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Abstract

Temperature effects on the photoluminescence spectrum, phosphorescence lifetime and phosphorescence intensity of poly(ethylene
terephthalate) have been investigated in the range —185 to +30°C. Both the fluorescence and phosphorescence emission spectra are
composed of a monomeric-like component and a red-shifted emission attributed to the formation of ground state dimers. Monomeric
emissions are enhanced at low temperature. The transient phosphorescence signals at excitation switch-on and switch-off are clearly not
exponential, but could be suitably fitted to a stretched-exponential function. The temperature dependence of the related parameters is
discussed. The kinetic analyses of temperature effects on steady-state phosphorescence indicated that phosphorescence quenching is
controlled by oxygen diffusion. A correlation between the phosphorescence decay and the secondary relaxation of PET as probed by

dielectric spectroscopy has been established. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Over the last 30 years, considerable interest has been
devoted to the study of optical properties of Poly(ethylene
terephthalate), and, as part of it, to the room temperature
photoluminescence. Indeed, PET has major applications in
fibre industry and packaging, and optical properties as a
whole are known to be dependent on processing-induced
structural features such as crystallinity ratio and molecular
orientation and give information at a molecular scale. Mole-
cular orientation induced upon drawing has been investi-
gated using the fluorescence polarisation anisotropy of
either physically incorporated dyes [1], or chain-intrinsic
chromophores [2,3]. Besides, PET is widely used in elec-
trical engineering for its insulation properties. For such
applications, high electrical strength and resistance to
long-term degradation are required. The analysis of the opti-
cal signature of insulating materials submitted to high elec-
trical stress constitutes a way of investigating space charge
mediated electrical degradation [4—6]. Such analyses are all
the more suited that the nature of the emitting groups is
identified. Photoluminescence therefore constitutes a pre-
requisite to such investigations.

* Corresponding author. Fax: +33-5-6155-6452.
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Progress in the understanding of the fluorescence of PET
has been accomplished with the evidence of a ground-state
dimer emission related to the amorphous phase of the
material [2,7,8]. This feature has been demonstrated
recently on more theoretical grounds [9,10]. Phosphores-
cence of PET and its temperature dependence has been
comparatively less investigated [7,9,11]. Besides, the scarce
phosphorescence spectra, which are reported, differ from
one work to another [9,12]. The aim of this paper is to
propose a detailed analysis of the temperature dependence
of photoluminescence in PET. The evolution of the emis-
sion spectrum and the phosphorescence lifetime as a func-
tion of temperature are specifically considered. Correlation
has been established between the temperature dependence
of the phosphorescence and the secondary relaxation of PET
as probed by dielectric dynamic analysis.

2. Experimental
2.1. Material

Non-oriented PET films of 200 pm thickness, M, =
20,000 g mol_l, from Rhone—Poulenc have been investi-
gated. Though nominally amorphous, samples appeared
slightly hazy. The differential scanning calorimetry (DSC)
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Fig. 1. DSC thermogram of PET obtained at a heating rate of 10°C min.

scan of the material is shown in Fig. 1. It was obtained with
a DSC-2010-CE model from TA Instruments on a 16.9 mg
sample and a heating rate of 10°C min~'. The endothermic
phenomenon characteristic of physical ageing effects peaks
at 77°C. The glass transition defined at the intersection point
of the DSC scan with the baseline extrapolated from the
higher temperature signal is found at 75.1°C. The cold crys-
tallisation peak is found at 135.6°C, and the melting peak at
258°C. The crystallinity has been estimated by two methods,
first from the net heat flow integrated over the range 110—
270°C, and second by integrating the cold crystallisation
and melting peaks separately. The results are given in
Table 1. Considering that the melting enthalpy for PET
crystals is 119.8 J g~' [13], crystallinity values of 12 and
8.5%, with the first and second methods, respectively, were
deduced. Hence, the crystallinity of the materials can be
estimated as ca. 10%.

2.2. Optical measurements

Photoluminescence measurements were realised using an
home-made apparatus. A schematic representation of the
optical arrangement is shown in Fig. 2. The experimental
set-up is designed in such a way that low level light

Table 1

Parameters related to cold crystallisation and melting deduced from DSC.
The peak area was deduced in respect to the baseline taken at the tempera-
ture limits given in the first column

Temperature Peak Transition Crystallinity
range (°C) temperature enthalpy (J g'l) (%)
4©)
110-270 - 14.40 (net) 12
110-190 135.6 —34.26
(crystallisation)
200-280 258.0 44.38 (melting) 8.5
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Fig. 2. Schematic diagram of the optical arrangement. (1) UV-excitation;
(2) photon counting; (3) spectral analysis; (4) T-sensor; (5) sample and
thermally regulated holder; (6) moving mirror holder.

emission from polymers may be measured in situ for various
kinds of excitation, being either electrical field [4-6], cold
plasma [14], UV or temperature [15]. The light tight cham-
ber is organised around three optical axes equipped with
windows and lenses made of quartz. The UV excitation
for photoluminescence measurement is made on axis 1
using a 150W Xenon source coupled to a double-pass mono-
chromator (Jobin—Yvon type H10). The available range of
excitation wavelength is 220—800 nm. In the configuration
used, the bandwidth of excitation is = 2 nm.

