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Abstract

The steady-state fluorescence of two fluorescent condensed aromatic hydrocarbons (anthracene and pyrene) with different fluorescence
decay rates (a few nanoseconds and hundreds of nanoseconds, respectively) were employed to investigate the relaxation processes of seve
random ethylene-co-vinyl acetate copolymers (EVA). Copolymers with various comonomer compositions (EVA-9, EVA-18, EVA-25
and EVA-33) were studied. Data for the EVAs were compared with the same aromatic molecules in low-density polyethylene (LDPE),
high-density polyethylene (HDPE) and poly(vinyl acetate) (PVAc) homopolymer models. The fluorescence rate constants were measured
by single photon counting at room temperature. The wavelength dependence of the emission spectra (the edge-excitation red-shift (EERS))
were studied at room temperature and at 77 K and the data were interpreted based on the correlation of the differences of decay rates for bott
molecules and the time correlation of the polymer relaxation processes. The spectral broadenings (full-width at half-maximum (FWHM))
of the fluorescence spectra were studied from 20 to 400 K, which included temperature ranges above and below the glass transition, and
these broadenings are compared.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction VAc comonomer. The microstructure is composed of an
amorphous phase containing ethylene and vinyl acetate

The nature of the glassy state is subjected to severalunits while the crystalline phase is exclusively composed
types of studies, some describing this as a true thermody-of methylene group$7—10] EVA with higher contents of
namic state, some considering this as a non-equilibrium VAc becomes completely amorphous. Nevertheless, it is
state[1-4]. Independently of the approach to be considered, intriguing that there is no simple relationship between the
polymer systems exhibit a very complex micromorphology Vinyl acetate content and the polymer relaxation processes
in the glassy state. The complexity increases substantially ifin EVA, as shown by the almost constant value of the glass
the polymer forms a semi-crystalline solid or if the chem- transition temperature for EVA with contents up to 50%
ical microstructure is complex, such as with copolymers VAc [9]. In spite of this, the polarity of the amorphous
or branched polymers. In particular, ethylene-co-vinyl ac- phase and of the interface changes continuously, as demon-
etate (EVA) forms a class of random copolymers whose strated both by the change of the intensity of the vibronic
properties are intermediate between the two homopolymersbands | and Il of the fluorescence emission and by the
(low-density polyethylene (LDPE) and poly(vinyl acetate) decay constants of the fluorescence of pyrdiig.
(PVAC)), depending on the proportion of both comonomers  According to the kinetic model for the glass transition
[5-8]. They are semi-crystalline copolymers and the de- [1], the glassy state is characterized by the absence of trans-
gree of crystallinity depends on the relative amount of the lational and rotational order. Moreover, several dynamic

