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Abstract

New probes, esters of 3-(9-anthracene)propionic acid with 2,2,6,6-tetramethyl-4-hydroxypiperidine and its oxidized and protonized form,
were prepared and spectrally characterized. Spectral measurements were performed in solution and in polymer matrices as polyethylene,
isotactic polypropylene, polystyrene, polymethyl methacrylate and polyvinylchloride. Absorption spectra of these derivatives were shifted
about 10 nm bathochromically in comparison with anthracene. The longest wavelength absorption band of the parent amine (probeIII)
and its derivatives exhibited the fine vibrational structure in solution and in all polymer matrices. Fluorescence spectra of the probes
were red-shifted as compared to anthracene. The vibrational structure of this emission is well preserved in all media. Quantum yield of
fluorescence of parent amine is slightly higher than anthracene in methanol. The range of values of quantum yield relative to anthracene of
parent amine is rather large (0.3–11) in polymer matrices. The lifetime of fluorescence of parent amine is 3.8 ns in methanol and 4.1 ns in
cyclohexane but it is larger in polymer matrices. Both quantum yield and lifetime of oxidized form were smaller in comparison with parent
amine. The quantitiesΦNH/ΦNO andτNH/τNO expressing the extent of intramolecular quenching (electronic energy transfer) are low for
this type of probes in methanol solution. In all polymer matrices these values are higher (2–7.5) but there are some differences between
ratio calculated from quantum yields and from lifetimes. The photolytical stability of the novel probes is low in polymer matrices at 366 nm
irradiation. 2,2,6,6-Tetramethylpiperidine structural unit as parent amine or as stable nitroxyl radical does not exhibit any stabilization
effect. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Multifunctional fluorescence probes combining different
structural units are used to monitor photophysical and pho-
tochemical processes in different environments. Preferably,
spectral parameters, which exhibit strong dependence on
medium, are exploited for this purpose. The parameters
connected with fluorescence have some advantages as the
high sensitivity, simple detection, easy quantitative evalua-
tion for selected chromophores and large and specific effect
of the environment. Simple chromophores as aromatic hy-
drocarbons or several dyes are not suitable for monitoring
several parameters. For that reason, usually more complex
molecules containing different structural units—modules—
are needed [1].

Free radicals ofN-oxyl type (aminoxides) derived from
2,2,6,6-tetramethylpiperidine (TEMPO) are used as a suit-
able structural unit in the more complex probes because
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they influence the photophysical and photochemical pro-
cesses due to paramagnetic effect or electron transfer [2–7].
Intermolecular quenching of singlet and triplet states of
aromatic hydrocarbons and ketones was studied in detail
[8–17].

Probes containing structural units as 1-naphthoic, 1-naph-
thylacetic [18], 4-(1-pyrene)butyric acids [19], 1,8-naphthal-
eneimide [20], 1-pyrenecarboxylic acid, 1-pyreneacetic
acid, 4-oxo-4-(1-pyrene)butanoic acid [21] and 2,2,
6,6-tetramethyl-4-hydroxypiperidine were prepared and
spectrally characterized in solutions and in polymer
matrices.

Study of absorption, steady-state and time-resolved
fluorescence spectra of adducts of naphthalene chro-
mophore/nitroxyl radical leads to conclusion that the in-
tramolecular quenching involves the opening of the pre-
existing radiationless channel in the luminophore [4,18].
On the other hand, the efficient electron transfer taking
place after photoinitiation was clearly demonstrated in the
simple systems containing 1,4,5,8-naphthalenediimide [6]
and in the larger rod-like complex molecules containing
4-amino-1,8-naphthaleneimide as well [22].
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In fluorescence probes, which are prepared by linking
aromatic hydrocarbon as chromophore with a free radical
center of theN-oxyl type, formation of excited states and
their decay is connected with switching off or on the chro-
mophore emission as a result of intramolecular quenching
[2–7,17–21].

The mechanism of inter- or intramolecular quenching of
excited singlet or triplet states byN-oxyls is not unequivo-
cally established. The following processes are to be consid-
ered: (i) catalytic enhancement of intersystem crossing as
a result of an increase in spin-orbital coupling due to the
paramagnetic effect; (ii) catalytic enhancement of the effi-
ciency of internal conversion; (iii) transfer of electronic en-
ergy of resonance or exchange type; (iv) transfer of electron
and formation of cation or anion radical. The majority of
mechanistic studies of quenching of the singlet state of
aromatic hydrocarbons withN-oxyl radicals concluded that
enhancement of intersystem crossing is the most proba-
ble route for dissipation of energy [8–17]. Intermolecular
quenching of a triplet state occurs through internal conver-
sion [23].