On axis 2, integral light detection is made by means of a
cooled (—20°C) photomultiplier (Hamamatsu R943-02)
working in photon counting mode with Ortec counting elec-
tronics. A wide bandwidth ( = 40 nm) filter can be inserted
on the optical path for determining the phosphorescence
lifetime. The spectral analysis of the emitted light is made
on axis 3 using a grating monochromator (Jobin Yvon
CP200) coupled to a liquid nitrogen cooled charge-coupled
device -CCD- camera from Princeton. A mirror is moved on
axis 2 for deflecting the light along axis 3 when spectra are
recorded. The analysis range is 220—840 nm and the resolu-
tion is 4.5 nm in the configuration used. For both integral
and wavelength resolved detection, the light is collected
along a direction perpendicular to the plane of the sample
film (axis 2).

The film sample is installed on a polished electrode and
the specular reflection of the excitation beam is along an
axis out of the solid angle of detection. The sample holder is
thermally regulated by means of a heating resistor asso-
ciated with a liquid nitrogen reservoir with continuous
flow. The available temperature range is —185 to 180°C.
All photoluminescence measurements were made in a
Helium atmosphere at atmospheric pressure.

2.3. Dielectric spectroscopy

In order to establish correlations between the temperature
dependence of photoluminescence and molecular motions
related to the B-relaxation of PET, dielectric dynamic
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Fig. 3. Photoluminescence spectra obtained at 20 and —185°C, for different
excitation wavelength: 280 nm = solid line; 300 nm = dashed line;
310 nm = dotted line. Spectra were normalised to the maximum emission.

measurements were performed in the frequency range of
1072-10° Hz with a Novocontrol BDS 4000 system, and
in the temperature range of —150 to +20°C. More details
on the set-up are given elsewhere [16].

3. Results and discussion
3.1. Photoluminescence spectrum

Fig. 3 compares the emission spectra obtained at different
temperatures and excitation wavelengths. At room tempera-
ture, two bands are observed at 336 and 386 nm. The struc-
tured emission of fluorescence has already been extensively
studied. The generally admitted interpretation is that the
lower wavelength emission corresponds to the monomeric
emission of PET. The longer wavelength, in the region 365—
390 nm, has been interpreted as an excimeric emission
[12,17,18] or a ground-state dimer [2,7,19,20]. Unlike exci-
mers, which result from interaction of nearby excited states,
and dissociate once relaxed to their ground state, ground-
state dimers are stable states formed by interacting aromatic
groups. It means that the excitation spectra of monomeric
and excimeric emission are the same, whereas it is, in prin-
ciple, different in case of ground state dimers [2]. In addi-
tion, excimer fluorescence of polymers is usually not
polarised whereas dimer fluorescence can be polarised.
The dimer emission is the most generally admitted inter-
pretation specially, as regards this last criterion [2] even
though it was occasionally contended [21,22]. Besides, the
formation of ground state dimers requires that nearby
aromatic rings belonging to different polymeric chains are
close enough to produce interactions. Hemker et al. [23]
observed an enhancement of this emission by uniaxial or
biaxial orientation of the films, and proposed to use it as a
probe of orientation changes in the material. Orientation is
expected to increase interaction between nearby aromatic

T T T

m 13401388 |
®  [480/1520

[ )
=3
S
T

Intensity ratio (%)

T2 ra

oo T 2150 <100 50 0
Temperature (°C)

Normalized photoluminescence
1S
(=]
T

0 1 1 1 1 1 1 1 1 1 1 1 n 7 i -
300 400 500 600 700
Wavelength (nm)

Fig. 4. Photoluminescence spectra obtained in 30°C step in the temperature
range —180 to +30°C. Excitation wavelength =280 nm. Spectra were
normalised to the emission at 388 nm. The intensity ratio 1340/1388 and
1480/1520 are plotted in inset.

rings thereby favouring ground-state dimers formation.
Moreover, it was shown that in the crystalline phase of
PET, the interplanar distance of aromatic rings is too large
so as to strongly interact [10]. The conclusion is that if
ground-state dimers are formed, they necessarily concern
the amorphous region of the material, which is fearly con-
sistent with the relative strengthening of this band when the
crystallinity of the material is lowered [18,24]. The domi-
nance of the 386 nm emission in the investigated material
(cf. Fig. 3) is consistent with the low crystallinity.