relaxation processes should take place, depending on the

_— temperaturgl1]. The time-scale for these processes covers
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be utilized following several approaches or types of exper- of the fluorescence decay rate on excitation wavenumbers
iments[11-28] Some of them study the dependence of the was studied at room temperature and was discussed based
fluorescence emission with the excitation wavelength in a on the mechanism of inhomogeneous broadening at higher
rigid or glassy media (edge-excitation red-shift (EERS)); temperatures.
others study the time-resolved fluorescence spectrum and the
dependence of the decay rate on the excitation wavelength;
and others study the photochemical and non-photochemical2. Experimental
hole-burning and photon-eco and the inhomogeneous broad-
ening of the spectrfl1-28] Regardless the type of ap- 2.1. Materials
proach and methodologies, all of them should be useful for
comprehension of the mechanisms of motions in the glassy Blown type high-density polyethylene (HDPE) supplied
state. by Polialden and blown type LDPE, additive free, from Po-
Although the theories supporting the experimental results liolefinas (Brazil) were obtained in the form of films. EVA
obtained by optical spectroscopy methods are not straight-copolymers (Aldrich Chemical Co.) in form of pellets, with
forward, all of them consider the interaction between the different VAc contents, were molded by pressing as previ-
optical center (the guest) and the environment (the host)ously described10]. Poly(vinyl acetate) (Aldrich Chemical
upon the spectral line shape or emission decay. Moreover,Co.) was also molded by pressing at 323 K. These films were
the occurrence of spectral broadening arises as the consewashed with methanol amdheptane in order to remove im-
quence of these interactions. Indeed, the spectral line shapgurities, and then were dried in vacuum. Film thicknesses
of a molecule in the gas phase at low pressure is mostly were in the range 60—-80m. Pyrene (Aldrich Chemical Co.,
controlled by the excited-state lifetime while the spectrum 99%) and anthracene (Carlo Erba) were used as received.
of the some molecule in a condensed phase is influenced The fluorescent guests were sorbed into the polymer
by fluctuations of the local structures of the medium that films by swelling the 3cmx 2cm strips in 104 mol 11
produce a time-dependent perturbation of the energy levelsin n-heptane solution. Then, those films were rinsed thor-
[11-28] Thus, when a guest is introduced in the host cavity oughly with methanol to remove the fluorophores on the
both the absorption and the emission spectra are broadenedurfaces and were dried at room temperature in a vacuum
because the cavity exhibits a variety of local solvent con- oven. The fluorophore concentration was limited to a value
figurations that are continuously changing at temperatureswhere self-absorption/re-emission or excimer emissions are
above 0K[11-28] In addition to the broadening, the emis- minimized &10-°mol I71).
sion peak might be dependent on the excitation wavelength,
if the mobility of the host would be inhibited or if it occurs 2.2. Methods
at a very slow rate. This effect is known the edge-excitation
red-shift[11-15] Molar mass and molar mass distributions of the PVAc,
In an attempt to understand the dynamics of the glass tran-LDPE, HDPE and EVA copolymers were determined by
sition and other secondary relaxation processes in polymergel permeation chromatography (GPC) using the protocol
systems we assume the hypothesis that the translational angreviously reportedl10].
rotational motions are totally frozen in the glassy state and, Vinyl acetate content in all copolymers was determined
thus spectral broadening or the EERS effect are both prob-by thermogravimetric analysis using the mass loss of the
able. Similar to the EERS effect in solvents, the effect in first step of the degradation procesq4@$. The thermal
polymer matrices should be strongly dependent on the tem-transitions of the films were determined by differential
perature and the magnitude of the effect should be enhancedcanning calorimetry (DSC) (DuPont, model v2.2A 90),
by the increase of the viscosity of the medifibi-15,28] calibrated with indium as standard, following the previ-
Thus, we analyzed the full-width at half-maximum (FWHM) ously established protoc¢l0]. The melting and the glass
and the dynamics of relaxation processes over the temper4ransition temperatures as well as the temperatures of the
ature range from 20 to 400K (below and above the glass other secondary polymer relaxations were also determined
transition temperature) of several EVA copolymers contain- by fluorescence spectroscof20].
ing pyrene as fluorescent guest. We compared the profile Steady-state fluorescence spectra of fluorescent probes
of the curve of the fluorescence intensity at several tem- sorbed in polymer films were measured at room tempera-
peratures and we associated the slope changes with theiture (298 K) and 77 K (liquid nitrogen) using a conventional
polymer relaxation processgi),29] We also measured the  spectrofluorimeter (Aminco SLM 500). Three wavelengths
peak position of the fluorescence band at several temperawere chosen for excitation: one coincident with the maxi-
tures and correlated it with the fluorescence decay of the mum of the lower energy excitation band and the other two
guestrr, and the relaxation processes of the polymer matri- shifted 4-5 nm to the red or to the blue-edge of the excitation
ces,tr. Two fluorescent molecules (anthracene and pyrene) peak. The slits of the excitation and emission monochro-
were employed that exhibit different decay rates & mators were selected in the Aminco spectrofluorimeter to
4-5 and 200-400 ns, respectivgly,15]). The dependence produce+0.5nm of spectral resolution.
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Steady-state fluorescence measurements at various tempesummarized inTable 1 Although our previous works dis-
ratures were also performed with better resolutibf.¢ nm) cuss these data in more detdiD,29] the data depicted in
using 0.5 m spectrometer (Spex 500 M monochromator) with Table 1show that the HDPE, LDPE and EVA with lower
a photomultiplier tube connected to a lock-in amplifier as VAc content are semi-crystalline materials and the degree
described elsewher80]. The polymer films inserted be-  of crystallinity (wer psc) decreases with the increase of the
tween two quartz windows within the cryo-system allow- VAc content. PVAc is a completely amorphous polymer,
ing measurements from 20 to 40080]. The fluorescence  with a glass transition temperature @@. = 305K. Using
spectrum was recorded every 10 K. For the study of the de-the DSC curves we also determined the melting temper-
pendence of the fluorescence emission on the temperatureatures and the melting enthalpy (for the semi-crystalline
we used only the wavelength coincident with the excitation polymer) and the glass transition temperatures (for the
peak (337 nm for pyrene), selected by a 0.25 m Thermal Jar-amorphous EVAs and PVAc)éble 1.
rell Ash 82-410 monochromator. In addition to the melting process and the glass transitions,