The photophysical process is a preferred route for
deactivation of excited singlet state by intramolecular
quenching as well [2,3,7,18,19]. On the other hand, the
photoinitiated intramolecular electron transfer fromN-oxyl
to diimide under formation of diimide monoanion was
observed [6].

The mechanism of intramolecular quenching of triplet
states of aromatic hydrocarbons byN-oxyls indicates that
mainly photophysical routes are involved [23] but recent
triplet quenching of 1,8-naphthaleneimide chromophore
monitored by laser flash photolysis points out on electron
transfer as well [24,25].

These studies indicate thatN-oxyl radical is able to
quench the excited state by different mechanisms depend-
ing on the structure of the couple quenchee–quencher and
medium.

There is growing interest to develop multifunctional spin
system with synergic properties. Especially, the photofunc-
tional organo-magnetic materials are of great importance
because of large versatility of organic compounds. Recently,
1-oxo-2,2,6,6-tetramethyl-4-(9-anthrylmethylamino)piperi-
dine and its photodimer have been prepared to show
ferromagnetic interactions in the former radical and the
variable spin–spin interactions depending on the solvent
molecules incorporated in the crystals in the latter biradical
[26].

In this paper we report on synthesis and spectral properties
of probe combining aromatic hydrocarbon—anthracene—
with parent 2,2,6,6-tetramethyl-4-hydroxypiperidine and
its oxidized and protonized form. The spectral properties
of different forms of this probe are compared in different
polymer matrices since probes, which are suitable for mon-
itoring various parameters in the solid phase, are highly
desired. The effect of paramagnetic center on photochem-
ical and photophysical processes will be examined.

2. Experimental

The structures of multifunctional fluorescent probes under
study are shown in Scheme 1. The details of the synthesis
are given below.

3-(9-Anthryl)-propionic acid (I). It was prepared follow-
ing the procedure in [27]. In a 1 l three necked flask equipped
with a dropping funnel, condenser and mercury-sealed stir-
rer, potassium (4.88 g, 0.125 mol) in 200 ml of dryt-butyl
alcohol was dissolved under Ar atmosphere. A suspension
of anthrone (19.4 g, 0.1 mol) in 10 ml oft-butyl alcohol
was added and the solution was stirred for 1 h at room
temperature. To this reddish-brown solution of potassium
anthranolate a solution of 7.3 ml (0.11 mol) of acrylonitrile
in t-butyl alcohol (40 ml) was added dropwise over a pe-
riod of 1 h. During the addition a bright red precipitate was
separated. The reaction mixture was refluxed for 2 h. After
the addition of hydrochloric acid (11 ml) in water (225 ml),
t-butyl alcohol was removed by distillation during which
additional water (100 ml) was added. After the removal of
300 ml of distillate, the content in the flask was cooled and
the aqueous layer was separated from the brown oil by de-
cantation. The oily nitrile was refluxed for 2 h with 100 ml of
concentrated hydrochloric acid. The precipitate was filtered
and washed with 100 ml of water. The solid was dissolved in
solution of ammonium hydroxide (360 ml) in water (240 ml)
and the resulting solution was heated at 100◦C for 4 h with
zinc dust (60 g, activated with 6 ml of 3 M CuSO4·5H20).
During the reduction the solution changed color from
reddish-orange to pale yellow. The cooled reaction mixture
was filtered, extracted with ether and the aqueous layer was
acidified with hydrochloric acid. The separated oil was so-
lidified on standing. The crude product (12.64 g, 50%) with
m.p. 170–193◦C was crystallized from glacial acetic acid.
After washing the crystals with methanol the yield was
8.07 g (33%) of pale yellow crystals with m.p. 192.5–194◦C
(Ref. [26] 194–195◦C). 1H NMR (CDCl3) δ: 2.06 (s,
1H, COOH), 2.76–2.81 (m, 2H, –CH2–Ar), 3.9–3.96 (m,
2H, –CH2–CO), 7.18–7.51 (m, 4H, H-2,3,6,7 anthracene),
7.94–7.97 (m, 2H, H-4,5 anthracene), 8.19–8.22 (m, 2H,
H-1,8 anthracene), 8.32 ppm (s, 1H, H-10 anthracene).
FT-IR (KBr): ν(C=O) 1700 cm−1, ν(anthracene) 735 cm−1.