The photoluminescence spectrum exhibits no significant
variation when changing the excitation wavelength in the
range 220-280 nm, whatever the temperature is. Therefore,
the corresponding spectra are not represented. For higher
excitation wavelength, some evolution is observed as
depicted in Fig. 3. The monomeric emission is relatively
strengthened, which is again consistent with literature
data: a sharp excitation peak at 310 nm has been reported
for the monomeric emission whereas the excitation spec-
trum for the dimer emission is red-shifted to 325-340 nm
[2,7,23]. Low temperature fluorescence spectra exhibit the
structured dimer emission at 368 and 385 nm as already
reported [3].

At low temperature, a structured phosphorescence emis-
sion is found with new bands at 420, 452, 482, 508, and
540 nm. These results are fearly consistent with the ones
obtained by Takai et al. [12,25] in PET films. More recently,
Lafemina and Arjavalingam [9] found extra bands at
approximately 510 and 534 nm, in an unspecified sample
form. However, in several works, only the lowest wave-
length bands are seen: 424, 453, and 476 nm by Padhye
and Tamhane [26] in films, and approximately the same
results for PET in solution [17].

A closer insight into the behaviour of this material indi-
cates that indeed two emission processes contribute to phos-
phorescence. Fig. 4 shows spectra obtained at 30°C intervals
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Fig. 5. CW photoluminescence spectra compared to the low temperature
phosphorescence decay spectrum. Excitation wavelength = 280 nm. Data
related to different samples are superimposed.

in the range —180 to +30°C with 280 nm as excitation
wavelength. The short wavelength part of the phosphores-
cence spectrum quickly disappears as the temperature is
raised whereas the longer wavelength part remains, and is
even detectable at room temperature. As experiments were
undertaken in a Helium atmosphere, the cell was previously
pumped out down to about 5X 10> Pa, and then helium
was introduced as thermal exchange gas. A clear increase
of the emission at around 500 nm was observed when
comparing spectra obtained in air and in Helium, consis-
tently with oxygen removal effects on phosphorescence
yield. Temperature effects could also be detected on the
fluorescence spectrum: the intensity of the band at 340 nm
decreased relatively to the one at 385 nm. The temperature
variations of the relative amplitudes of the fluorescence
bands, 1340/1388, and of the phosphorescence bands, 1480/
1520 are plotted in the inset of Fig. 4. A parallel effect is
observed in the fluorescence and phosphorescence regions:
These ratio decrease in the low temperature region, and
seem approximately constant above —80°C. This behaviour
provides a further indication that two kinds of species are
being probed. Temperature effects coupled to emission
variations upon excitation conditions (cf. Fig. 3) support
the proposal that fluorescence at 340 nm and phosphores-
cence in the region 420—480 nm are both related to mono-
meric emission, whereas fluorescence at 385 nm and
phosphorescence at around 500 nm would be both related
to a different specie. An unresolved problem is the relative
increase of the emission in the fluorescence region with
respect to the phosphorescence region when the excitation
wavelength is increased (cf. Fig. 3). It means that triplet
states are populated by processes other than the direct inter-
system crossing from the emitting singlet states.

In Fig. 5, we compare the continuous wave (CW) photo-
luminescence spectra obtained at room and liquid nitrogen
temperature to the phosphorescence spectrum obtained after

excitation was switched off. Not only the fluorescence
emission, but also the low wavelength region of the phos-
phorescence spectrum decay instantaneously, in the time
scale of the experiment (# > 0.1s), whereas the longer
wavelength part of the phosphorescence decays with a
rate constant of the order of 1s. In connection to these
features, it is worth considering the conditions of excitation
in relation to spectral features. As shown in Section 3.2, the
phosphorescence build up follows the same kinetics as the
decay. It means that under short pulse excitation, like with
pulsed laser, short-lived species are preferentially excited,
whereas under continuous excitation, longer-lived species
can also be detected. These facts might explain the differ-
ence in phosphorescence spectra reported by different
research groups.