Fluorescence decay, at room temperature, was performedhese polymers undergo secondary relaxation processes.
by single photon counting (Edinburgh Analytical NF900 sys- These relaxation processes can be determined by several
tem) operating with a pulsed hydrogen lamp. The excita- technique$9,31-48] including the temperature-dependence
tion wavelength coincident with the excitation peak (360 nm of the fluorescence intensif9,49-51] Fig. 1 shows one
for anthracene and 337 nm for pyrene) was the same asexample of the dependence the fluorescence spectra on the
those employed with the steady-state spectrofluorimeter. Thetemperature (range from 20 to 400 K) for pyrene sorbed in
emission wavelength for the collection of counts was in the HDPE. As we can see, the fluorescence spectra decrease
fluorescence maximum (402 nm for anthracene and 374 nmas the temperature increasésg( 19 which can be rep-
for pyrene). Samples were aligned af 46 the incident ra- resented by the decrease of the integrated (over the entire
diation and the emission was collected at a right angle from spectral range) and normalized (using the higher intensity
the back face of the polymer film. Samples were sealed in aemission) fluorescence intensitiésd. 1. The decrease of
Vitrocom capillary under vacuum. The instrument response the fluorescence intensity with the increase of temperature
was determined at every measurement using Ludox as scatis explained by the enhancement of the efficiency of the
terer. At least 1Hcounts were collected in the peak channel. radiationless processes at higher temperatures, compared
Deconvolution was performed by nonlinear least-squares with the efficiency of fluorescence emissifrb].
routines using the software supplied by Edinburg. The polymer relaxation processes were analyzed by the

slope of the curve of the temperature dependence of the
fluorescence intensity using the integrated intensity over

3. Results and discussion the entire emission band (from 365 to 440 nriEjg( 1bH)
o [29,49-51] The criterion for defining a relaxation tempera-
3.1. Characterization of EVA copolymers ture is the change of the slope in the linéawversusT plot

if and only if the new slope is maintained for the next three
Some physical properties of the polymer and copolymer values of the integrated intensity. In addition to this, we also
samples were determined by several techniques and areonsidered a confident value for the relaxation temperature

Table 1
Some physical properties of HDPE, LDPE, EVAs and PVAc

Sample

HDPE LDPE EVA-9 EVA-18 EVA-33 PVAC
VAC (%) 0 0 9 18 33 100
Ty (K)® 110 110 110-130 110-130 100 80-90
Ty2 (K)P 160 160 160 - - -
T (K) - - - - 180-190 180-196
Ty (K) 220-250 220-250 220 220 230 and 300-310 300-310

- - 26T 25¢F 257 30%F

Ta (K)P 300 300 270-290 270-290 - -
Tm (K) 410 383 377 357 337 -
Mn (kg mol1) 15 21 37 21 22 23
Mn/My 14.1 16.2 6.0 45 2.9 2.9
wer,psc (%)° 49 40 25 17 - -

Degree of crystallinity from DSC thermogramsd psc (%) = AmHsample/ AmHpE; AmHpe: melting enthalpy for 100% crystalline PB]).
2Weight percentage from TGA.
bvalues determined by fluorescence spectrosd@gy.
€Ty from DSC.
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Fig. 1. (a) Fluorescence spectra of pyrene sorbed in HDPE; (b) integrated intensity of the fluorescence band; (c) wavelength of the vibrational band |
(Aem = 372-374 nm). Several temperatures between 15 and 405K.
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when the next three values of the integrated intensities dif- show any correlation among the relaxation processes and
fered by a factor larger than the average distribution of the the VAc content for the EVAs, in agreement with some re-
previous values. These changes occur at well-defined tem-ports[9]. Furthermore, the existence of several types of re-
peratures coincident with the temperature of the relaxation laxations shows a variety of macromolecular motions with
processes of HDPE determined by several other techniquedifferent thermal activation energies, including motions of
[31-38] Similar results were obtained for other polymers shorter macromolecular segments at lower temperatures and
(LDPE, EVA copolymers and PVAc) and the description and longer segments at higher temperatures. Each one of these
the proposed assignments of these processes are also summegnermally activated movements modifies the relative effi-
rized inTable 1 [29] It is noteworthy that the slope changes ciency of the fluorescence emission reflecting in a decrease
of the fluorescence intensity occur at the same temperature®f the integrated fluorescence intensity.

