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ABSTRACT: The dependence of several aspects of the fluorescence from 9-anthryl groups, covalently
attached by tethers of differing lengths to interior sites of five polyolefinic films whose crystallinities
range from O to 74%, has been explored between 40 and 400 K. The data are employed to determine
microscopically the onsets of various relaxation processes of the polymers, the sensitivity of the probes to
changes in their local morphologies, and the distribution of the groups between amorphous and interfacial
sites. The results are compared with those from noncovalently attached (doped) 9-methylanthracene
molecules. Specifically, the relationship between the lengths of tethers for the 9-anthryl groups, as well
as the chemical method by which each tether is attached to the polymer chains, and the ability of the
fluorescence from the lumophores to detect the onsets of host relaxation processes are explored. The two
attachment methods lead to different distributions of lumophores in the amorphous and interfacial regions
of the polymers. Furthermore, very short (one atom; methylene) and very long (12 atoms) tethers allow
the 9-anthryl groups to sense changes in the local environments more acutely than a tether of intermediate
length (three atoms). The advantages of covalent attachment for this sort of study (specifically, the inability
of the probe to diffuse within a film from site-to-site with time) and the limitations of the utility of the

data are discussed.

Introduction

A variety of methods, including dielectric and dynamic
mechanical analyses,'=3 NMR spectrometry, positron
annihilation,* and fluorescence spectroscopies,> 14 have
been employed to study relaxation processes in poly-
ethylene and other polymer materials. These diverse
methods provide complementary information that, as
a combination, can lead to a static and dynamic picture
of a polymer. For instance, the loss modulus of a specific
type of chain relaxation can be measured by either
dynamic mechanical analyses or dielectric measure-
ments.13 Also, the temperature dependence of fluores-
cence intensities or decays from lumophores doped into
a polymer matrix can be used to follow polymer relax-
ation processes.> 16 However, the kinetic description of
relaxation processes obtained from dielectric and fluo-
rescence measurements are based on different rheo-
logical models.'>16 In addition, guest molecules can be
perfused only into the amorphous domains and inter-
facial regions (i.e., along the lateral faces of crystallites)
of semicrystalline polymers.1%17 As a result, their lu-
minescence provides only secondary information about
changes occurring within the interiors of the crystalline
domains.

The distribution of amorphous and interfacial re-
gions!® within PE films and the distribution of lumo-
phores between these two regions, the only ones where
they are able to reside,'’¢ are also influenced by polymer
crystallinity. These distributions are very important to
the detection of morphological changes by monitoring
fluorescence spectra of the lumophores. If the mole

T Georgetown University.

* Universidade Estadual de Campinas.

* Corresponding authors: e-mail weissr@georgetown.edu or
tatvars@igm.unicamp.br.

10.1021/ma034130e CCC: $25.00

fraction of lumophores near regions where changes in
relaxation processes occur is small, the overall emission
intensity will be dominated by regions where there is
no change and the overall emission intensity will be
nearly constant. However, a large mole fraction of
lumophores in one domain type does not ensure a
change in the fluorescence signal that correlates with
motional changes of nearby polymer chains unless those
changes are able to couple well with vibronic and other
modes of the excited states of the lumophore. Thus, the
ability of singlet excited states of 9-anthryl groups to
provide measurable information about micromorpho-
logical changes in polyethylene films depends on (1) the
magnitude of the change produced by the relaxation,
(2) the magnitude of the change reflected in the fluo-
rescence of the affected probe molecules, and (3) the
fraction of the population of fluorescing probes that
experiences the change. The overall observed emission
intensity is a convolution of fluorescence from probes
that are and are not experiencing changes in their local
environments. In particular, small changes are always
observed for relaxation processes at lower temperatures
because associated motions are small. The sensitivity
of other methods is similarly limited for the same
reason.

Several methods are available to dope polyolefinic
films with lumophores.101920 Fluorescence from a spe-
cific lumophore, anthracene, has been used previously
by us to follow local changes that accompany the onset
(on heating) or cessation (on cooling) of various processes
that occur in unstretched and stretched low-density
polyethylene (PE) films between 15 and 400 K.12 Plots
of the integrated fluorescence intensity in stretched and
unstretched low-density polyethylene films vs temper-
ature exhibited slope changes near the transition tem-
peratures for relaxation processes identified by other
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Scheme 1. Protocols for Covalent Attachment of 9-Anthryl (An) Groups to PE Chains; R = AnCH,— (2) and
An(CH2)10, (3)11,13,24‘27
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methods.? Although these transition temperatures were
not dependent on film stretching, the associated slope
changes were more pronounced for the stretched films,
perhaps as a consequence of the translocations of
anthracene molecules from amorphous to interfacial
regions that accompany stretching.1® In addition, fluo-
rescence from 9-anthrylmethyl groups covalently at-
tached to stretched low- and high-density PE films is
known to be influenced strongly by cooperative motions
of the polymer chains.!! Because of their inability to
diffuse with time or temperature and their very short
fluorescence lifetimes (ca. 5 ns in liquid alkanes?1:2?),
excited singlet states of attached 9-anthryl groups report
only changes occurring near their local environment. In
principle, these changes may be perceived differently
by one probe in different PE films because each has
somewhat different degrees of crystallinity, frequencies
of chain branching and chain lengths, degrees of un-
saturation, etc.

Covalent attachment of luminescent groups to poly-
mer chains eliminates their large-scale translation-
al diffusion and, thereby, simplifies interpretation of
photophysical measurements.123-26 \We have developed
several methods to attach lumophores selectively to
polymer chains in preformed films!11327 and have
compared their photophysical properties to those of films
containing the same lumophoric groups that are not
covalently attached to chains.

The lowest transition temperature that has been
identified for a chain relaxation process in polyethylene
(PE), T, = 120—150 K (the so-called y-relaxation?®29),
is attributed to the onset (on heating) or cessation (on
cooling) of small segmental motions of polymer chains
in the amorphous region23° or with motions of folded
chains in interfacial regions.3® The source of the relax-
ation process whose transition temperature can be
between 195 and 280 K has been ascribed by some
authors to the glass transition332 and by others33-35
to S-relaxations (i.e., motions of short side chains at
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lamellar?®:36:37 interfaces in the lower temperatures of
the range and to main chain motions31-32 at higher
temperatures); we favor the latter assignment. The
nature of the a-relaxation (T, ~ 300—350 K28) is also
somewhat uncertain; it is thought to involve either
reorientational motions in the crystalline domains39—43
or shear of lamellar surfaces and, hence, amorphous
domain deformations,**4> since it does not occur in
completely amorphous PE.46-49