Methyl-3-(9-anthryl)-propanoate (II). It was prepared
following the procedure in [28]. The solution ofI (7 g,
0.028 mol) in methanol (5.7 ml, 0.14 mol) and concentrated
sulfuric acid (0.4 ml) was refluxed for 7 h. After distil-
lation off methanol, water (50 ml) was added to the rest
oil. Product was extracted with ether (3× 50 ml) and or-
ganic solution was washed with water solution of Na2CO3
(3 × 50 ml), then with water (2× 20 ml) and dried over
Na2SO4. The crude product was crystallized from methanol
to yield 6.59 g (89.1%) yellow crystals of methyl ester with
m.p. 65–66◦C (Ref. [29] 75–76◦C). 1H NMR (CDCl3)
δ: 2.76–2.81 (m, 2H, –CH2–Ar), 3.74 (s, 3H, CH3–O),
3.94–4.0 (m, 2H, CH2–CO), 7.44–7.56 (m, 4H, H-2,3,6,7
anthracene), 8.0–8.03 (d, 2H, H-4,5 anthracene), 8.25–8.28
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Scheme 1.

(d, 2H, H-1,8 anthracene), 8.37 ppm (s, 1H, H-10 an-
thracene). FT-IR (KBr):ν(C=O) 1730 cm−1, ν(C–O–C)
1167 cm−1, ν(anthracene) 735 cm−1.

2,2,6,6-Tetramethyl-4-piperidinyl-3-(9-anthryl)-propa-
noate (III). It was prepared following the procedures de-
scribed in [18,30]. A solution ofII (5.5 g, 0.021 mol) and
2,2,6,6-tetramethyl-4-piperidinol (4.875 g, 0.031 mol) in dry
xylene was refluxed in presence of tetra-n-butylorthotitanate
(TBOT, three drops) as re-esterification catalyst for 20 h.
In order to shift the equilibrium the alcohol (4 g) and the
catalyst (three drops) was added additionally. After evapo-
ration of xylene, the oily product was diluted in ether and
precipitated TBOT was filtered. After evaporation of ether,
the product was twice crystallized fromn-hexane to yield
6.164 g (81%) of parent amine with m.p. 91–93◦C. 1H
NMR (CDCl3) δ: 1.03–1.11 (m, 2H, CH2, 5+3 axial), 1.14
(s, 6H, 2CH3, 2+ 6 axial) 1.24 (s, 6H, 2CH3, 2+ 6 equat.),
1.82–1.88 (m, 2H, CH2, 5 + 3 equat.), 2.73–2.79 (m, 2H,
–CH2–Ar), 3.93–3.99 (m, 2H, –CH2–CO), 5.17–5.28 (m,
1H, CH–O), 7.44–7.55 (m, 4H, H-2,3,6,7 anthracene),
8.0–8.03 (m, 2H, H-4,5 anthracene), 8.25–8.28 (m, 2H,
H-1,8 anthracene), 8.37 ppm (s, 1H, H-10 anthracene).
FT-IR (KBr): ν(C=O) 1730 cm−1, ν(C–O–C) 1240 cm−1,
ν(anthracene), 735 cm−1.

1-Oxo-2,2,6,6-tetramethyl-4-piperidinyl-3-(9-anthryl)-
propanoate (IV). It was prepared by oxidation of the parent
amine as in [31]. To a solution ofIII (2 g, 0.00515 mol) in

50 ml of dichlomethanem-chloroperbenzoic acid (4.447 g,
0.0258 mol) was added per parts at 0◦C under stirring. Af-
ter 30 min stirring at 0◦C the reaction mixture was heated
to room temperature and stirring was continued for 3 h.
Then the reaction mixture was cooled to 0◦C and precip-
itated acid was filtered off. The organic solution was ex-
tracted with diluted NaHSO4 (3×30 ml) washed with water
(2×30 ml) and dried with Na2SO4. The product was purified
on a column of silica gel (120 g) using ligroin:ethylacetate
(10:1) as an eluent. Crystallization from ethanol afforded
0.697 g (30%) of orange crystals with m.p. 125–127◦C.
FT-IR (KBr): ν(C=O) 1735 cm−1, ν(C–O–C) 1235 cm−1,
ν(anthracene), 735 cm−1.

2,2,6,6-Tetramethyl-4-piperidinyl-3-(9-anthryl)-propa-
noate hydrochloride (V). It was prepared by bubbling of
gaseous hydrochloride through a solution ofIII in mix-
ture of acetone and water (1:1). The precipitated product
was filtered, washed with water and dried. Crystallization
from methanol yielded white crystals with m.p. > 265◦C.
FT-IR (KBr): ν(C=O) 1735 cm−1, ν(C–O–C) 1238 cm−1,
ν(anthracene) 735 cm−1, ν(NH2

+) 2466 cm−1.
Anthracene (Lachema, Brno, CR) was zonally refined.