observed for the polymer relaxation processes determined

by other techniques, although some of the assignments are3.2. EERS effect and spectral broadening

still controversial[9,39-48]

The range of the temperatures of the polymer relaxation Three aspects of the fluorescence spectra of anthracene
processes summarized Table lare: they-relaxation pro- and pyrene in those polymer matrices were analyzed: (i) the
cesses (temperature range from 110 to 160K) occur atdependence of the spectral shift of the fluorescence spec-
lower temperatures for PVAc (100 K) than for polyethylenes tra on the excitation wavelength at both room temperature
(LDPE and HDPE) (110 and 160K)Td&ble 1. The (above the glass transition for all polymers but PVAc) and
v-relaxation involves movements of short segments of the at 77 K (all polymers are completely frozen). Three wave-
polymer chain as well as movements of the branches and oflengths were selected: at the peak, at the red-edge and at
the end-groups of the chajf,29,31-48] The 3-relaxation the blue-edge of the excitation band. (ii) The dependence of
(rotation of VAc groups) occurs in the temperature range the fluorescence decay at room temperature with the sample
of 180-190K for PVAc and the EVA. The assignment of excited at the peak of the excitation band. (iii) The temper-
the B-relaxation processes for polyethylenes is still con- ature dependence of the full-width at half maximum in the
troversial. Several works reported that the glass transition range from 20 to 400 K. All three types of data are correlated
of polyethylenes occurs from 215 to 250K while others with the mobility of the macromolecular segments form-
reported thatB-relaxation is occurring in this tempera- ing the cavity where the fluorescence molecules are located
ture range[31-39] Regardless the correct assignment, an [11-28]
unequivocal relaxation process occurs in this temperature We also noted that the peak position of the fluores-
range, which we assigned to the glass transition accord-cence spectra was shifted to a longer wavelength with an
ing to the attribution performed for the EVA. This process increase in temperaturé-if. 1. Nevertheless, the curve
involves the movements of polymer segments where the profile exhibited slope changes at the same temperatures
fluorescent guest is located, i.e. both the amorphous phasettributed to the different types of relaxation processes pre-
and the interface regions between the crystalline and amor-viously described. Assuming that the peak position reflects
phous phaseR9,49-51] It also involves longer segments the decay from specific Franck—Condon state and that the
of the polymer chain compared witfrrelaxation, inducing decays at longer wavelengths originates from more stable
a highly efficient fluorescence deactivation. The glass tran- (relaxed) excited states, the slope changes are explained
sition of the EVA with the onset temperature at 220K has by the changes of the solvation layer around the excited
also been observed, independent of the VAc content. Themolecules that influence the population of the more relaxed
glass transition of PVAc is observed at higher temperatures, fluorescent Franck—Condon states.

Ty = 305K. In addition, we also observedrelaxation oc- A simplified model for describing the relaxation process
curring from 270 to 300K for the EVA, LDPE and HDPE, of the Franck—Condon states is presentdegn 2 If the sol-

in the order of the increase of the temperature. Since thisvation layer is completely immobilized during the excitation,
relaxation involves the presence of a crystalline ptjasg the emission results from the non-relaxed Franck—Condon
and since the fluorescent guests can not be located insidestate bivg in Fig. 2). However, if the solvation layer is able
the crystalliteg34,49-51] we attributed this relaxation to  to relax during the lifetime of the excited state, the emis-
the movements of segments located at the interfaces besion will be changed to lower wavelengths and the decay
tween the amorphous and crystalline regi¢g8,49-51] originates from the relaxed Franck—Condon stédter()
Finally, the melting process of polyethylene segments wasin Fig. 2). If the relaxation process of the Franck—Condon
observed in the temperature range from 300 to 380K for states is a continuous or a two-level process is still contro-
some EVA (lower temperatures), LDPE and HDPE (higher versial[11-28]