Here, we report the temperature dependence (be-
tween 40 and 400 K) of the steady-state fluorescence
spectra from 9-anthryl groups that are covalently at-
tached through a methylene group (1) or two w-alkan-
oyloxy tethers of different lengths (2 and 3) to polymer
chains at interior sites within several unstretched
polyethylene films (Scheme 1). These data are compared
with the temperature-dependent changes of fluorescence
intensity from doped (i.e., noncovalently attached) an-
thracene molecules in a low-density polyethylene film.13
In this way, the relationship between changes in the
fluorescence spectra and either the orientation or prox-
imity of parent chains to attached lumophores can be
explored, and the influences of diffusion and possible
loss of reporter groups (especially at higher tempera-
tures) on the fluorescent properties can be assessed.
Specifically, we examine (1) the extent to which fluo-
rescence from the probes senses and reports changes
in the dynamics associated with nearby polymer chains,
(2) how the lengths of the three linking groups affect
the temperature dependence of the fluorescence from
the 9-anthryl probes, (3) the correlation between the
temperatures at which abrupt changes in the fluores-
cence data are noted and at which transitions of
polyethylene relaxation processes are known from other
techniques (e.g., differential scanning calorimetry (DSC)),
and (4) the probe concentration ranges above which
radiative energy transfer partially masks the local
events.
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Table 1. Crystallinities (), Glass Transition Temperatures (Ty), Melting Temperatures of Crystalline Components (Tr),
Thicknesses, and Lumophore Type and Concentration of PE Films Employed

thickness lumophore lumophore concn

film type ¥ (%)2 Tq (K)P Tm (K)P (um) type® (mol/kg)4
Nordel 0 218 475

1 1.1x 10
EXACT 37 368 31.8

1 3.9 x 104
NDLDPE 46 2435 ca. 389, 394¢ 76

1 9 x 1073

1 <1074

2 3.0 x 1073

3 1.0 x 1073
LLDPE 50 396 25.4

1 4.3 x 10

2 2.0x 1073

3 2.0 x 1078
EHDPE 74 403 12.7

1 5.2 x 107

aBy X-ray diffraction.5* ? From differential scanning calorimetry. ¢ See Scheme 1. ¢ From UV—vis absorption spectra. ¢ A polymer

blend; both heat flow maxima in DSC thermograms are reported.

Experimental Section

Materials. Diethyl ether (anhydrous, Fisher) was distilled
from Na/benzophenone. All other solvents (HPLC grade) and
9-methylanthracene, mp 81—82 °C (lit. mp 81.4 °C;*° ACROS,
99%), were used as received. NDLDPE is Sclairfilm from
DuPont of Canada, Mississauga, Ontario, Canada. LLDPE
(LL-3001.63), EXACT (LL-3132), and EHDPE (HD 7745.0) are
films from EXXON Chemical Co., Baytown, TX. Films of
Nordel (Nordel IP NDR-3430), from DuPont-Dow Elastomers,
Wilmington, DE, were prepared by dissolving the as-received
polymer in a refluxing 1/1 (v/v) hexane/chloroform solution for
several hours, pouring the hot solution slowly into a 2—3-fold
volume excess of stirred methanol to precipitate a white mass
that was pressed by hand between sheets of aluminum foil,
and removing most of the methanol. The films were placed on
a fresh piece of aluminum foil in a desiccator under vacuum
overnight to remove the remaining solvent. Some of the
physical properties and structural characteristics of these and
the other films are summarized in Table 1.5%52

Films with covalently attached groups are differentiated by
lumophore type; for example, EXACT/1 is an EXACT-type film
containing 9-anthryl groups attached via a methylene tether
(i.e., R = AnCHz— in Scheme 1). The NDLDPE/1 films are
designated h when [1] = 9 x 1072 mol/kg and | when [1] <
10~* mol/kg.

Prior to their derivatization or doping, each of the films,
except those of Nordel, was immersed repeatedly in CHCI; and
hexane baths for several hours to remove plasticizers, anti-
oxidants, and other additives. They were derivatized by
covalent attachment according to procedures described previ-
ously (Scheme 1).1%?7 Doped films were prepared by immersing
strips of PE in a 1072 M ether solution of 9-MA for various
periods followed by quickly washing the film surfaces with
methanol and drying in a N, stream; depending on the time
of immersion and type of film, doping concentrations of 5 x
1075-6.5 x 102 mol/kg 9-MA were achieved.

The specific procedure for covalent attachment of lumophore
1 to the Nordel film is described. Small pieces of Nordel film
were dipped for ca. 2 s into a freshly prepared 0.2 M ether
solution of 9-anthryldiazomethane (9-ADM),3 mp 62—64 °C
(decomp) (lit. mp 63—64 °C (decomp)®3), introducing a deep
orange color throughout; diethyl ether is a very good solvent
for these films, and they are dissolved after longer immersion
periods. After quickly washing their surfaces with methanol
and drying them by wiping with a KIMWIPE, the orange films
were flame-sealed individually in Pyrex test tubes that
subsequently were immersed in a boiling methanol bath for 2
h to decompose 9-ADM and attach 9-anthrylmethyl groups to
the polymer chains.> Thereafter, the films were immersed in
boiling ethanol for 2 days to remove any unattached dopants;
ethanol is a good swelling solvent for these films, but prolonged
immersion does not dissolve them. The resultant swollen,

colorless films were placed on a piece of aluminum foil and
left under a dynamic vacuum for 24 h to remove traces of
ethanol. To obtain films with uniform thickness, a derivatized
and an underivatized Nordel film were placed between two
Teflon sheets with aluminum foil on the outside and pressed
in a hydraulic press at 70 °C for 2 min with a force of 5 metric
tons.

Following attachment of 9-anthryl groups to the films and
removal of the unattached precursor molecules from the
films,111327 the concentrations of attached lumophores were
determined from Beer’s law by averaging absorbances at 389
nm (Perkin-Elmer Lambda 6 spectrophotometer; underivatized
film as reference) collected at five different locations on a film
surface and assuming molar extinction coefficients of the
attached groups or doped molecules are equal to that of 9-MA
in cyclohexane (e = 9700 M~ cm~15%5).

Instrumentation. Differential scanning calorimetry (DSC)
of polymer films was performed in closed aluminum pans on
a TA 2910 instrument interfaced to a TA Thermal Analyst
3100 controller at a heating rate of 10 °C/min. The cooling rate
was proportional to the local temperature of the DSC chamber
and room temperature. Steady-state fluorescence spectra of
the films doped with 9-MA were recorded at room temperature
in flattened quartz capillaries (i.d. 3 x 7 mm) sealed under
nitrogen on a SPEX Fluorolog 111 fluorometer using a 150 W
OSRAM xenon arc lamp for excitation. The excitation and
emission slits, 0.5 and 0.25 mm, respectively, correspond to
bandwidths of 1.8 and 0.9 nm.