1-Oxo-2,2,6,6-tetramethyl-4-hydroxy piperidine was the
same as used previously [23]. Solvents: methanol for
UV spectroscopy (Slavus, Bratislava, SR), chloroform,
dichloromethane, tetrahydrofuran (THF) (Lachema, Brno,
CR) analytical grade reagents were used.
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Polymers. Polystyrene (PS) (Krasten, Kaucuk Kralupy
a.s., CR, SEC (CHCl3) Mn = 93,700 g mol−1; Mw/Mn =
2.7), polymethyl methacrylate (PMMA), (Považské
Chemické Závody, Žilina, SR,Mv = 1.01× 105 g mol−1),
polyvinyl chloride (PVC), (Neralit 628, Spolana Neratovice,
CR, Mv = 1.11× 105 g mol−1) were used. Polymer films
doped with probes were prepared by casting on a glass plate
(28 mm× 35 mm) of the 1 ml solution of polymers and
probe in chloroform or THF (5 g/100 ml). The concentration
of probe in polymer films was 0.002 mol kg−1.

Films of low density polyethylene (LDPE, Bralen 2–19,
MFI = 1.7–2.3 g/10 min,d = 0.916–0.919 g cm−3 , Slov-
naft, SR) and isotactic polypropylene (iPP, Daplen, PCD
Polymere, Schwechat, Austria) were prepared in the fol-
lowing way: The additives (5.95 × 10−3 mol kg−1) dis-
solved in 20 ml of dichloromethane were added to 25 g
of non-stabilized polymers powder. The slurry was kept
at room temperature for 18 h and then the solvent was
removed. The blends were mixed and homogenized in a
Brabender Plastograph at 160◦C for LDPE and at 190◦C
for iPP for 5 min under air and then hot-pressed in a elec-
trically heated laboratory press (Fontune, The Netherlands)
at 160◦C for LDPE and at 200◦C for iPP for 1 min. The
thickness of films was 0.08–0.12 mm.

Photolysis (photooxidation) was performed on the
merry-go-round type set up. Medium pressure 125 W
mercury arc without luminophore envelope (RVL, Tesla
Holešovice, CR) was used as the source of radiation in
water-cooled quartz reactor. The glass filters (Corning Glass
5860) were used for isolation of 366 nm radiation. The pho-
tolysis was performed at laboratory temperature. The course
of photolysis was followed by UV spectroscopy monitoring
the changes in absorption of anthracene chromophore.

Absorption spectra were taken on a M-40 UV–VIS-
spectrometer (C. Zeiss, Jena, FRG),1H NMR on 300 MHz
spectrometer (Bruker, FRG), mass spectra on HP 597 1A
(Hewlett Packard, Palo Alto, USA) and FT-IR spectra on
Impact 400 (Nicolet, USA). Emission spectra were recorded
on a Perkin-Elmer MPF-4 spectrofluorimeter (Perkin-Elmer,
Norfolk, CT, USA) which was connected through inter-
face and A/D converter to a microcomputer [32] for data
collection, processing and plotting on anXY 4110 plotter
(Laboratorńı pristroje, Prague, CR). Emission of solutions
was measured at right angle in a 1 cm cell. The quantum
yields were determined relative to anthracene in methanol
or cyclohexane. Emission of polymer films was measured
in front-face arrangement to the solid sample holder. The
quantum yield of polymer films was determined using an-
thracene as standard and assuming its insensitivity to the
medium. The quantum yields in solution and in film were
determined according to the relation [33]:

ΦF = ΦS
F

∫∞
0 IF(ν) dν∫∞
0 IS

F (ν) dν

(
1 − 10−AS

1 − 10−A

)

where ΦS
F is the quantum yield of standard, integrals

∫∞
0 IF(ν) dν and

∫∞
0 IS

F (ν) dν the areas under curves of the
probe and standard, respectively,A andAS the absorptions
of the probe and standard, respectively.

Fluorescence lifetime measurements were performed on
an LIF 200 (Lasertechnik, Berlin, Germany), which operates
as a stroboscope. The excitation source was a nitrogen laser
(λ = 337 nm) and emission was selected by the use of cut-off
filters. The output signal was digitized and transferred to
a microcomputer [34]. The fluorescence decay curves were
evaluated by simple phase plane method [35] by homemade
software [34]. The standard deviation,G1/2 = ∑

((Iexp −
Icalc)

2/n)1/2, whereIexp and Icalc are the experimental and
calculated intensities of emission, respectively, was used to
judge the quality of fit. It was assumed that decays were
mono-exponential ifG1/2 is<5%. Some measurements were
performed on LIF 200 connected to PC using program of J.
Snyder 1988 based on [36].