temperatures29,49-51] Moreover, based on this model, we consider that the

Detailed descriptions of these relaxations were previously medium below 100K is completely frozen with the emis-
reported[29,49-51] which agree with reports using sev- sion occurring from the non-relaxed Franck—Condon states,
eral other techniqug81-48] Moreover, the relaxation pro-  while the emission at room temperature results from the
cesses determined by fluorescence spectrog@®pyo not more relaxed state and is shifted to the red.
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Fig. 2. Scheme for the fluorescence emission from the Franck—Condon states and the relaxation processes of the sameeAf are the vibronic
energy of the excited (E) or ground (G) Franck—Condon (FC) statesand ug are the dipole moments for the molecules in the excited (E) or ground
(G) FC statesy; is the relaxation time of the solvation layéryr) are the energy transition for the fluorescence from the non-relaxed and relaxed FC
states; circles are the cartoons for the orientation of the dipole moment of the solvent molecule.

Fig. 3 shows one example of the steady-state excitation Thus, we assume that, although at room temperature all
and fluorescence spectra using three excitation wavelengthgpolymer matrices form a solid state host and that in some
for anthracene (355, 360 and 365 nm) and for pyrene (333,cases they are semi-crystalline materials (HDPE, LDPE,
337 and 341 nm) in EVA-9, at room temperature and at 77 K. EVA-9, 18 and probably EVA-33), the cavity where the flu-
The excitation spectra were collected at the fluorescenceorophores are located relaxes faster than the decay rate of
peak (402 nm for anthracene and 374 nm for pyrene). Similar anthracene, which suggests that the cavity is softer than a
spectra were also collected for both molecules in the other completely crystalline matrix. This is additional evidence
polymers (not shown). FrorRig. 3a and ave note that the  that these guests are not included in the crystalline phase of
peaks of the fluorescence band, at room temperature, werdghe host, as is also observed by the absence of distortion of
independent of the excitation wavelengths. However, there the patterns of the X-ray diffraction peaks, already reported
is a small red-shift of the florescence spectrum at 77 K if [34,49-51] So far, the macromolecular segments forming
the excitation occurs at the red-edge of the excitation bandthe walls of the cavity where the molecule is located be-
(365 and 341 nm for anthracene and pyrene, respectively)have, at room temperature, as a sink for a partial dissipation
(Fig. 3b and §I In conclusion, the red-shift of the emission of the energy of the excited molecule. Thus, all molecules
spectra for molecules excited at the red-edge of the absorp-decay from a relaxed Franck—Condon state, independent of
tion/excitation band in the frozen matrices demonstrated thethe excitation wavelengthi-{g. 2) [11-28]
presence of the EERS effect. Regardless of the origin of the inhomogeneous broaden-

As is well known, the EERS effect results from the in- ing in a polymer matrix, it should differ from that in the
ability of the solvation layer to undergo a relaxation pro- solid crystalline state: a crystalline phase is a more ordered
cesses around the exited molecule at lower temperaturesystem and a more rigid medium than the amorphous phase
[11-28] Consequently, the solvation layer around the ex- of a semi-crystalline polymer. On the other hand, the seg-
cited guest was unable to relax during the lifetime of the ments of the chains in the amorphous phase can undergo
electronic excited state and thus, the emission results frommovement around the guest related to its polymer relax-
the non-thermally relaxed Franck—Condon stakég.(2). In ation processes. At room temperature, all polymers (HDPE,
contrast, at room temperature the EERS effect was not ob-LDPE and EVAs) but PVAc are above the glass transition
served for either anthracene (faster decay rate) or for pyrenetemperature and the polymer chains should also display
(slower decay rate), indicating a decay from the relaxed long distance movemen{8,5]. It was established long ago
Franck—Condon state. that the mobility represented by the intrinsic macroscopic
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viscosity or time correlation for rotational and translational ~ The analysis of the decay curves was performed by non-
relaxation of the medium impacts on the fluorescence in- linear least-squares routines minimizing tieparameters.
tensity [11-28] In consequence, when the temperature The experimental curves were fitted by multi-exponential
decreased or the solution is very viscous, the fluorescencefunctions Eq. (1) using the software supplied by Edin-
peak is blue-shifted stepwise and both the fluorescence pealburgh Instruments:

and the fluorescence decay exhibit an excitation wavelength 1/t (/v (/v

dependence (EERS effectgl. These effects resulted from ?hel(t) = Aot Are /W 4 Ape /P 4 Age/ @
slower dipolar re-orientation of the solvation layer around wherer; > 1> > 13 are decay constants and the are