Fluorescence spectra (lex = 367 NM; Aem = 385—490 nm at
1 nm intervals) of derivatized films sandwiched between
quartz disks were recorded at several temperatures from 40
to 400 K in 10 K steps and subsequently at 350 and 300 K
(unless indicated otherwise) under dynamic vacuum (~10*
Torr) in a cryostat using an instrument described previ-
ously.1% The emission slit (2 mm) and the excitation slits (0.1/
0.9 mm) corresponded to spectral bandwidths of 0.2 and 1.4
nm, respectively. Since sets of spectra from each film were
collected without changing instrumental parameters or the
position of the film while heating and cooling the sample
holder, the intensities can be compared directly.

Fluorescence decay histograms were recorded by the time-
correlated single-photon counting method using a FL900
Edinburgh Analytical Instruments counter, 0.33 bar of hydro-
gen as the flash-lamp gas, and 40 kHz pulsing frequency.
Decay histograms (lex = 367 nm, lem = 414, 439, and 464 nm)
were collected using a time range of 0—100 ns in 1024 channels
at 295 K with samples sealed under nitrogen. They were
deconvoluted from the lamp decay profile and fitted to a sum
of exponential decays (one decay constant plus a small second
component attributed to light scatter) employing software
provided by Edinburgh Analytical Instruments.



3488 Schurr et al.

039 a

fluorescence intensity (a.u.)

0.0 . ; . ; =
400 420 440 460 480
emission wavelength (nm)
40 K a0k
80001 —— 105K

6000

40004

20004

fluorescence intensity (a.u.)

400 420 440 460 480
emission wavelength (nm)

Macromolecules, Vol. 36, No. 10, 2003

120004
9000
6000

30004 )

fluorescence intensity (a.u.)

400 420 440 460 480
emission wavelength (nm)

7500 d

(=)

(=3

(=3

=}
1

I~

[

(=3

<
1

w2
(=3
(=3
=3
1

1500

WWheti <
}"\‘M‘:&A‘%‘ o>
400 420 440 460 480
emission wavelength (nm)

fluorescence intenisty (a.u.)

Figure 1. Fluorescence spectra (Aex 367 nm) of (@) NDLDPE/1-1 (<10~* mol/kg), (b) NDLDPE/1-h (9 x 1072 mol/kg), (c) NDLDPE/2
(3 x 1072 mol/kg), and (d) NDLDPE/3 (1 x 1072 mol/kg). The arrow indicates the order in which the spectra were recorded.
Dashed lines indicate the spectra at room temperature after second cooling.

Results

Radiative Energy Transfer in PE Films Doped
with 9-MA. The shapes and positions of bands in
fluorescence spectra of 1—3 in the polyethylene films
(Figures 1—3) are very similar to that of 9-MA (Figure
4). Nevertheless, since these spectra can be strongly
influence by lumophore concentration, spectral changes
and the importance of radiative energy transfer were
initially analyzed for 9-MA doped into the same films.
When the local concentrations of anthryl groups are
high, the small Stokes shift between the excitation and
emission spectra allows significant radiative energy
transfer'®57 and consequent reduction of the relative
intensity of the 0—0 emission band near 390 nm.%® The
0—0 emission bands of 9-MA doped in both NDLDPE
and LLDPE films (Figure 4a,b) are clearly attenuated,
indicating the importance of local (as opposed to bulk)
concentrations in the microscopically inhomogeneous
films.

The efficiency of radiative energy transfer in poly-
ethylene films is governed by the macroscopic and
microscopic implications of Beer’s law for reabsorption
of emitted radiation and increases with increasing bulk
concentrations of anthryl groups, increasing local con-
centrations, and increasing film thickness. For instance,
as the 9-MA concentration in NDLDPE is increased
from 5 x 1073 to 1.2 x 1073 mol/kg, the band maximum
shifts from 391 to 397 nm (due to an inversion of
intensities between the 0—0 emission and another
vibronic band on its low energy side) and the overall
intensity of the overlapping bands decreases (Figure 4a).
The loss of 0—0 band intensity occurs despite the low

value of the optical density at 389 nm for NDLDPE with
1.2 x 1072 mol/kg 9-MA, 0.085.

Radiative energy transfer was detectable in emission
spectra from 9-MA in LLDPE films (Figure 4b) only at
the highest dopant concentration examined, 2 x 1073
mol/kg (optical density = 0.049 at 389 nm). The differ-
ence can be attributed to LLDPE films being only one-
third the thickness of NDLDPE films (Table 1); the
smaller optical pathway decreases the probability that
an emitted photon will be reabsorbed before escaping
from LLDPE. In addition, the nature of the crystallites
in the LLDPE and NDLDPE films must differ, causing
the distribution of their anthryl groups within the
amorphous and interfacial regions to differ, also.17¢18

At least two types of energy transfer mechanisms
among fluorescent groups can occur.53-55 Were dipole—
dipole (Forster) energy transfer responsible for the
attenuations, the relative spectral intensities at each
wavelength (i.e., the spectral shapes) would have been
independent of concentration.%85° In addition, the major
fluorescence decay component, ~9 ns, in the histograms
(Aex 367 and 389 nm; Aem 414, 439, and 464 nm) of 5 x
1075-6.5 x 1072 mol/kg 9-MA sorbed into NDLDPE
films is independent of 9-MA concentration and consti-
tutes >92% of the total emission decay at the lowest
concentration and >82% at the highest concentration.
These observations are consistent with a radiative
energy transfer mechanism but not a dipole—dipole
mechanism.

Radiative Energy Transfer in PE Films with
Covalently Attached 9-Anthryl Groups. Like the
0—0 emission bands of emission spectra of doped 9-MA
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Figure 2. Fluorescence spectra (lex 367 nm) of (a) LLDPE/1
(4.3 x 107* mol/kg), (b) LLDPE/2 (2 x 1072 mol/kg), and (c)
LLDPE/3 (2 x 1072 mol/kg). The arrows indicate the order in
which the spectra were recorded. Dashed lines indicate the
spectra at room temperature after second cooling.

molecules, those of covalently attached anthryl groups
are concentration dependent in polyethylene films (Fig-
ures 1—3). The independence of the fluorescence decay
constants on lumophore concentration (vide ante) sug-
gest that Forster energy transfer contributes little to
the relatively low intensity of the 0—0 emission band,
as well. This conclusion is supported by several experi-
mental observations: (1) lowering the concentration of
1 lumophores from 9 x 1072 mol/kg (NDLDPE/1-h)
(Figure 1b) to <1074 mol/kg (NDLDPE/1-l) (Figure 1a)
increases the relative intensity of the 0—0 band in
emission (Figures la,b) to a value expected in the
absence of radiative energy transfer; (2) the importance
of energy transfer in the NDLDPE films decreases with
decreasing lumophore bulk concentrations, independent
of the tether type: NDLDPE/1-h > NDLDPE/2 ~
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Figure 3. Fluorescence spectra (1ex 367 nm) of (a) EXACT/1
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Nordel/1 (1.1 x 10~* mol/kg). The arrows indicate the order
in which the spectra were recorded. Dashed lines indicate the
spectra at room temperature after second cooling. No spectrum
was recorded after cooling EHDPE/1 from 400 K to room
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NDLDPE/3 > NDLDPE/1-l films (Figure 1); (3) the
efficiencies of energy transfer in emission spectra from
9-anthryl groups covalently attached to LLDPE (Figure
2b,c) are lower than those of the analogous NDLDPE
films (Figure 1b—d); although the two films are of
comparable crystallinity, their thicknesses are very
different (vide ante).

