holes’ with
a distribution of sizes defined by the length of a moving
polymer segment and a jump frequency. Macroscopic and
microscopic polarity, viscosity, glass temperature, tacticity
and history of the sample might influence the photophysical
and photochemical properties of the doped molecule. Free
volume or microviscosity concept is suitable for description
of mobility of the doped molecule in the polymer matrix.

Coumarin substituted in position 3 by phenyl group
(probe I ) was used to investigated the mobility of the
polymer matrix. This derivative was chosen because it
exhibits relatively intense fluorescence, which is strongly
dependent on environment, and its excited state is the
least polar among the coumarins included in this study. It
was found that activation energy (Ea) of the radiation-less
process (knr) is lower in elastomers than in amorphous glassy
(Fig. 5) or in semicrystalline polymers (Fig. 6). In our effort
to understand the observed facts concerning the radiation-
less deactivation of the electronic energy, we try to relate
the activation-energy parameters of this radiation-less
process with the free volume microstructure characteristics
of the matrices investigated. The idea behind this attempt is
based on the plausible assumptions that (1) the radiation-
less deactivation is associated with the rotation of the phenyl
groups and that (2) this rotation process requires a certain
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Fig. 3. Dependence of ln(F(T0)/F(T)) on 1/T for coumarin probes: (a) probe
I ; (b) probe II ; (c) probe III and (d) probeIV in polybutene oil
Hyvis 10–cyclohexane mixture (9:1).

Table 4
Activation energyEa of radiation-less processes for coumarin probes

Compounda Mediumb lexc (nm) lem (nm) Ea (kJ mol21)

I Gly–EtOH 340 405 33
Hyvis–Cy 341 398 57

II Gly–EtOH 364 505 69
Hyvis–Cy 357 460 108

III Gly–EtOH –c

Hyvis–Cy 361 455 126
IV Gly–EtOH 367 471 80

Hyvis–Cy 357 437 165
VII Gly–EtOH –c

Hyvis–Cy 362 454 31
IX Gly–EtOH 390 462 35

Hyvis–Cy 367 398 12.5
EtOH 380 449 14.5
Cy 365 395 8.5

a Designed according to Scheme 1.
b Medium: Gly–EtOH mixture glycerol–ethanol 9:1, Hyvis–Cy mixture

polybutene oil Hyvis 10–cyclohexane 9:1.
c Weak emission for measurements.

Fig. 4. Dependence of ln(F(T0)/F(T)) on 1/T for coumarin probes: (a) probe
I ; (b) probeII ; (c) probeIV in glycerol–ethanol mixture (9:1).

Fig. 5. Dependence of ln(F(T0)/F(T)) on 1/T for coumarin probeI in
polymer matrices: (a) VEST; (b) aPP; (c) PS; (d) PMMA and (e) PVC.



free space in the vicinity of the moving group. Positron
annihilation lifetime spectroscopy (PALS) is a powerful
technique to direct detection and measurement of the free
volume microstructure in disordered systems [32,33]. The
ortho-positronium (o-Ps), being the bound system of
electron and positron, is localized and stabilized for the
mean lifetimet3 in the local regions of a matrix with the
reduced electron density, i.e. free volume holes. The anni-
hilation process of theo-Ps in a spherical hole can be
described by a simple quantum-mechanical model of the
spherical potential well with an electron layer of the thick-
ness DR. The semi-empirical relationship between the
measuredortho-positronium lifetimet3 and the free volume
hole radiusRh is [34]:

t3 � 1
2

1 2
Rh

R0
1

1
2

sin 2p
Rh

R0

� �� �21

; �8�

where R0� Rh 1 DR; DR� 1.656 Å has been determined
from fitting the experimental values oft3 obtained for

materials with the known hole sizes, e.g. molecular crystals
and zeolites. The meano-Ps lifetime values at room
temperature as found for thermoplastics from the literature
data [35–39] and for aPP from our own PALS measure-
ments together with the corresponding mean free volume
hole size characteristics as represented by their hole radius
Rh and volumeVh are given in Table 5. The correlation
between the effective activation energies of the radiation-
less deactivation processes (Ea) and the mean hole volumes
(Vh) for our series of four amorphous polymer matrices is
shown in Fig. 7. The inverse relationship between both the
quantities indicates that the phenyl group rotation takes
place easier in the matrices with the larger free volume
hole entities, because the cooperative motion of the matrix
chain segments associated with the displacement of this
group requires smaller energy. Clearly, theEa is decreasing
with the increasing free volume (Fig. 7). With increasing
free volume,Ea approaches the limiting value. The polarity
of the matrix does not influence this radiation-less channel
of I because the Stock’s shift is nearly the same for non-
polar and polar solvents and matrices. Dependence of the
relative quantum yield on the temperature, employing probe
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Fig. 7. Dependence of the activation energyEa of probeI on the mean hole volumeVh for several amorphous polymers.