The phosphorescence bands found below 500 nm have
been interpreted as monomeric phosphorescence of *(mw—
7") states in view of the strong similitude with the model
compound of PET, dimethyl terephthalate (DMT) emission
[7,26], and considering computation results [9]. Takai et al.
gave no assignment to the long wavelength components of
phosphorescence. As a commercial material is charac-
terised, one cannot exclude the possibility of residual
impurities emission incorporated in PET chains. As exam-
ple, this structured emission recalls the one obtained in
copolymers of ethylene terephthalate and low content of
2.6 naphthalene dicarboxylate (PET-co-ND) [11]. The ND
units differ from terephthalate ones through the replacement
of the phenyl ring by naphthalene one. Even for low molar
content of ND (2 mol%), the phosphorescence of PET is
completely quenched with simultaneous sensitisation of
ND phosphorescence with bands at 510, 550, and 600 nm
[11]. Besides, ND moieties fluoresce at 390 nm. Though
these features would be consistent with the results reported
here, this possibility seems unlikely. First, if ND moieties
are involved, one can admit that the apparent phos-
phorescence lifetime of PET, which is usually [7,11,26] of
the order of 0.5—1 s, decrease, because of quenching effects
by ND, so that the corresponding spectrum can no longer be
detected in the decay spectrum. However, Cheung et al. [11]
observed that the 390 nm fluorescence of the copolymers is
delayed fluorescence resulting from triplet—triplet annihila-
tion of ND moieties. Therefore, this band should decay with
the same lifetime as the long-wavelength part of the phos-
phorescence spectrum, which is not the case in Fig. 5,
consistently with fluorescence decay measurements [23].
Second, we have recently carried out photoluminescence
measurements on a different source of PET, from Mitsubishi
Chemicals. Fluorescence and phosphorescence exhibit
qualitatively the same features, considering bands position,
decay, and temperature effects. Hence, it seems that the
results reported therein are characteristic of the very nature
of PET. We have also checked the sample-to-sample repro-
ducibility of the PL results using and the related results are
reported in Fig. 5 for an excitation wavelength of 280 nm.
The overall change in emission yield did not exceed 10%
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Fig. 6. Phosphorescence build-up and decay recorded using a counting
dwell time of 50 ms. Lines are fits to the sum of three exponential functions.
cpc stands for counts per channel. Excitation wavelength = 280 nm.

from sample to sample, and part of it can be due to differ-
ences in sample positioning. At room temperature, the main
variations concern the phosphorescence region. This is
easily explained by the fact that emission in this region
depended on the time the sample rested in vacuum or
Helium atmosphere, i.e. the residual oxygen concentration
within the film. The overall structures described above are
detected for all the samples.

Hence, ND moieties are apparently not involved in
the long wavelength bands of fluorescence and phos-
phorescence. Though chemical analyses would be necessary
to definitively discard the possibility of impurities, they
are not available at present. One of the reasons is that the
films are too thick for being characterised by FTIR. The
alternative interpretation is the one proposed by Lafemina
et al. [9] who deduced from molecular dynamics simulation
that the 540 nm emission might correspond to the phosphor-
escence of the ground-state dimer identified in fluorescence.
So, the long wavelength structure of phosphorescence, i.e.
essentially the phosphorescence decay spectrum of Fig. 5,
possibly arises from these species. It would be consistent
with the relatively strong emission found in this work at
385nm in comparison to other works. However, a
question mark remains on the nature of the actual structural
features, which lead to a strong ground state dimer phos-
phorescence in some materials and to a weak emission in
others.

3.2. Phosphorescence decay kinetics

Quantitative measurements of the temperature depen-
dence of the CW phosphorescence and of its decay kinetics
has been achieved by integral light detection through a large
band-pass (40 nm) optical filter centred at 500 nm. The
excitation wavelength was set at 280 nm for the whole
measurements.

Fig. 6 shows a typical phosphorescence build-up and

[S*]

Kisc

[T*]

ol
02

B B2

|

Fig. 7. Simplified energy diagram and rate constants for radiative (c;) and non
radiative (a,) singlet excited state relaxation, inter-system crossing (i),
and radiative () and non radiative (3,) triplet excited state relaxation.

decay curve obtained at —185°C using a counting dwelling
time of 50 ms. We can observe that within the excitation
time of 6 s, the CW level of phosphorescence is not comple-
tely reached. Besides, the kinetics of build-up and decay
appear the same at first sight. This behaviour has been
reported for long [27,28]. It can be explained considering
the simplified energy diagram of Fig. 7. Under continuous
illumination, the triplet excited states formation is governed
by first-order kinetics, according to

ds” . "

ar = €l — a's*, o = a; + oy + ki, (D)
dT* ok ok

ﬁzkiscS_BT, B =B+ By,

where €, is the absorption coefficient for the light intensity
i, o and B are the rate constant for singlet and triplet
excited states relaxation, respectively, the indexes 1 and 2
refer to radiative and non-radiative processes, respectively,
and k; is the rate constant of inter-system crossing. If the
sample is irradiated at + = 0, the density of triplet excited
states deduced from Eq. (1) is given by