The emission spectra of EXACT/1, EHDPE/1, and
Nordel/l in Figure 3 indicate little or no radiative
energy transfer, albeit for very different reasons, since
their anthryl concentrations are similar to that of
NDLDPE/1-h (Figure 1b). The very large film thickness
of the Nordel/1 film, 475 um, in addition to its being
completely amorphous, is offset by its very low local
lumophore concentration and more homogeneous dis-
tribution of lumophores throughout the entire film
volume. The absence of crystalline regions requires that
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interfacial regions between amorphous and crystal parts
be absent as well (and strongly reduces light scattering).
The thinnest of the films, EHDPE/1 (12.7 um, Figure
3b), has the highest crystallinity (76%) and bulk lumo-
phore concentration; the local lumophore concentration
because the 9-anthryl groups cannot be located inside
the crystallites; as a result, the local lumophore con-
centration in the noncrystalline regions is almost 4
times the value in Table 1. The absence of discernible
radiative energy transfer in EHDPE/1 suggests a very
homogeneous distribution of lumophores throughout its
noncrystalline domains. Consistent with their similar
crystallinities, thicknesses, and lumophore concentra-
tions (Table 1), films of EXACT/1 (Figure 3a) and
LLDPE/1 (Figure 2a) appear to have similar efficiencies
of radiative energy transfer.

In the following sections, the films that lack signifi-
cant radiative energy transfer will be discussed in detail
(i.e., excluding NDLDPE/1-h for the most part). The first
group includes only lumophore 1 (NDLDPE/1-l, LLDPE/
1, EXACT/1, EHDPE/1, and Nordel/1) and the second
contains 2 (NDLDPE/2 and LLDPE/2) and 3 (NDLDPE/3
and LLDPE/3). NDLDPE/1-h is discussed superficially.

Determination of the Onset of Morphological
Transitions from Integrated Emission Intensities.
Earlier investigations have shown that emission inten-
sities from polymer films are influenced by the intrinsic
temperature dependence of the lumophore excited states
as well as extrinsic properties, such as polymer matrix
relaxation processes.>~16 Although we observe in Figures
1-3 that the emission intensities decrease as expected
with increasing temperature, some of the films do not
return to their initial room temperature emission
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of temperature during heating from 40 to 400 K. The insert is
an expansion of the 200—300 K data.

intensities upon being cooled from 400 K (dashed
spectra in Figures 1—3, except Figures 1a and 3b). Since
the lumophores are covalently attached to the polymer
chains, the cause cannot be evaporation within the
evacuated sample chamber. The noncontinuous changes
in emission intensities from temperature-induced physi-
cal alterations of polymer morphology do not show a
clear trend with film crystallinity (vide infra). However,
the degree of crystallinity must influence the distribu-
tion of lumophores between amorphous and interfacial
regions.17¢.18

Based on the melting temperatures in Table 1, all of
the films except EHDPE are completely melted at 400
K, the highest temperature at which spectra were
recorded. The Nordel film has no crystalline parts, and
no melting transition was detected by DSC (Figure 1
in Supporting Information). Some physical changes of
the melted films, such as thinning due to the pressure
applied by the quartz disks that hold them in the
cryostat (and corresponding decreases in optical densi-
ties), are probably responsible for the lower emission
intensities observed after melting. We suspect that the
films flow somewhat when melted, with consequent
reduction of the thickness, leaving fewer anthryl groups
in the excitation beam.

Our data analyses for the relaxation processes of all
polymers are based on “integrated fluorescence inten-
sity” at a temperature T, Ig(T). It is the area under an
emission spectrum over the wavelength range in Fig-
ures 1—3. Each Ig(T) may be compared to others from
the same film and temperature-dependent run (during
which the sample was not moved and the instrumental
parameters were unchanged), but not with Ix(T) values
from other films. 1g(T) changes are generally very small
below 110 K (Figure 5), where excited singlet states of
the 9-anthryl groups return to the ground state almost
exclusively through radiative processes,3® and no relax-
ation process for polyethylene is expected.

Attempts to extrapolate I1(T) to the value at 0 K, 1(0),
using various mathematical functions did not yield good
fits to the existing data. Therefore, 1(40) has been taken
as the Ig(0) value in all cases except for the Nordel/1
data. In this film, a more precise 1¢(0) was estimated
by averaging the Ig(T) between 40 and 160 K, where
only random fluctuations in the intensity were observed.
I=(T)/1-(0) ratios vs temperature are plotted in Figure
6, along with the assignments of observed transition
temperatures to polymer relaxation processes from the
literature (ranges between bars).28745
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Figure 6. Ratios of relative integrated fluorescence areas,
Ie(T)/1:(0), from films with low lumophore concentrations vs
temperature (see Table 1 for details); points for the LLDPE/
1, NDLDPE/1-l, Nordel/1, and EHDPE/1 films are vertically
offset by 0.15, 0.25, 0.4, and 0.6 units, respectively. Arrows
have been drawn at positions of slope changes detected in
Arrhenius-type plots of the data (Figure 7) and associated with
temperatures for the onset or cessation of the relaxation
processes assigned from literature values.?-45

The intensity data have also been plotted in Figure 7
according to an Arrhenius-type treatment (eq 1) (vide
infra) to aid in the location of onset transition temper-
atures and to calculate the associated activation ener-
gies, Ea, reported in Table 2. The assignments of the
onset temperatures in the Arrhenius plots (Figure 7)
are somewhat subjective. They are selected as points
joining linear regions with significantly different slopes.
Points of small vertical offsets between adjacent linear
segments of equal slope are not deemed onsets—they
may arise from small instrument instabilities—and the
complete temperature region is included in the Ea
calculation unless a systematic intensity change is
observed at such temperatures in several structurally
related films. In those cases, it is assumed that an
intensity change without slope change is related to the
onset of a relaxation process, and the two temperature
segments are treated separately.