the molecule during the lifetime of the electronic excited the corresponding pre-exponential terms. Fits were deemed
state Fig. 2). Thus, the emission occurs from an unrelaxed acceptable whery? < 1.2 and no systematic deviations
Franck—Condon state and before the relaxation of the sol-from zero in the corresponding residual plots were appar-
vation layer around the molecule. In contrast, the cavity of ent. Excluding a very fast decay component from scat-
the polymer matrix where the guest is located relaxes fastertered light, the temporal decay curves were fitted with a
at room temperature than the fluorescence decay rate andsingle-exponential, demonstrated by the acceptability?of
consequently, the steady-state emission was independent o&nd the corresponding random residual pldtgy( 4 and

the excitation wavelength. Table 2.

The analysis of the time correlation between the poly-  From the decay rates depictedTiable 2we observed that,
mer relaxation and the fluorescence decay was performed byin general, the fluorescence emissions of both anthracene
recording the decay curves for both anthracene and pyreneand pyrene were faster for more polar polymers than for
fluorescence at room temperaturéy. 4 shows examples of  the non-polar polymers although, as expected, the effect
these decay curves for both fluorophores in two polymers, was more pronounced for pyrefit0,15] Data for fluores-
the LDPE and the PVAc. Curves for both guests in the other cence lifetime of pyrene in all polymers follows the expected

copolymers are similar and are omitted. trend with the polarity. Nevertheless, anthracene shows less
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Table 2 changes of the dipole moments upon excitatipf]. Al-
Fluorescence decay constanis(ns) and)l(z—values for anthracenae(m_z_ though the Stokes’s shift for anthracene was very small,
402nm) and pyrenégm = 377 nm) excited at the peak of the excitation o0 \was a systematic decrease of the Stokes’s shifts with
band at room temperature . . —

the polarity of the medium from 215 ¢th for EVA-33 to

Anthracene Pyrene 150 cn! for LDPE that is explained by the larger values of

¢ (ns) X2 ¢ (ns) $2 both the dielectric and the refractive index of PVAc, com-

(Aexc = 360 nm) (Aexc = 337 nm) pared with LDPHS] .
HDPE 4.89+ 0.01 1.165 - - In contrast, the Stokes’s shifts between the absorp-
LDPE 4.48+ 0.01 1312 400k 2 1.047 tion/excitation and fluorescence spectra of pyrene have not
EVA-9 =~ 4.56:+£ 001 1.29 37485 1108 heen analyzed because the electronic states involved in both
EVA-18 40+ 0.3 1.117 358 3 1.068 "
EVA.33 4244 0.01 1078 346 2 1.002 transitions are not the sanfg5]. Nevertheless, for pyrene
PVAC 4.23+ 0.01 1309 310+ 3 1.056 there is a remarkable dependence of the fluorescence spec-

tra on the polarity of the medium, as shown by thés
vibrational ratio of the fluorescence spectrig( 5) [10].

We also observedH{g. 5b and Jl that the FWHM val-
sensitivity to the polarity, which means that the decay rates ues are always broader at room temperature compared with
are virtually the same for EVA-18, EVA-33 and PVAc. those at low temperatures for the same guest in a specific

Pyrene exhibits slower fluorescence decay rates={ polymer. Moreover, we noted that the FWHM of the fluo-
200-400 ns) (se€able 2for the experimental data) than an- rescence emission were smaller and the vibronic structure of
thracene (4-5ns). Assuming that these decays exhibit onlyboth excitation and fluorescence bands were better resolved
a weak dependence on the temperaf&, we assume that  for molecules in LDPE or HDPE than in PVAGiQ. 5).
the anthracene decays are in the range of few nanosecondQualitatively the sharper spectra in polyethylenes may be
while those for pyrene are in the range of 200-400ns, in- explained by considering that the methylene sequence acts
dependent of the temperature. Therefore, the presence oms a quasi-linear hydrocarbon matrix different from PVAc,
absence of an EERS effect is controlled by the correlation which has bulky side-groups attached to the polymer chain
between the relaxation timeg, (or temperature) of the ma-  [13-15,52] In other words, the zero phonon band and the
trix and the fluorescence decay rate of the gugstieading excited phonons are less coupled for these molecules in
to the conclusion that, above a certain temperatugex< polyethylene than in the other polymers. Since the EVAs are
7, the fluorescence originated from the excited state after random copolymers with some VAc side-groups, we expect
complete relaxation of the Franck—Condon states. Further-that both the size and the shape of the macromolecular seg-
more, we can conclude that at 77 K the solvation layer re- ments (the methylene chain) able to produce a quasi-linear
laxes slower than the slower fluorescence degay> tr = solvation of the molecules decrease and, thus, the spectrum
200-400ns. should be more inhomogeneously broadened with the in-