B —a't o

o =B o - B

* ki .
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and if the light is cut-off at + = 0 once the steady-state
emission is reached, one gets

* kisc . I 1 —a
T = a/_BGSlS[Ee B ?e t] (2b)

The lifetime of singlet excited states is much shorter than
the one of triplet states, i.e. @ > 8. As the phosphorescence
emission is of the form I oc 8,7, the following transient
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Table 2

Fit parameters of phosphorescence build-up and decay obtained at —185°C using counting dwell times of 50 and 10 ms. cpc stands for counts per channel.
The % error bars are given in brackets. (*): Constrain on 3 set to the value obtained at the end of the CW irradiation

Parameter DT = 50 ms excitation DT = 50 ms decay DT = 10 ms excitation DT = 10 ms decay

1., (cpc) 12,540 (0.5%) 12,410 2498 (0.2%) 2490*

I (cpc) 4305 (23%) 5380 (2%) 813 (10%) 899 (5%)

L (cpe) 2997 (30%) 5445 (2%) 696 (10%) 750 (3%)

I (cpc) 5236 (23%) 1585 (8%) 989 (8%) 842 (2%)

7, (ms) 77 (30%) 126 (4%) 1 (20%) 41 (7%)

7, (ms) 515 (42%) 1160 (2%) 440 (11%) 640 (4%)

74 (ms) 1620 (17%) 2600 (2%) 1650 (6%) 1880 (1%)

signals are predicted: 7 is the characteristic lifetime, and vy is the stretching factor
k.. B (0 < y = 1). This form of decay suitably fitted the response

I, = I, [1 —e P with [, oc —F Ll €l and : over the time range 0.1-10 s. However, it could not account
o B for the fast decay at r < 0.1 s as shown in Fig. 8. This

. - Bt behaviour confirms the trend observed in the spectra,
Id = lew€ 3)

for the phosphorescence build-up (/,) and decay (1), respec-
tively. I, is the continuous wave emission. Eq. (3) shows
that the both transients should be described by an expo-
nential function with the same time constants.

The symmetric behaviour predicted by Eq. (3) is verified
in Fig. 6. However, the phosphorescence build-up and decay
could not be fitted to a single exponential law. A sum of at
least three exponential functions was necessary to fit suita-
bly these measurements:
L=l =D e Iy=) Le "™ @
with the constrains I, = 3 I, for the build-up, and > I, = I’
for the decay, where I’ is the signal at the end of the excita-
tion period.

The parameters obtained by non-linear fitting to Eq. (4)
(cf. Table 2) can suitably describe the whole information of
Fig. 6. The point is that the set of parameters so deduced is
on one hand accompanied with a relatively large incertitude
interval, and on the other that one does not really find the
symmetric behaviour in the kinetics, which would be
expected from Eq. (3). Besides, the consistency with results
obtained using counting dwelling time of 10 and 50 ms is
not straightforward. These features mean that the parame-
terisation was overdimensioned due to an inappropriate
model. Would the fit be adequate, the question remains on
the physical meaning of three or more contributions with
lifetimes of the order of seconds. Indeed, CW and decay
spectra presented in Fig. 5 show that probably only two
kinds of specie having significantly different lifetimes
contribute to the emission.

The alternative way we used for fitting these data was to

consider a stretched exponential as decay law:
L=1I,—Le ", =1 o)

for the phosphorescence build-up and decay, respectively. I
is the long-lived contribution to the phosphorescence decay,

namely that a short-lived component, with lifetime of the
order of 10—-20 ms and spectral features below 500 nm, is
superimposed to a relatively long-lived one, with emission
peaking at about 500 nm. The kinetic analysis presented
here is related to the latter. The parameters listed in
Table 3 show the consistency of the results considering
build-up and decay, and using different counting dwelling
times. About 75-80% of the CW emission is accounted for
by this component.

It has been shown for long that exponential relaxation is
the exception rather than the rule, specially in solids. The
stretched exponential, otherwise referred to as Kohlrausch—
Williams—Watts function [29,30], reflects disorder in its
most general sense, so long as a wide variety of condensed
materials, among which defectuous crystals, mixed crystals
and glasses, may display such relaxation function. Insofar as
photoluminescence decay is concerned, the deviation from
monoexponential behaviour results from the existence of
parallel deactivation pathways of distributed characteristics.
A distribution in the conformational arrangement of emitting

Phosphorescence (cpc)

T T T T T T
0 50 100 0 50 100
Channel number

Fig. 8. Phosphorescence decay at —185°C using counting dwell time of
50 ms (circles) and 10 ms (triangles) fitted to the sum of three exponential
functions (a) and stretched exponential (b).
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Table 3

Fit parameters of phosphorescence build-up and decay obtained at —185°C using counting dwell times of 50 and 10 ms. cpc stands for counts per channel.