Static and time-resolved fluorescence measurements in
solution and in polymer films were performed in the pres-
ence of air.

3. Results and discussion

Anthracene derivativesIII–V, prepared in this study,
exhibit spectral properties relatively independent of en-
vironment. It is for instance fine structure of the longest
wavelength absorption band and fluorescence and other
properties, which are relatively independent of environment.
In order to use a chromophore as a structural unit of any
probe, it should exhibit either strong dependence or rela-
tive independence on environment. Especially, the stability
of some spectral parameters of the selected chromophore,
which is part of the probe, is highly desirable, if the probe
should be applied in various environments. The large part of
applications of any probe will take place in the solid phase.
Therefore, it is reasonable to study the behaviour of new
probes in various environments and especially to compare ef-
fect of low molecular solvents with those polymer matrices.

The effect of low molecular solvents on spectral proper-
ties of compounds of different structure is well understood
[37,38]. Less attention was paid to the solvent effect of poly-
mer matrices. In any case understanding of polymer solvent
effect is limited [39]. Two extreme cases are to be consid-
ered for solvent effect of polymer matrix: (i) polymer matrix
is inert even at laboratory temperature, therefore, the same
effect as in gaseous phase is to be expected; (ii) polymer
matrix exerts the same effect as the low molecular solvents
with the same polarity. The real solvent effect of polymer
matrix is somewhere between these limiting cases. This pic-
ture does not consider the fact that the dynamics of the sol-
vent shell is different for low molecular solvent and polymer
matrix.

Anthracene is the chromophore, which exhibits several
fluorescence spectral parameters independent of the en-
vironment (Fig. 1). This fact will be used to explore the
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Fig. 1. Absorption (dotted line) and fluorescence (full line) spectra of anthracene in methanol and cyclohexane at 10−5 mol dm−3, PVC and PMMA at
0.02 mol kg−1.

medium effect on the intramolecular quenching of fluo-
rophore (derivative of anthracene) by quencher (N-oxyl
radical). The typical absorption and emission spectra of par-
ent amine (III) are given in Fig. 2 and the relevant spectral
data are summarized in Table 1. The spectral data of oxi-
dized (IV) and protonized form (V) in various environments
are given in Tables 2 and 3. The absorption and emission
spectra of parent amine (III) are red-shifted about 10 nm
as compared with anthracene. The longest wavelength band
of probesIII, IV andV exhibits fine structure in methanol
(Tables 1–3). The value of the logε of the vibrational bands
lies in the range 3–4 dm3 mol−1 cm−1. The vibrational
structure is preserved in the polymer matrices as well. The
values of logε in polymer matrices are in the same range
as in solution but they are loaded with large error due to
variation in the thickness and are not given in Tables 1–3.

Fluorescence spectrum of the probe containing parent
amine (III) in cyclohexane and methanol is bathochromi-
cally shifted as compared with anthracene as well. The
vibrational structure of fluorescence is distinct and the
most intense band in methanol is 0–0 transition. The same

emission spectrum is observed for oxidized and protonized
form (Tables 1–3). Basically the same features have spectra
of probes under study in polymer matrices. However, the
most intense vibrational band of fluorescence in polymer
matrices is 0–1 transition. The 0–0 transition in emission
spectra ofIII is rather weak in non-polar matrices as PE
and iPP but stronger in polar ones. The separation of vibra-
tional bands of absorption as well as fluorescence spectra
lies in the range 1500–1300 cm−1. In going from non-polar
to polar matrices small red-shift of the most intense band
of fluorescence up to 400 cm−1 is observed.

Stoke’s shift, the difference between 0–0 band of absorp-
tion and fluorescence is around 500 cm−1 in cyclohexane
and methanol and in polymer matrices as well. The small
value of Stoke’s shift indicates that there is only small dif-
ference between the geometry of ground state and excited
state and the similar situation is in polymer matrices. The
probeIV in PE and iPP matrices exhibits the larger values
of Stoke’s shift.