Considering that at 77 K all of the polymers were below crease of VAc content. Similar results using hole-burning
the y-relaxation temperaturel'(< 110 K), the motions of  techniques have already been repoftetd-28]
all small segments of the polymer chains were, below this  For a better evaluation of the influence of the rigidity of
temperature range, also frozen and thus, the EERS effecthe medium on the FWHM of the emission spectrum, we
takes place. This result agrees with data reported using theperformed careful measurements of the fluorescence spec-
hole-burning technique, demonstrating that while the time tra of pyrene using larger spectral resolutiar0(2 nm) in
decay rate of organic guests in organic glasses was in thea wider range of temperature, from 20 to 400Kig 6)
nanosecond time-scale at very low temperatures, the relax-with the excitation wavelength at 337 nm for pyryene. The
ation time of the host was within the millisecond time-scale FWHM of the higher energy vibronic band | of the fluores-
under the same conditiofig8]. Therefore, under these con- cence emission was determined for pyrene in all polymers
ditions, the large difference of time-scale for the relaxation using a Gaussian function for deconvolution from the entire
processes and the fluorescence decay were responsible fagpectrum. Using the best fit we determined the FWHM and
the inhomogeneous broadening of both the absorption andplotted this value as a function of temperaturgy( 6).
the emission spectra by a static mechanism and by the EERS The profile of the curve for the FWHM of the vibronic
effect[11-28] band | versus temperaturEi¢. 6) for pyrene in these poly-

We also measured the fluorescence spectra for both flu-mers may be divided into three components with different
orophores in polymer matrices of different polarities, from slopes. From 20 to 110 K, where the systems are completely
HDPE to PVAc at room temperature and at 77Kg( 5). frozen, the peak positior-{g. 19 and the FWHM exhibited
Samples were excited at the peak of the excitation band.a weaker dependence with temperature. In this temperature
For anthracene we observed a very small spectral shift with range a smooth stepwise red-shift of the emission band with
the polarity of the medium predictable by the relationship heating occurredHig 19. Furthermore, as soon as the ma-
between the Stokes’s shift and the solvent properties. Thistrix became more semi-crystalline (lower VAc content in the
small solvatochromic effect is a consequence of the small copolymers) the fluorescence bands became sharper. Using
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(—) EVA-33 and (- -) PVAc, at room temperature (a and c) and 77K (b and d).

the curve depicted ifrig. 6, we extrapolated the width for All these results confirm that, in this temperature range,
T — OK that is the lifetime-limited origin of the broad- the molecular emission originates from non-relaxed Franck—
ening. These values are ca. 119¢nfor HDPE, 121 crt Condon statesHig. 2) and that the polymer relaxation is
for LDPE, 160cn! for EVA-9, 129cm! for EVA-18, slower than the slower emission decay rate> = = 400—
161 cnt! for EVA-33 and 139 cm? for PVAc. It is note- 200 ns. As shown earlier, the relaxation procegselaxa-

worthy that they are, at least, orders of magnitude broadertion) occurs at 110 K and involves rotation of small segments
than the expected value for the homogeneous broadening obf the polymer chain located at the amorphous phase and at
a molecule with a decay rate of 200—400 ns, such as pyrenethe interface between the amorphous and crystalline phases
(ca. 5.3x 10* to 10 3cm! for lifetime-limited values of the polymer matri49-51] At the onset of the relax-
of organic fluorophores with a decay rate on the order of ation process, there is a stepwise red-shift of the spectrum
nanosecondd)l4,53] Nevertheless, they are in agreement at the same excitation wavelength, which implies that the
with typical half-widths of ca. 100 cmt observed for or- excess of vibrational energy of the excited-state molecule
ganic guests in amorphous environments, which are largercan be transferred to the medium and be transformed into
than in crystals (1-20 cnt) [14]. movements of the small segments of the polymer chain.
We also noted irFig 1c a steeper increase of the peak Since the rigidity of the cavity containing the molecules is
wavelength with the temperature®t- 110K, although the  still very high, the vertical excitation results in an emission
FHWM still exhibited a weak dependence on temperature without relaxation of the solvation layeFig. 2).
(Fig. 6). As discussed previously, at this temperature the Between 220 and 250 K we observed changes of slope in
onset of they-relaxation process occurs. both the curve for FHWMFKig. 6) and that related with peak
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position Fig. 19. In addition, in this temperature range, additional broadening of the spectrum that was also ob-
both therem values and the FHWM remain almost constant. served by photochemical hole-burning experimg¢agj.