The error bars are given in brackets. ( *): set to I for the decay

Parameter DT = 50 ms excitation DT = 50 ms decay DT = 10 ms excitation DT = 10 ms decay
Iy, (cpc) 12,598 (0.6%) - 2500 (0.2%) -

I (cpe) 9915~ 9915 (0.8%) 1865" 1865 (2%)

7 (ms) 876 (3%) 900 (1%) 866 (2%) 927 (2%)

B 0.715 (0.8%) 0.722 (0.6%) 0.720 (0.8%) 0.725 (2%)

species and of their interaction with surroundings groups,
being either of the same nature or adventitious species, are
possible sources of distribution. Even the fluorescence of
PET exhibits distributed lifetimes [23]. Since in the present
case phosphorescence is presumably related to ground state
dimers, the relative orientation of nearby chromophores is a
likely source of distribution.

Fig. 9 shows the temperature dependence of the shape
parameters for the stretched exponential function obtained
when analysing the decay signal. The signal intensity I
and /; decrease in a parallel way, and describe a transition
region between —100 and —50°C. The decay of fluores-
cence is superimposed on the same figure. It was monitored
at 360 nm, in order to get rid of the variations of the 340 nm
component on the one hand, and of a possible contribution
of the phosphorescence tail spectrum on the other hand. The
temperature variation is qualitatively similar to phosphores-
cence, but the amount of decay is much smaller. It means
that mechanisms specific to triplet states are responsible for
phosphorescence decay. The behaviour of the integral signal
is discussed in Section 3.3 using more refined acquisition
steps.

As the lifetime of triplet-excited states is relatively long,
they have a great probability to transfer their energy to the
surrounding, and the emission is henceforth quenched.
Molecular oxygen is known as a very efficient quencher.
Lowering the temperature freezes molecular groups in a
certain configuration and reduces the probability of inter-
action between chromophores and molecular oxygen.
Hence, the temperature dependence of phosphorescence
has some relationships to relaxation processes involving
local molecular motion as the diffusion of molecular oxygen
as an example [31]. The phosphorescence features in a
series of polymeric materials of variable nature has been
successfully explained in terms of the accessibility of
oxygen to chromophores in relation to secondary relaxa-
tions of the materials [32]. The transition region observed
here between —50 and —100°C, is most probably related to
the B-relaxation of PET, as discussed in Section 3.3.

The temperature dependence of the phosphorescence
yield has been considered so far in a wide variety of poly-
mers [32,33], but the decay kinetics is surprisingly limited
to rather specific materials such as poly(N-vinylcarbazole)
[34] or dies-doped polymers [35]. Nevertheless, for an
exponential decay, a direct relationship is predicted from
Eq. (3): neglecting to a first approximation temperature

effects on fluorescence features and inter-system crossing
[32], the steady state emission would be of the form:
I, o B7. The measured apparent lifetime 7= (B3; + Bz)fl,
which is lower than the intrinsic, essentially temperature-
independent [35,36] radiative lifetime, [31_1, should depend
on temperature essentially through the non-radiative term,
B,, in a way similar to the intensity. However, in the present
situation, such analysis is not straightforward because the
decay is not exponential, and the origin of the nonexponen-
tiallity is not known. Fig. 9 shows that, in the low tempera-
ture region, ie. up to about —80°C, the lifetime is
practically constant at about 1s whereas the stretching
factor increases continuously from about 0.75 up to 0.90.
Both parameters quickly decrease above —50°C. In order
to give a picture of the decay kinetics, we have plotted in
Fig. 10(a) the decay functions obtained at temperature
intervals of 30°C. One can visually conclude that the
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Fig. 9. Temperature dependence of (a) CW phosphorescence (squares), fit
parameter /; for the initial intensity of the decay (circles), and fluorescence
monitored at 360 nm (triangles); (b) relaxation time and stretching factor
deduced from fit. X-scale is a reciprocal temperature axis.
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Fig. 10. (a) Decay functions in 30°C intervals from —180 to 0°C deduced
from stretched-exponential fitting. (b) Instantaneous lifetime versus time
deduced from (a).

decay is faster as the temperature is increased. From the
stretched exponential function, one can determine an

‘instantaneous’ lifetime [37], defined as: 7,4 () =
I)/|dI(1)/de|
T @) =y 7Y 6)

The variations of 7, versus time are plotted in Fig. 10(b).
The combined variation of y and 7 lead to a significant
decrease of the instantaneous lifetime when the temperature
is increased. However, this decrease is smaller than one
would expect from the temperature dependence of the CW
emission and considering single exponential decay.