Quantum yield of fluorescence ofIII and V relative to
anthracene in methanol is slightly larger than 1 and forIV



212 P. Hrdlovič et al. / Journal of Photochemistry and Photobiology A: Chemistry 149 (2002) 207–216

Fig. 2. Absorption (dotted line) and fluorescence (full line) spectra of 2,2,6,6-tetramethyl-4-piperidinyl-3-(9-anthryl)-propanoate (III) in methanol and
cyclohexane at 10−5 mol dm−3, PVC and PMMA at 0.02 mol kg−1.

slightly lower than 1. The relative quantum yields for all
probes in polymer matrices lies in the large range 0.1–11.
They are rather low in non-polar matrices as PE and iPP
(0.1–0.4) but they are increasing in going to more polar
PMMA and PVC. This trend with some exceptions is valid
for parent amine as well as for nitroxyl radical. The values
for nitroxyl radicals are smaller in all cases when compared
with the values for parent amine. The large scatter of val-
ues of relative quantum yields might be caused that these
parameter is inherently loaded with larger error in polymer
matrices due to in-homogeneity of the doped probes, vari-
ation of the film thickness, and the necessity to measure
absorption and emission on the same place with equal ge-
ometry of the probing beam. Moreover, the more polar en-
vironment decreases the quantum yield of anthracene fluo-
rescence while it increases that of probesIII–V. This effect

is most pronounced in PVC matrix. Consequently, relative
quantum yield as a parameter is loaded with high error and
it must be applied with some caution. In spite of this con-
clusions concerning the intramolecular quenching, based on
this parameter seems to be reasonable.

The lifetime of anthracene in degassed cyclohexane is
5.23 and undegassed is 4.1 ns by single photon counting
[40]. The lifetime of anthracene, measured on simple set
up consisting from nitrogen laser operating as stroboscope,
processing the signal by Box Car Integrator and applying
the deconvolution by simple phase plane method [34–36],
was 3.8 ns. Similar values were measured for probesIII and
V in methanol. The lifetime forIV was shorter in methanol
and all other matrices than that ofIII andV with exception
of PVC. The standard error of fitting decay curve ofIV to
mono-exponential function was always larger than forIII
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Table 1
Spectral properties of 2,2,6,6-tetramethyl-4-piperidinyl-3-(9-anthryl)-propanoate (III) in different media

Ma νabs, cm−1 (logε,
dm3 mol−1 cm−1)b

νem (Ir)c cm−1 Φr
d τe, ns G1/2f , % �νg, cm−1 ΦNH/ΦNO

h τNH/τNO
i

MeOH 30303 (3.45) 25580 (1.00) 1.2 3.8 1.5 530 1.3 1.2
28902 (3.79) 24213 (0.86)
27624 (3.95) 22883 (0.13)
26110 (3.90) 21598 (0.03)

Cy 30100 (3.45) 25510 (1.00) 0.72 4.1j 410 4.2 4.2
28700 (3.79) 24100 (0.95)
27300 (3.99) 22900 (0.14)
25900 (3.92) 21700 (0.03)

PE 30030 25130 (0.08) 0.3 6.8 2.7 640 3.0 3.1
28740 24040 (1.00)
27320 22730 (0.14)
27770 21410 (0.03)

iPP 30030 25250 (0.16) 0.4 5.8 3.7 520 2.0 1.7
28820 24100 (1.00)
27170 22780 (0.17)
25770 21550 (0.040

PS 30030 25190 (0.84) 2.2 7.1 4.9 580 3.7 1.8
28740 24040 (1.00)
27100 22573 (0.13)
25770 21410 (0.03)

PPMA 30120 25380 (0.23) 2.4 7.6 2.9 520 2.7 1.9
28820 23980 (1.00)
27320 22730 (0.14)
25900 21413 (0.03)

PVC 29760 25190 (0.87) 11.3 3.9 8.4 380 7.5 >1.0
28490 23810 (1.00)
27030 22570 (0.17)
25580 21322 (0.04)

a Medium: MeOH—methanol, Cy—cyclohexane, PE—polyethylene, iPP—isotactic polypropylene, PS—polystyrene, PMMA—polymethyl methacry-
late, PVC—polyvinyl chloride.

b Maximum of vibrational bands of the lowest wave-number absorption band in cm−1 (molar decadic extinction coefficient in dm3 mol−1 cm−1).
c Maximum of the vibrational bands of the fluorescence (relative intensity).
d Quantum yield relative to anthracene under the same conditions.
e Lifetime of the fluorescence determined by phase plane method with home made software [34,35].
f Standard error of lifetime.
g Stoke’s shift.
h Efficiency of intramolecular quenching based on relative quantum yields.
i Efficiency of intramolecular quenching based on lifetimes.
j Lifetime of the fluorescence determined by phase plane method with software of J. Snyder 1988 based on [36].

andV, which might be caused by the presence of paramag-
netic center. The lifetime of all probes in polar and non-polar
polymer matrices is longer than in methanol.