Fig. 6. Dependence of ln(F(T0)/F(T)) on 1/T for coumarin probeI in
polymer matrices: (a) VEST; (b) aPP; (c) LDPE and (d) iPP.

Table 5
Summarizes the meano-Ps lifetime values at room temperature together
with the corresponding free volume hole size characteristics as represented
by their hole radiusRh and volumeVh

Polymera t3
b (ns) Rh

c (Å) Vh
d (Å3) References

aPP 2.35 3.16 132 [35]
PS 2.05 2.9 101 [36]
PMMA 1.94 2.8 93 [37]
PVC 1.81 2.68 81 [38]
LDPE 2.70 3.4 168 [39]
iPP 2.32 3.13 128 [39]

a Polymers are designed as given in Section 2.
b The meanortho-positronium (o-Ps) lifetime at room temperature.
c The free volume hole radius.
d The mean hole volume calculated fromVh� (4p/3)Rh

3.



I in elastomeric aPP, and VEST were taken up to 258C
because of the leaching of the probe in water. TheEa

value of I is larger in semicrystalline polymer matrices
(LDPE, iPP) than in elastomeric (aPP, VEST) in spite of
the fact that the average free volume hole is large or nearly
same (Table 6). Doped molecules are located mainly in the
amorphous phase and on the interphase of crystalline and
amorphous phase. It can be assumed that crystallinity of the
polymer and its thermal history might be related toEa. In the
preparation of polymer films of LDPE and iPP by hot press-
ing and rapid cooling, small crystals are formed [40].
Consequently, there is a larger interphase and less total
free volume available. As a result, higher values ofEa for
probeI are observed for semicrystalline LDPE and iPP than
for amorphous aPP and VEST. Films of amorphous
polymers were prepared by casting from solution under
more or less equilibrated conditions, whereas at hot pressing
the conditions are clearly far from equilibrium. The solva-
tion sphere is given by the dopant–polymer interaction
(thermodynamic effect) and the preparation process (kinetic
effect). The higherEa for I in semicrystalline matrices than
in amorphous matrices is caused by the fact that the semi-
crystalline matrix is formed under conditions which are far
from equilibrium which results in a smaller total free
volume. In the case of semicrystalline matrices of LDPE
and iPP, the presence of the ordered phase acts as a natural
hindrance on the cooperative mobility of surrounding chain
segments around the moving phenyl group.

Activation energy (Ea) in polymer films is similar toEa in
high viscose polybutene oil Hyvis 10–cyclohexane or
glycerol–ethanol mixtures. In fact, the microviscosity of
the polymer is several orders of magnitude smaller than as
macroscopic viscosity, which for polyethylene corresponds
to 1010 P. For example, the microviscosity of polyethylene
at 808C is approximately 1 P based on the determination of
kdiff from quenching of fluorescence of naphthalene [41].
This value is higher as that of mixture glycerol–ethanol
(0.12 P) and lower than mixture Hyvis 10–cyclohexane
(2.9 P). The changes ofEa for I reflects the changes of
free volume in polymer matrices. Therefore, 3-phenyl-
coumarin (I ) becomes an effective indicator of the

microviscosity of the polymer matrices under study. The
polarity of matrices does not interfere with this function
of I .

In conclusion, derivatives of coumarin substituted in
position 3 might be applied for the characterization of poly-
meric matrices generally and 3-phenyl derivative for micro-
viscosity specially.
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[19] Jurčák D, Mlýnek J, Moyze G, Hrdlovicˇ P. Chem Listy 1989;83:531.
[20] Demas JN, Adamson AW. J Phys Chem 1971;57:2463.
[21] Guillet JE. Polymer photophysics and photochemistry. Cambridge:

Cambridge University Press, 1985. Chapter 5.
[22] Michl J, Thulstrup EW. Spectroscopy with polarized light. Solute

alignment by photoselection in liquid crystals, polymers and
membranes. Deerfield, FA: VCH Publishers, 1986.

[23] Salmassi A, Schnabel W. Polym Photochem 1984;5:215.
[24] Uznanski P, Kryszewski M, Thulstrup EW. Eur Polym J 1991;27:41.
[25] Schmidt E, Loelinger H, Zurcher R. Helv Chim Acta 1978;61:488.
[26] Nadolski B, Uznanski P, Kryszewski M. J Macromol Sci B

1984;23:221.
[27] Birks JB, Dyson DJ. Proc R Soc London A 1963;275:135.
[28] Strickler SJ, Berg RA. J Chem Phys 1962;37:814.
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