Linear segments of Arrhenius plots of emission in-
tensities from each sample extend over a wide temper-
ature range which includes transitions of several re-
laxation processes (as determined using other analytical
methods®>~16). The activation energy of the process
commencing at the lowest temperatures within the
range is reported, and it is assumed that the other,
higher temperature processes cannot be sensed by the
fluorescent probe in this range. Using these methods,
we have identified three types of activation barriers, but
all are not detected in each film: Ea; below T,, Ea>
between T, and Tg, and Eaz above Tj.

With increasing temperature, the polymer matrix
relaxation processes commence successively, and the
associated activation energies are expected to be addi-
tive; for example, the slope region above Ty should be
proportional to the combined activation energy from
both the y- and f-relaxations. However, as shown in
Table 2, this comportment is not observed so that the
calculated activation energies cannot be assigned to
specific morphological relaxation processes. Factors in
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addition to those responsible for specific relaxation
processes must be affecting the efficiency of radiation-
less decay of the excited singlet states of the alkyl-
anthryl groups.

Changes in the Spectral Shape of the 0—0 Emis-
sion Bands with Temperature. Increasing temper-
ature changes the shape of the fluorescence spectra as
well as decreasing their intensity; spectral broadening
and small red shifts can be detected in Figures 1-3.
The full width at half-maximum (fwhm) of the 0—0
emission bands was calculated by fitting the spectrum
in the 387—405 nm range (after conversion to wave-
number scale) to two Gaussian peaks using Igor Pro
4.06.50 They are plotted and compared with the 1g(T)/
1=(0) values in Figures 6—10 of the Supporting Informa-
tion. Spectral broadening with increasing temperature
can result from time-dependent fluctuations of the local
lumophore environments that persist for periods at least
as long as the excited-state lifetimes. These changes are
discontinuous at temperatures corresponding to the
onsets of the polymer relaxation processes®! and should
be detectable in the emission spectra if a reasonable
fraction of the lumophores is nearby. By contrast,
changes in integrated emission intensities report the
response of all lumophores, regardless of their specific
environments. The two types of data will be discussed
together in the following sections.

Films with Lumophore 1 That Lack Discernible
Radiative Energy Transfer Processes: NDLDPE/
1-1, LLDPE/1, EXACT/1, EHDPE/1, and Nordel/l1. As
mentioned previously, fluorescence from these films has
little radiative or Forster energy transfer, allowing
direct comparisons among them (Figure 6). However,
their film crystallinities are very different (Table 1). As
a result, the apparent concentration of 1 lumophores
in the noncrystalline portions is much higher in
EHDPE/1 than in NDLDPE/1-l, LLDPE/1, or EXACT/1
and is lowest in Nordel/1. Thus, we will organize the
data analysis beginning with polymers of lowest crystal-
linity.

As expected, a plot of the relative fluorescence inten-
sities for the Nordel/1 film shows no changes expected
for a melting transition. However, slope changes are
observed at 160 K (onset of y-relaxations), 230 K (onset
of B-relaxations), and 340 K. The latter, for which no
corresponding change in the DSC thermogram of Nordel
(Figures 1 and 15 of Supporting Information) is found,
cannot be assigned, in principle, to a-relaxation proc-
esses due to the absence of crystallinity in the polymer.
It is probably due to a process that is not present in the
four semicrystalline PE films.

Discernible slope changes in plots of fluorescence data
from the EXACT/1 film are observed at 130 K (onset of
y-relaxations) and 220 K (onset of g-relaxations), near
310 K (onset of a-relaxations), and around 360 K (onset
of melting transition). The evidence for the onset of an
o-relaxation in Figures 6 and 7 and the lack thereof in
the DSC thermogram of EXACT (Figures 4 and 13 of
Supporting Information) demonstrates the utility of the
fluorescence measurements as a complementary tech-
nique.

The relative fluorescence intensity plot for the
NDLDPE/1-1 film has small slope changes around 140
K (onset of y,-relaxations), 270 K (onset of the S-relax-
ations), and near 360 K (onset of melting). The onset of
the a-relaxation process in NDLDPE/1-l is not detected
in the Arrhenius-like plot (Figure 7) or the DSC ther-
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Figure 7. Arrhenius-type plots of the data in Figures 6 with selected linear segments fitted to eq 1; the inserts expand data in
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range; see text for details.

Table 2. Activation Energies, Ea (kJ/mol), from Arrhenius-Type Plots (Figures 7 and 9) and Corresponding Temperature

Ranges, AT (K), Grouped According to Lumophore Concentrations?

film AT Ea1 AT Eao AT Eas
Nordel/1 60—160 (T,) 1.3+0.8 170-230 (Tp) 5.4 +0.7 240—330 (To) 125+ 0.5
EXACT/1 70—140 (T,) 28+0.3 150—220 (Tp) 3.0+ 0.2° 220—310 (Ta) 7.0+0.2
NDLDPE/1-1 80—140 (T,) 25401 170-270 (Tp) 40401 280—360 (Trm)° 74402
LLDPE/1 70—160 (T,) 1.2+0.2 190—250 (Tp) 4.7+0.4 260—330 (Ty) 54+04
EHDPE/1 70—140 (T,) 04+0.1 150—220 (Tp) 4.44+0.5 230—330 (Ty) 6.1 +£0.3
NDLDPE/2 60—120 (T,) 3.6+04 140—230 (Tp) 38+0.1 240-4004 39+0.1
NDLDPE/3 70-140 (T,) 24+07 150-210 (Tp) 51+0.3 230—310 (To) 5.8+0.3
LLDPE/2 80—160 (T,) 45+04 170—220 (Tp) 3.7+£0.2 230—310 (Ty) 58+0.2
LLDPE/3 60—170 (T,) 15+0.3 180-250 (Tp) 46+02 260—320 (Ty) 5.8+0.1

a Attributions and transitions from linear slope regions in Figures 6 and 8 are in parentheses. See text for details. Films with 1 are
listed in order of increasing crystallinity P Region only approximately linear. ¢ Onset of melting; see text. 9 No a-onset observed; the

high-temperature limit is the highest temperature employed.

mogram of NDLDPE (Figures 2 and 11 of Supporting
Information).

Slope changes for the LLDPE/1 film appear around
160 K (onset of y-relaxations), 250 K (onset of S-relax-
ations), 330 K (onset of a-relaxations), and around 370
K (onset of melting). Further evidence for the presence
of an o-relaxation in LLDPE is found in its DSC
thermogram that shows a small peak around 315 K
(Figures 3 and 12 of Supporting Information). The
Arrhenius plot for emission from LLDPE/1 (Figure 7)
has one linear range from 70 to 130 K; for reasons

discussed above, the data points from 140 to 160 K are
made collinear with those in the 70—130 K region, and
a single Ea for them is included in Table 2.