The increase of the stretching factor as the temperature is
increased, i.e. the convergence to exponentiallity, can be
explained by the progressive removal of the statistical dis-
tribution of deactivation pathways. The probability of inter-
action with oxygen possibly becomes more homogeneous as
the temperature is reached. Either chromophores have the
ability to explore, within their lifetime, all the possible
configurations available, or, alternatively, within their life-
time, their environment has evolved so that they essentially
behave all in the same way.

Ground state dimers possibly introduce specific photo-
physical properties. As discussed previously, their forma-
tion is conditioned by the possibility of interaction between
nearby aromatic rings. Spectral analyses indicated that
the monomeric emission disappears above =~ —100°C. A
possible reason is that the unfreezing of molecular motions
favours interaction of nearby chromophores and increases
the probability of formation of associated dimers. The
monomeric emission would be quenched accordingly.
Besides, a new quenching mechanism for triplet excited
states of dimers can be envisaged if the mean interaction
time between aromatic rings becomes of the same order
as, or lower than, the radiative lifetime. Quenching would
then correspond to the physical disappearance of the
specie.
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Fig. 11. Phosphorescence versus temperature in an Arrhenius diagram. cps
stands for counts per second. The activation energies were deduced from
the plot of ™' — Iy vs. T"". Fit lines were reported on the / vs. T' plot.

3.3. Relation with the B-relaxation of the material

The temperature dependence of the CW phosphorescence
has been analysed in order to derive the activation energy in
different temperature intervals. With the hypothesis that the
phosphorescence deactivation rate can be divided into a
temperature-independent term, say 3, and a temperature-
dependent term, f3,, according to an Arrhenius law, the
phosphorescence intensity should depend on temperature
according to [32,33]:

I =I5 = Cexp(—E,/kT) (7

where [ is the low temperature limit of the intensity, and E,
is the activation energy. Fig. 11 shows the results of such an
analysis obtained by approximating /, to the intensity for the
lowest temperature achievable (—188°C). The measure-
ments were done at a linear heating rate of 5°C min_l,
using a dwelling time of 1 s for photon counting. Three
temperature intervals can be defined, and the corresponding
activation energies are listed in Table 4. The intercept of the
fit lines allows to define two transition temperatures at about
—155 and —60°C. The decrease of the activation energy at
—155°C probably reflects the changes in spectral features
observed for the lowest temperatures. E, for the short wave-
length part of the phosphorescence spectrum is higher than
the one for the longer wavelength part. The higher temperature
transition does actually correspond to the B-relaxation of
PET. The activation energy changes in a great extent across
the relaxation. The values of E, are in good agreement with

Table 4
Activation energies of CW phosphorescence decay calculated in the
temperature range indicated in the first column

Temperature range (°C) E, (eV)

—185to —155 0.060

—155to —120 0.036
—20to +30 0.195
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Fig. 12. Correlation between phosphorescence intensity and loss factor
obtained in dielectric measurements at different frequencies. Lines are
fits reported from Fig. 11.

those reported by Somersall et al. [32] for various polymers,
on both sides of the relaxation. Besides, Light and Semour
[38] established a clear relationship between the B-relaxa-
tion and oxygen diffusion and permeability in a series of
polyesters including PET. The activation energies they
deduced for the permeability of O, in PET were 0.056 and
0.30 eV, below and above the transition temperature 7, =
—63°C, respectively. The consistency of these values
with the ones obtained in phosphorescence measurements
constitutes a further strong indication that oxygen is
responsible for the phosphorescence quenching.

Though the correlation between the gas transport proper-
ties and the sub-7, molecular motions was established by
considering the oxygen permeability and diffusivity versus
strength of the mechanical relaxation for various polyesters
[38], kinetics effects were not considered. The study of
relaxation mechanisms from the standpoint of phos-
phorescence quantum yield and lifetime inevitably leads
to the problem of the equivalent frequency since the
observed temperature for a relaxation depends on the
frequency used to probe it. With the hypotheses that: (i)
the quantum yield attenuation when temperature is
increased is due to quenching by adventitious species, e.g.
oxygen, and (ii) polymer relaxations (specially local
processes) produce an increase of the mobility of oxygen,
or of any other quenching specie within the polymer, it can
be inferred that the temperature at which a significant
decrease of phosphorescence emission is observed is
comparable to the isochronal secondary relaxation peak
T,, probed at a frequency w corresponding to the reciprocal
of the lifetime. In other words, if phosphorescence is
quenched by a process somehow linked to the relaxation,
this process must happen within a time corresponding to the
lifetime. In order for a quenching effect to be efficient, and
so detectable, it must occur with a time constant shorter than
the natural lifetime of the triplet states. The onset of such
quenching effect is detected when the rate constants of
triplet relaxation are such that 8, = 3,. Therefore, the

equivalent frequency of the phosphorescence dynamics
measurement is w,q = B,. If species have a long phosphor-
escence lifetime, the appropriate frequency for dynamic
measurements is accordingly lower. For the measurements
made in this work, the equivalent frequency would be in the
range 1-10 Hz.