As previously described, in this temperature range the glass

transition for these polymers occurs, with the exception of

PVAc. This relaxation changes the surroundings of the guests4. Conclusions

from a vitreous amorphous material to a viscous-elastic

medium. Furthermore, fof > 250K a new stepwise in- Inhomogeneous broadening of the fluorescence emission
crease of the peak positioRi¢. 19 and a rapid increase of of anthracene and pyrene sorbed in three types of EVA
FHWM (Fig. 6) are observed with the increase in tempera- copolymers were compared with the results with two types
ture. Once the phase transition is complet&d= 250 K), of HDPE and LDPE and with PVAc. The inhomogeneous
the microenvironment where the molecule is located started broadening of the fluorescence spectra of two guests (an-
to exhibit thermal fluctuations involving longer macromolec- thracene and pyrene) were analyzed from 30 to 400K and
ular segments and the medium starts relaxing faster than thehe data were correlated with the polymer relaxation pro-
decay rate. It has also been suggested that in a temperatureesses.

region up to 50K above the glass transition, the structural We observed that the broadening was strongly enhanced

relaxation of the liquid still remains relatively sloj28], for temperatures above the glass transition, demonstrating
which should explain the almost constant values of the spec-that there was a time correlation between the relative effi-
tral broadening from 220 to 250 K. ciencies of the fluorescence decay of the guest in a polymer

Thus, the time correlation between the polymer relaxation matrix and the relaxation processes of the host.

processes and the fluorescence decay is changing at the on- We also showed that the mechanism of the inhomoge-
set of the glass transition temperature, from a regime whereneous broadening changes with the temperature. A time
TR > TF below Ty to 7r = ¢ at Tg. Two mechanisms in-  correlation between the polymer relaxation and the fluo-
fluencing the spectral broadening of a fluorophore in a solid rescencezr > tF, is observed at the lower temperatures,
matrix have been suggestg8]: (1) Below the glass transi-  below the glass transition temperature of the medium and
tion, the only possible mechanism of the broadening results under these conditions, the EERS effect should take place.
from the phonon coupling of the vibronic states of the guest  Using two fluorescent guests (anthracene and pyrene) with
and those of the matrix. (2) Above the glass transition, the very different fluorescence decay rates, we showed that the
vibronic states of the guests are coupled with the structural polymer relaxation processes of the host occurred with a
coordinates of the host, whose mobility determines the rate slower than hundreds of nanoseconds (the decay rate of
macroscopic fluidity of the systef28]. As a consequence, pyrene) at low temperatures. Under these conditions, we as-
the structural relaxation at the glass transition on the samesumed that the mechanism for the inhomogeneous broaden-
time-scale as that of the emission spectra produces aning should be static, i.e. the decay occurs without relaxation
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of the polymer cavity. Above the glass transition, where the [18] E. Leontideis, U.W. Suter, M. Schutz, H.-P. Luthi, A. Renn, U.P.

relaxation processes become faster than a few nanoseconds

Wild, J. Am. Chem. Soc. 117 (1995) 7493.

(the decay rate of anthracene), more remarkable change$t® M-J.E. Morgenthaler, K. Yoshihara, S.R. Meech, J. Chem. Soc.,

of the fluorescence intensity and of the spectral broaden-

Faraday Trans. 92 (1996) 629.
[20] 1.V. Litvinyuk, J. Phys. Chem. 101 (1997) 813.

ing occurred. These results were explained by the structuralj21] r. Nakamura, A. Ishizumi, J. Watanabe, J. Nakahara, J. Lumin. 76

mechanism of the inhomogeneous broadening that occurs

above the glass transition temperat{&&]. This remarkable

change of the spectral properties above the glass transition
suggests that the dynamics of this process strongly influenc

the mechanism of inhomogeneous broadening.
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