Analogous slope changes for the EHDPE/1 film are
observed at 140 K (onset of y-relaxations) and 220 K
(onset of g-relaxations) and a less pronounced a-relax-
ation at 330 K; again, they are not detectable in the DSC
thermogram of EHDPE (Figures 5 and 14 of Supporting
Information).

In support of our contention that factors besides bulk
crystallinity determine the onset temperatures of re-
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laxation processes, we note that the Tz values of
EHDPE/1, EXACT/1, and Nordel/l are very similar,
despite their wide range of crystallinities. The higher
values of LLDPE/1 and NDLDPE/1-l (which has the
highest Tz among the five films) indicate that their
9-anthryl groups are in less flexible environments than
those of EHDPE/1, EXACT/1, and Nordel/1. The Ty
values do not appear to depend on the degree of
crystallinity or the frequency and type of branches,
although the magnitude of the slope change is smaller
for the polyethylene with the higher degree of crystal-
linity.

There is a noticeable change in the integrated emis-
sion intensities and fwhm of the 0—0 emission band of
the 9-anthryl groups of all polymers, except EHDPE/1
film (where the change is smaller) near the temperature
of the B-relaxation (Figures 6—10 in Supporting Infor-
mation). In addition, changes are more pronounced in
NDLDPE/1-l (blended material) and Nordel/1 (amor-
phous) films. The correspondence of this onset temper-
ature from integrated intensities and fwhm plots of the
Nordel/l, NDLDPE/1-l, and LLDPE/1 films indicate
that the same subset of lumophores (in the same local
environments) are responsible and that motional aver-
aging, leading to spectral broadening of lumophore
emissions, is strongly coupled to the 3-relaxation process
of the polymer matrix (as well as increasing contribu-
tions of lumophore-based nonradiative excited-state
relaxations®®).61 A similar correspondence between slope
changes of integrated intensities and fwhm plots is not
found in the EXACT/1 and EHDPE/1 films. Its absence
may be related in part to the lower emission intensities
and signal-to-noise ratios in these films above 300 K.
Regardless, it appears that somewhat different pop-
ulations of lumophores in LLDPE/1, EXACT/1, and
EHDPE/1 are able to detect the onset of polymer matrix
relaxation processes and spectral broadening.

The Eai-like temperature ranges within these five
films are similar despite the differences in crystallinity,
but the Ea; values, 0.4—2.8 kJd/mol, presumably related
to the activation energies of y-relaxation processes, are
not and show no clear dependence on crystallinity. The
local lumophore environment appears to be more im-
portant than bulk crystallinity in determining Ea;.
Similarly, no consistent trend is found between polymer
crystallinity and Eaz-like relaxation processes, but the
spread of values, 4.0—5.4 kJ/mol, is smaller and, for the
most part, the linear temperature ranges are similar.
However, if Ea; — Ea1 is the activation energy for
p-relaxation processes, their range, from 1.5 (in NDLDPE/
1-1) to ca. 4 kd/mol (in EHDPE/1 and Nordel/1, the
polymers of highest and lowest crystallinity), is quite
large. Again, assuming Eaz — Eay reflects the activation
energy of the a-relaxation processes, their values, from
0.7 (in LLDPE/1; within the experimental error limits
of zero) to 7.1 kJd/mol (in Nordel/1), again follow no
discernible pattern with crystallinity. However, we
emphasize that the high value in Nordel must be
associated with a process other than o-relaxations due
to the lack of crystalline regions in this polymer.
Although a great deal of information is contained in the
Arrhenius-like curves and the activation energies ob-
tained from them, we prefer to use them primarily to
help locate the temperatures of onset or cessation
transitions of relaxation processes at this point. How-
ever, these observations support our contention that
factors besides bulk crystallinity (such as branching
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Figure 8. Ratios of relative integrated fluorescence areas,
I=(T)/1:(0), from films with high lumophore concentrations vs
temperature (see Table 1 for details); data for the LLDPE/2,
NDLDPE/2, and NDLDPE/3 films are vertically offset by 0.2,
0.6, and 0.45 units, respectively. See Figure 6 for an explana-
tion of the slope changes and their assignments.

ratios or lengths of branches) are important in deter-
mining the transition temperatures and the associated
activation energies. In the Discussion section, the
activation energies calculated here and by other meth-
ods (for other types of polyethylene) are compared.

Films with Lumophores 2 and 3 That Lack
Discernible Radiative Energy Transfer Processes.
NDLDPE/2, NDLDPE/3, LLDPE/2, and LLDPE/3.
As discussed earlier, the lack of radiative energy
transfer is a good indicator that the attached 9-anthryl
groups are well-separated from each other, and the
optical density of the film is low in the region of
absorption that overlaps the emission. Furthermore,
there are good reasons to believe that the distributions
of 2 and 3 between the amorphous and interfacial
domains of one film type are virtually the same: (1)
their hydroxyl “anchoring sites” are established by a
common reagent, DBTO, prior to introduction of the
different acyl chloride reagents and covalent attachment
(Scheme 1), (2) the ability of the acyl chloride precursors
of 2 and 3 to access the hydroxyl groups is controlled
primarily by a (common) swelling solvent, and (3) the
concentrations of the acyl chlorides are much greater
than the concentrations of hydroxyl groups within the
films.

The transition temperatures from plots of integrated
fluorescence intensity (Figure 8) and the corresponding
Arrhenius-like curves (Figure 9) are listed in Table 2.
At temperatures above the y-transition (near 130 K),
the Arrhenius-like plot for NDLDPE/2 is more linear
than that of NDLDPE/3, despite the relative distribu-
tion of lumophores in amorphous and interfacial sites
of the two films being similar. This suggests that
lumophore 2 does not perceive changes in its local en-
vironment as well as lumophore 3. Regardless, they and
the Arrhenius-like plots from LLDPE/2 and LLDPE/3
(Figure 9) can be dissected into several linear slope
regions. Although several of the En values for one
polymer film with 2 and 3 as the reporter agree well
(and with the values obtained from 1), others do not.
The differences must be related to factors associated
with the lengths of the tether groups.

Discussion

Physical Properties of Polyethylene Films. The
polyethylene films in Table 1 encompass a very wide
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Figure 9. Arrhenius-type plots of the data in Figure 8 with selected linear segments fitted to eq 1; the insets expand data in the

high-temperature region.

range of crystallinities®! (an indicator of the frequency
and length of branches,%263 the molecular weight, and
the sample history®4). For instance, polyethylenes con-
taining few chain branches usually have higher degrees
of crystallinity and higher melting points than polyeth-
ylenes with higher branching ratios.5* In the extreme,
at extremely high degrees of branching, polyethylene
becomes completely amorphous. Furthermore, polyeth-
ylenes with many long chain branches usually have
broad molecular weight distributions,®>66 but the lengths
of the branches have little influence on the degree of
crystallinity.5” Thus, on the basis of its lower crystal-
linity and melting temperature, EXACT has a higher
branching ratio than NDLDPE or LLDPE. Although
they are comparable in crystallinity, the low-density
film NDLDPE should have many short side branches
and few long ones?® while the linear low-density LLDPE
has few, but long, branches.68 The polymer with the
highest degree of crystallinity and melting temperature,
EHDPE, is expected to contain the fewest branches.