Fig. 12 shows the temperature dependence of the dielec-
tric loss factor for frequencies in the range 0.1-100 Hz.
Measurements were made in isotherm conditions, in steps
of 5°C, and then converted as isochrone curves. The mean
activation energy for the dielectric B-relaxation has been
estimated to 0.64 eV from data in the range 10 2—~10° Hz.
The mode is particularly broad as it is extending over more
than 100°C. Several works undertaken with different tech-
niques showed that it is constituted of two components, a
lower temperature one ascribed to the motions of carbonyl
groups, and an upper one corresponding to phenyl ring
motions [16,39—41], which can be distinguished only at
low frequency (%10_3 Hz) [16]. The broadness of the
relaxation is reflected on the slow change of phosphores-
cence decay regime. Though it is difficult to define at which
particular equivalent frequency phosphorescence decay
correlates, due to the large transition range, an evident
agreement is obtained between the two techniques. The
activation energy of the dielectric relaxation and the one
deduced from phosphorescence measurements are different
and there is no reason that it be not so. In the low tempera-
ture side, phosphorescence decay in time is controlled by
processes that are faster than sub-group motions, and the
phosphorescence rate constant has a lower limit, which is
the natural rate constant, 3. In the high temperature side,
local molecular motion is not the rate-limiting factor to
oxygen transport, and so neither it is for phosphorescence
quenching. So, correlation with dynamic experiments is
expected for frequencies of the order of the natural rate
constant of phosphorescence. Further validation of the
approach would be obtained by considering polymers sensi-
tivated with various dies having phosphorescence lifetime
varying in a wide range.

4. Concluding remarks

Our objectives in this paper were to analyse the
photophysical properties of poly(ethylene terephthalate).
The information obtained in photoluminescence is of great
importance for understanding emission of the material
obtained by other methods, for example under excitation
by an electric field. Indeed, we have shown that the electro-
luminescence spectrum of another polyester, poly(ethylene
naphthalate), exhibits some components that are present in
the photoluminescence spectrum, and some others that are
not [5], which might constitute a signature of the field-
induced degradation of the material. Besides, the electro-
luminescence spectrum of insulating polymers is usually
dominated by phosphorescence, even at room temperature.
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Further understanding of these features can be gained by
considering the case of PET. However, one needs a thorough
basic characterisation of its photoluminescence features.

The spectral analyses undertaken in this work have shown
that at least two kinds of emitting specie coexist in PET. The
interpretation of the different emissions has been made
considering literature data on crystallinity and mechanical
orientation effects on the photoluminescence of PET,
complemented by the investigation of temperature effects
on emission spectrum shape, emission intensity, and transi-
ent phosphorescence measurements.

A relatively weak monomeric-like fluorescence has been
detected at 335 nm. The corresponding phosphorescence
emission is structured with several bands in the region
420-480 nm, consistently with literature data. Stronger
emissions were found at 385 nm in fluorescence, and in
the range 480-540 nm in phosphorescence. The latter
have been related to ground state dimers. Spectra taken at
different temperatures showed that the relative contribution
of both fluorescence and phosphorescence related to
monomeric emissions decreased as the temperature was
increased.

Transient phosphorescence has been analysed consider-
ing build-up and decay signals. Phosphorescence related to
the monomeric emission has a much shorter lifetime of the
order of 10-20 ms than the one related to ground state
dimers. The transient signals related to the latter have
been analysed using a stretched exponential function and
the temperature dependence of the related parameters has
been determined. The mean lifetime was constant (=1 s) at
up to about —70°C, whereas the stretching factor continu-
ously raised as the temperature was increased. Changes in
the phosphorescence decay kinetics and in the phos-
phorescence intensity have been correlated to local motions
related to the secondary relaxation of PET. The activation
energies for the temperature dependence of the steady state
phosphorescence, determined at the both sides of the
B-relaxation, are consistent with the ones describing oxygen
diffusion in the material, thereby confirming that molecular
oxygen is the major factor controlling phosphorescence
quenching.
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