Intermolecular quenching of anthracene and its deriva-
tives (III–V) by N-oxyl type quencher occurs with high ef-
ficiency (Table 4). The Stern–Volmer plots were linear and
knowing lifetime it was possible to determine the bimolecu-
lar quenching rate constants,kq. The values ofkq are slightly
above the bimolecular rate constant controlled by diffusion
in methanol. The reason for this is not quite clear. Since
the Stern–Volmer plots are linear, they do not indicate any
ground state complex formation. The quenching was effi-
cient for IV as well and no synergism with linkedN-oxyl
was observed either.

As the value is slightly above 1 forΦNH/ΦNO and
τNH/τNO for III in methanol (Table 1) it indicates that the
intramolecular quenching is not very efficient. The reason
is probably rather large separation of chromophore and
quencher caused by long link formed by two methylene and
carboxyl groups. The position of quenchee and quencher in
IV is to some extent fixed. It seems to be unfavorable for
intramolecular quenching in solution as well as in polymer
matrices. Since the intermolecular quenching is effective,
the approach of the freeN-oxyl radical must probably occur
from the other side. The values ofΦNH/ΦNO are larger in
polymer matrices showing that the intramolecular quench-
ing is more efficient. This is not unequivocally supported
by values ofτNH/τNO, which are lower than the values of
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Table 2
Spectral properties of 1-oxo-2,2,6,6-tetramethyl-4-piperidinyl-3-(9-anthryl)-propanoate (IV) in different media

Ma νabs, cm−1 (logε,
dm3 mol−1 cm−1)b

νem (Ir)c, cm−1 Φr
d τe, ns G1/2f , % �νg, cm−1

MeOH 30300 (3.18) 25580 (1.00) 0.9 3.2 5.0 390
28900 (3.78) 24150 (0.82)
27470 (3.90) 22880 (0.18)
25970 (3.83) 21600 (0.03)

Cy 30100 (3.32) 25510 (1.00) 0.17 1.0h 290
28800 (3.65) 24100 (0.93)
27300 (3.86) 22900 (0.15)
25800 (3.82) 21500 (0.03)

PE 30030 24940 (0.15) 0.1 2.2 3.6 970
28570 24040 (1.00)
27400 22830 (0.16)
25910 21500 (0.03)

iPP 30030 25250 (0.11) 0.2 3.5 2.2 660
28740 24100 (1.00)
27170 22830 (0.14)
25910 21510 (0.03)

PS 29760 25190 (0.25) 0.6 3.6 2.8 520
28490 23870 (1.00)
26600 22680 (0.13)
25710 21280 (0.03)

PMMA 30030 25190 (0.12) 0.9 4.0 7.1 580
28490 24000 (1.00)
27100 22680 (0.14)
25770 21500 (0.03)

PVC 29760 25190 (0.35) 1.5 4.2 3.7 580
28490 23810 (1.00)
27030 22570 (0.14)
25770 21320 (0.03)

a Medium: MeOH—methanol, Cy—cyclohexane, PE—polyethylene, iPP—isotactic polypropylene, PS—polystyrene, PMMA—polymethyl methacry-
late, PVC—polyvinyl chloride.

b Maximum of vibrational bands of the lowest wave-number absorption band in cm−1 (molar decadic extinction coefficient in dm3 mol−1 cm−1).
c Maximum of the vibrational bands of the fluorescence (relative intensity).
d Quantum yield relative to anthracene under the same conditions.
e Lifetime of the fluorescence determined by phase plane method with home made software [34,35].
f Standard error of lifetime.
g Stoke’s shift.
h Lifetime of the fluorescence determined by phase plane method with software of J. Snyder 1988 based on [36].

ratio of relative quantum yields. The largest difference is
observed for PVC matrix where static value ofΦNH/ΦNO
are large and dynamic value ofτNH/τNO is even lower than
1. This discrepancy between high ratioΦNH/ΦNO and low
value ofτNH/τNO in PVC matrix is difficult to explain. On
one hand, the high value ofΦNH/ΦNO seems to indicate
genuine quenching, while on the other hand, the values of
lifetime in PVC seem to be distorted. For other matrices the
conditions for intramolecular quenching seem to be more
favorable based onΦNH/ΦNO andτNH/τNO data.