These morphological differences are relevant to our
measurements because lightly and highly branched
polymers respond to temperature changes somewhat
differently at macroscopic and nanoscopic distance
scales. Consistent with data from the manufacturer that
Nordel is almost completely amorphous,® its DSC
heating curve (Figure 7 in Supporting Information) gave
no evidence of a melting transition. Thus, its fluores-
cence is from lumophores attached to segments of the
macromolecular chains only at “amorphous” sites.

PE Melting Temperatures. Differences between the
onset of melting temperatures (Tr) inferred from Fig-
ures 6 and 8 and peak melting temperatures measured
by DSC (Table 1 and Supporting Information) are
expected.8 In addition, the T, from fluorescence meas-
urements is less precise because data were collected at
10 K temperature intervals, allowing for absolute errors
of at least +5 K, and the 9-anthryl probes disturb
somewhat their local environments. As a result, the
locally determined T, can be depressed by the presence

of the probe groups. In addition, the fluorescence
intensities are very low at the higher temperatures so
that precision of the measurements is lower. Fluores-
cence changes under these conditions reflect much more
the higher mobility of the viscoeleastic medium than the
behavior of the crystalline or interface regions. By
contrast, DSC measures bulk thermal properties with-
out the necessity of probe groups. In addition, the
melting endotherms on heating and crystallization
exotherms on cooling for NDLDPE from DSC thermo-
grams are very broad and consist of two components
(Figures 2—4 of Supporting Information). The two
endothermic peaks observed for LLDPE and EXACT
films are attributed to the melting of smaller and larger
crystals since one of the corresponding peaks is absent
during sequential sample cooling. NDLDPE, the PE for
which the endotherm is most complex, is a blend of two
components.’® For these reasons, the T, values from
fluorescence data reported in Table 2 must be inter-
preted in terms of local rather than bulk changes in
chain mobility.

The onset of melting of crystallites is detectable by
fluorescence changes in NDLDPE/1-l, LLDPE/1, and
EXACT/1 (Figure 6), albeit by a very small slope change.
These observations are reasonable considering the mole
fraction of crystallites, the ratio of interfacial area to
amorphous volume, the distribution of lumophores
between interfacial and amorphous sites in films of
lower crystallinities, and the logical assumption that the
magnitude of the expected fluorescence intensity changes
due to melting of crystallites will be much greater for
lumophores in interfacial sites than in amorphous ones.
It follows that a mechanistically significant percentage
of the lumophores is in interfacial regions in these films
and is responsible for the observed small slope changes
when crystallites melt.

Influence of Lumophores on Local Polymer
Structure. Reported activation energies for the same
types of changes in polyethylene as those reported in
Table 2 are 1-2 orders of magnitude larger when
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monitored by less invasive (but more macroscopic)
analytical techniques.”®"! For instance, the calculated
activation energies derived for a-, -, and y- relaxations
in polyethylenes from dynamic mechanical measure-
ments are 420, 160—200, and 32 kJ/mol, respectively.”®
Dielectric measurements on slightly chlorinated or
oxidized polyethylene films of 22—27% crystallinity
provided activation energies of 99—125, 210—245, and
45-50 kJ/mol for o-, §-, and y-relaxations, respec-
tively.”?

Because of the short fluorescence lifetimes of the
covalently attached anthryl groups, they are able to
sense their local environments only. As a result, any
changes in the observed fluorescence emission spectra
or integrated intensities can be directly related to local
changes in the polymer matrix. By contrast, dielectric
or dynamic mechanical spectroscopies (like differential
scanning calorimetry) probe the bulk of a polymer
sample. The shape, size, and electronic character of the
9-anthryl groups must frustrate isomorphous substitu-
tion, disturb their local environments, and lead to
attenuation of their sensitivity to changes even in
nearby undisturbed regions. The effects must be analo-
gous to those induced by solvent swelling, including
increasing the local free volume around the lumo-
phores.”>~75 Film stretching, another means to modify
macroscopically polyethylene films, decreases the mean
free volume of “voids” and increases the sensitivity
of lumophoric groups to changes occurring around
them_23726,76

Moreover, fluorescence is a Kinetic process whose
intensity depends on the degree to which nonradiative
processes, that can be strongly linked to movement and
location of “solvent” chains in the vicinity of the lumo-
phore, are suppressed. The mobility of the immediate
environment increases the efficiency of nonradiative
processes. In particular, if a fluorescent group is at-
tached to a polymer segment directly involved with a
relaxation mode, polymer mobility and fluorophore
deactivation will be strongly correlated events.

Fluorescence Sensitivity to Tether Length and
Lumophore Distribution. The sensitivity of 9-anthryl
emissions to changes in polymer chain relaxations
should depend on tether length. For instance, confor-
mational constraints on the tethers can change the
alignment of the 9-anthryl groups with respect to their
neighboring polyethylene chains. Moreover, the mag-
nitudes of van der Waals forces between the tethers of
1-3 and local polymer chains can affect orientation. The
energy of van der Waals interactions between neighbor-
ing methylene groups is ~6.9 kJ/mol.”” As a result,
interactions between the long methylene chain of lumo-
phore 3 and neighboring polymer chains can force
alignment of the 9-anthryl group in ways that are not
possible with lumophore 2 (or lumophore 1). The 9-
anthryl groups of 3 may be coupled more tightly to the
local polymer matrix through an “antenna” (the tether
chain) and be able, therefore, to sense smaller motional
changes of nearby polymer chains than the lumophores
of 1 or 2.

In one polyethylene film, the fluorescence intensity
from 1, 2, and 3 may depend differently on temperature
because of the disparity of strengths of van der Waals
interactions and variations in the alignments between
the lumophores and neighboring polyethylene chains.
In addition, alkyl tethers whose lengths are similar to
the lengths of the branches of the polyethylene chains
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may plasticize their local environments, increasing
chain mobility near the lumophore. Consequently, both
the ability of the probes to sense changes in their local
environments and the relationship between the tem-
peratures at which those changes occur locally and in
the polymer bulk will depend on tether length.