Photolysis of anthracene based probesIII andIV in films
on air (photooxidation) at 366 nm irradiation occurs with
the rate comparable with parent anthracene. The course of
this photolysis is monitored by UV spectroscopy by de-
crease of the longest wavelength absorption band in the
region 32,000–27,000 cm−1. The dependence of lnA/A0 on

time is strongly curved (Fig. 3) and only at the beginning
the rate could be estimated (Table 5). The course of pho-
tolysis is nearly the same in all matrices. Clearly, there is a
rapid oxidation of anthracene moiety although the concen-
tration of oxygen in polymer matrices is rather different (PS
1.64× 10−3 mol dm−3, PMMA 0.29× 10−3 mol dm−3 and
PVC 0.275× 10−3 mol dm−3) [41]. The oxidation proceeds
via endoperoxide formation [42], which is well established.
Surprisingly, the presence of sterically hindered amine
structural units does not at all inhibit this process. The ef-
fect of these probes on the overall stabilization efficiency
in the case of photooxidation of isotactic polypropylene is
under investigation.

In conclusion one can state that the spectroscopic data ob-
tained on probesIII–V indicate the weak interaction of chro-
mophore and radical center in solutions as well in polymer
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Table 3
Spectral properties of 2,2,6,6-tetramethyl-4-piperidinyl-3-(9-anthryl)-propanoate hydrochloride (V) in different media

Ma νabs, cm−1 (logε,
dm3 mol−1 cm−1)b

νem (Ir)c, cm−1 Φr
d τe, ns G1/2f , % �νg, cm−1

MeOH 30210 (3.24) 25580 (1.00) 1.3 3.8 3.4 330
28820 (3.65) 23920 (0.83)
27400 (3.85) 22880 (0.14)
25910 (3.80) 21650 (0.03)

PS 29940 25190 (0.29) 2.4 9.5 2.7 580
28490 23810 (1.00)
27400 22570 (0.14)
25770

PMMA 30030 25380 (0.14) 1.1 8.5 1.2 390
28740 23990 (1.00)
27100 22730 (0.14)
25770 21460 (0.03)

PVC 30030 25250 (0.36) 10.4 7.4 6.5 460
28570 23870 (1.00)
27030 22570 (0.15)
25710 21320 (0.03)

a Medium: MeOH—methanol, PS—polystyrene, PMMA—polymethyl methacrylate, PVC—polyvinyl chloride.
b Maximum of vibrational bands of the lowest wave-number absorption band in cm−1 (molar decadic extinction coefficient in dm3 mol−1 cm−1).
c Maximum of the vibrational bands of the fluorescence (relative intensity).
d Quantum yield relative to anthracene under the same conditions.
e Lifetime of the fluorescence determined by phase plane method with home made software [34,35].
f Standard error of lifetime.
g Stoke’s shift.

Table 4
Quenching of fluorescence of 3(9-anthryl)propionic acids (I) and its derivatives by 1-oxo-2,2,6,6-tetramethyl-4-hydroxypiperidine in methanol

Sa KSV
b (dm3 mol−1) rc τd (ns) G1/2e (%) kq × 10−10f (dm3 mol−1 s−1)

Anthracene 204± 2 0.9982 3.7 1.2 5.5
I 140 ± 4 0.9923 3.7 0.7 3.8
II 125 ± 1 0.9963 3.3 1.7 3.8
III 213 ± 1 0.9986 3.8 1.5 5.6
IV 173 ± 2 0.9963 3.2 5.0 5.6
V 163 ± 2 0.9975 3.8 3.4 4.3

a Substrate—quenchee—structure according to Scheme 1.
b Stern–Volmer constant.
c Correlation coefficient of the Stern–Volmer plot.
d Lifetime of fluorescence.
e Standard error of lifetime.
f Bimolecular rate constant of quenching.

Table 5
The initial rate constant of photooxidation of anthracene derivatives doped in PS, PMMA and PVC films

Probe/matrixa kA
b (min−1) PS kA

b (min−1) PMMA kA
b (min−1) PVC

Anthracene 0.021 0.014 0.037
9-Methylanthracene 0.021 0.028 0.009
9,10-Dimethylanthracene 0.024 0.029 0.0124
II 0.026 0.027 0.025
III 0.022 0.038 0.028
IV 0.026 0.042 0.02

a Matrices: PS—polystyrene, PMMA—polymethyl methacrylate, PVC—polyvinyl chloride.
b The slopes were determined for the initial period of 50 min.
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Fig. 3. The course of photooxidation of anthracene based probes by 366 nm irradiation in PS matrix.

matrices. Consequently, the extent of intramolecular quench-
ing is rather low. Moreover the inhibition effect of linked
sterically hindered amine on photooxidation of anthracene
is rather weak.
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