In addition, the relative distributions of 9-anthryl
groups between amorphous and interfacial sitesin each
film may differ when attachment is via decomposition
of ADM (leading to 1) and by the hydroxylation/
esterification method (leading to 2 and 3) (Scheme 1),
but the relative distributions of lumophores 2 and 3
should be very similar. If the differences between the
relative populations of lumophores in amorphous and
interfacial sites, resulting from the two derivatization
methods, are large, 1 may be able to detect some
relaxation processes better (and others worse) than 2
and 3 for reasons that have nothing to do with tether
length. For instance, lumophores attached primarily to
interfacial sites should be able to detect better the onsets
of a-relaxations.

In this regard, the absence of a detectable onset for
o-relaxations from fluorescence in NDLDPE/1-l suggests
that molecules of ADM (and, therefore, lumophore 1)
reside predominantly in the amorphous regions of
NDLDPE. The onsets of a-, -, and y-relaxation proc-
esses are discernible in NDLDPE/3 and, to a lesser
extent, in NDLDPE/2; a similar difference in sensitivity
between 2 and 3 is found in the LLDPE films (Figure
9). On this basis, we conclude that a larger fraction of
the 2 and 3 lumophores than the 1 lumophores reside
in sites within the interfacial region, and at least some
of the sensitivity difference between 2 and 3 is attribut-
able to the degree to which the tether groups allow the
excited singlet states of the 9-anthryl groups to couple
to their local environments. Both tether length and
lumophore location contribute to the ability of the onsets
of relaxation processes to be detected via fluorescence
changes.

The frequency and type of main-chain branches must
also be considered when comparing quantitatively how
2 and 3 perceive their local environments in NDLDPE
and LLDPE. Although the detailed nature of the dif-
fering interactions are not understood at this time, it is
clear that the fluorescence of 2 and 3 responds differ-
ently when in polyethylenes of different microstructures;
further interpretation will require additional investiga-
tions. Consequently, the apparent activation energies
in Table 2 cannot be interpreted easily with the infor-
mation in hand. However, we propose that an “antenna”
effect, provided by the long methylene chain of 3, is the
principal reason for its better sensitivity.

When the bulk concentration of lumophore 1 is low,
it is able to detect a wide range of relaxation processes
in several types of films despite their crystallinity
differences (and resulting amorphous/interfacial lumo-
phore distribution differences). It seems reasonable that
the short tether of 1, forcing the 9-anthryl groups to be
very near the polymer chain to which they are attached,
aids their ability to detect local changes.

Thus, irrespective of the distributions of lumophores
between the amorphous and interfacial regions, the
least well-coupled 9-anthryl groups to their immediate
environment, in lumophore 2, lack the enforced proxim-
ity of 9-anthryl groups of 1 to their polymer chains of
attachment and the “antenna” coupling of 9-anthryl
groups of 3. The quantitative differences in sensitivity
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among the probes further depend on the frequency and
types of branches present in the polymer matrix. For
instance, we propose that the best coupling occurs when
polymer branches and the tether of 3 are similar in
length.

Comparison with Results from Unattached An-
thracene Lumophores in Polyethylene Films. Pre-
viously, we investigated the temperature dependence
on the fluorescence from anthracene molecules doped
(i.e., not covalently attached) in a low-density polyeth-
ylene film of 47%78 crystallinity.’37° In those experi-
ments, changes associated with the onsets of the a-, -,
and y-relaxation processes could be discerned, but the
probes suffered significant translocations between site
types, especially above Ty The apparent activation
energies for the y- and g-relaxations, 0.4 and 0.6 kJ/
mol, respectively, are somewhat smaller than those
reported here. More importantly, the calculated energy
of the a-process, ca. 10.5 kJd/mol, is larger than reported
here because it is a convolution of the actual changes
to the lumophore emission efficiency and the loss of
probe molecules via sublimation under the dynamic
vacuum of the cryostat. Covalent attachment of probes,
as in the current study, avoids complications of this sort
and also allows spectral changes to be recorded on
cooling from the melt; cooling the melted films that were
doped with anthracene did not result in an increased
fluorescence intensity due to the irreversible loss of
lumophores on heating.!® Clearly, the use of unattached
probes limits their utility to the lower temperature
regions, and even there, the possibility of transposition
of probes between different site types cannot be dis-
counted. Covalently attached lumophores allow quan-
titative spectroscopic (diagnostic) measurements to be
made reproducibly, even at elevated temperatures and
under vacuum.

Conclusions

An important feature of this work is that the 9-
anthryl probes are covalently attached to polymer
chains. This ensures that they continue to reside within
the same sites for the duration of the film lifetime,
regardless of temperature (below the melting temper-
ature), thus avoiding complications to interpretations
of data that attend noncovalently attached, diffusing
fluorescent probes. We have explored how fluorescence
from the probes is influenced by temperature, crystal-
linity of the polymer matrix, the length of tethers and
the method by which they are attached to polymer
chains, and the distribution of the lumophores between
amorphous and interfacial regions in the films. The
temperature-induced variations in the integrated fluo-
rescence intensities can be correlated with the onsets
of relaxation processes of the films provided the fraction
of lumophores residing in the vicinity of the motional
changes is large. Only that fraction of lumophores in a
phase region experiencing a change will be affected by
it, although the fluorescence intensity reports the
weighted average environment of all lumophores.

The less than optimal coupling between the motions
of the polyethylene chains and the photophysical prop-
erties of the excited singlet states of the 9-anthryl
groups attenuates the response transmitted by the
fluorescence. For very different reasons, 9-anthryl groups
with short and long tethers are better coupled to their
local environments than the tether of intermediate
length. Since (1) the coupling with the matrix varies
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with tether chain length and (2) the fluorescence reports
events occurring at the nanoscopic scale from polyeth-
ylene environments that are somewhat disturbed by the
lumophores, the fluorescence-derived activation energies
are much smaller than the values obtained by bulk
measurements. However, from knowledge of the parts
within the inhomogeneous films where the relaxation
processes take place, it is possible to use the fluorescence
changes (or lack thereof) to approximate the distribution
of lumophores covalently attached within the amor-
phous and interfacial parts.

By judicious selection of the attachment method and
the length of the tether, we have shown that it is
possible to modulate both the distribution of the probes
and their sensitivity to environmental changes. At this
point, the level of control of these factors is not good,;
further investigations will be required to determine the
levels of specificity and sensitivity that can be achieved.
In this regard, additional methods of probe attachment
would be useful since they may be able to differentiate
amorphous and interfacial sites more specifically than
the two employed here.

The techniques described here are not a substitute
for bulk measurements of the same relaxation processes.
They are complementary to them and offer a window
into relaxation processes on a much different distance
scale and in very different local environments. Although
we have concentrated our efforts on undrawn polyeth-
ylene films and 9-anthryl groups here, the same meth-
odologies should be applicable to a wide variety of bulk
polymers and reporter groups.?” Future investigations
will use these methodologies to compare the changes
encountered when films are drawn or modified by high-
energy ionizing radiation.
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