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Various luminescence and photochemical techniques have been developed to probe the natures of the

sites available to guest molecules in low-density polyethylene films.

The methods, which include

covalent modification of interior sites with fluorophores, are described. The results indicate that a
distribution of site types, each with its characteristic shape, free-volume, and accessibility, are present.
Furthermore, this distribution is changed drastically when a film is stretched.
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INTRODUCTION

A naive description of polyethylene is that it is a solid
aggregate of long normal paraffin molecules. In fact, the ru-
bric “polyethylene” is used to identify literally thousands of
polymer formulations, derived in some cases from mixtures of
monomers which include 1-alkenes in addition to ethylene.
Molecular weight average and distribution, degree of chain
branching, mode of processing, degree of crystallinity, types
of amorphous regions, density etc. differentiate the various
polyethylenes.

Two general site types in low-density polyethylene (LDPE)
-near points of chain-branching and along the interfaces be-
tween amorphous and crystalline regions - have been sug-
gested for guest (dopant) molecules.! Guest molecules are
unable to enter the crystalline portions of LDPE.2

To characterize further the microscopic environments pro-
vided by LDPE to guest molecules, we have probed the shapes
and free volumes of the sites and the dynamics of diffusion to
and from them in several different ways. The results obtained
thus far indicate that there is a distribution of site types which
can be changed drastically by macroscopic stretching of poly-
mer sheets. The complexity of the behavior of the probe mol-
ecules in LDPE demonstrates that the analogy with an ex-
ceedingly long paraffin is incorrect and very misleading. A
review of our efforts to clarify the structural and dynamic
properties of guest sites in LDPE is presented.’

MATERIALS AND PROCEDURES

Films of Sclairfilm (76 mp thick, 0.92 g/cc3, Mw 112600,
from DuPont of Canada), a low-density polyethylene (LDPE),
have been employed throughout our investigations. This al-
lows results from different experiments to be compared di-
rectly. The films were soaked in chloroform before being used
in order to remove plasticizers, antioxidants, and other addi-
tives. Reagents, solvents, and methods are as described in our
cited publications.

t Dedicado ao Prof. Dr. Giuseppe Cilento, que me mostrou a luz da
quimioluminescéncia.

t Conferéncia proferida na 162 Reunido Anual da SBQ, Caxambu.
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Cold-stretching to 4-6X the original film length was ac-
complished with a device designed for this purpose or by hand;
experiments employing the two methods led to indistinguish-
able results.

SPECTROSCOPIC INVESTIGATIONS

Michl and Thulstrup,® especially, have shown that doped,
stretched films of LDPE can be used to align guest molecules
according to a laboratory frame of axes. Linear dichroic spec-
tra of the dopant molecules provides information concerning
the transition dipole of the electronic transitions.

Since it has been conjectured that dopant molecules trans-
locate from one site type to another when LDPE films are
stretched,2’ we sought to devise an experiment in which the
dopant molecules are forced to remain at their original loca-
tion, regardless of the applied stress on the material. To ac-
complish this goal, (9-anthryl)methyl groups, in very low con-
centrations (10-3-10-4 M), were attached covalently to interior
positions of films (An-LDPE).6 Subsequently, the films were
stretched. For comparison purposes, another piece of film was
doped with an equal concentration of 9-methylanthracene
(MA, a non-covalently attached guest) and stretched by the
same amount.

Fluorescence spectra of covalently-attached films gave no
evidence for excimer emission; none was expected since the
concentrations of lumophores was purposely kept very low.
Thus, we assume that virtvally all of the occupied sites have
no more than one anthryl group in each. Similarly, no excimer
emission could be detected from LDPE films with 10-3-104 M
1-pyrenyl groups appended covalently to polymer chains at
internal sites (Py-LDPE).” Much higher concentrations of non-
covalently linked pyrene in the films did provide emission
spectra with detectable excimer emission (Figure 1).

The emission anisotropy of an unstretched An-LDPE film
is ca. 0.15-0.18,% indicating that the anthryl groups are not
able to move rapidly within a film. When swelled by ca. 17%
by cyclohexane, the films become more tolerant of anthryl
motions and the emission anisotropy decreased to ca. one-
third of its original value.%

Unstretched An-LDPE films and MA/LDPE films showed
no linear dichroism (d): d = ODy/OD, was unity at 260 and
390 nm, wavelengths at which anthryl transition dipoles are
polarized almost exclusively along the long (Z) and short (Y)
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Figure 1. Room temperature emission spectra in air (a) from an

LDPE film after immersion in a 0.24 M pyrene in chloroform solution -

for ca. 12 h (PyILDPE) and (b) from a film, doped as above, after
being irradiated for 1 h and exhaustively extracted with chloroform
(Py-LDPE). The spectra are not normalized; A_ 343 nm.

in-plane axes. However, the same films, after being stretched
to 5 X their original lengths, displayed non-unity dichroic ra-
tios from which orientation factors (Of = dg/[d¢ + 2] where
f = X,Y,Z are the principal axes of anthracene) can be
calculated.

As shown in Table 1, the values calculated by us for MA
differ somewhat from those reported by Michl and Thulstrup.?
The disparities can be attributed to different degrees of stretch-
ing, different LDPE sources, and different concentrations of
MA the two experiments. More importantly, an internal com-
parison between our results from An-LDPE and MA/LDPE,
with about equal chromophore concentrations, reveals that the
in non-covalently and covalently attached anthryl groups re-
side in nonequivalent site types after film stretching. Although
these results do not confirm the hypothesis that guest mol-
ecules translocate when films are stretched,’ they are at least
consistent with it.

Table 1. Dichroic ratios and orientation factors from anthryl
groups in stretched LDPE films.5

dopant dx dz Ox® Oy Oz
MA 0.77 2.8 0.14 0.28 0.58
MA-® 0.20 0.29 0.51

An-LDPE 0.89 1.94 0.21 0.30 0.49

a) Data from Michl and Thulstrup.?
Ox =1- (OY + Oz)."

b) Calculated assuming

REACTIONS OF GUEST MOLECULES

There have been few reports of reactions of guest mol-
ecules in LDPE films and still fewer ones in stretched LDPE
films.? In addition to the previously mentioned derivatizations
of LDPE at interior sites with 1-pyrenyl and (9-anthryl)methyl
groups, we have explored the influence of unstretched and
stretched LDPE films on the ability of conformationally labile
guest molecules to undergo specific transformations. Compari-
sons between results from those experiments in unstretched
and stretched films and between films and normal isotropic
solvents have been useful in establishing the qualitative na-
ture of the dopant sites.

Thus, the excited triplet state of 10-undecenyl benzophe-
none-4-carboxylate (1) is known to yield (intermolecular)
photoreduction (3 or 4) and (intramolecular) Paterno-Buchi
cyclization (2) products (Scheme 1).19 The ratio between them
depends upon the proximity of the ®-vinyl and carbonyl
groups at the moment of excitation and their ability to ap-
proach each other during the triplet lifetime of 1. When ac-
cess to the vinyl group by the carbonyl is hindered by the
local environment, more 3 and 4 is predicted; when the vinyl
and carboxyl are forced to be near each other, 2 should be
formed preferentially. Using this simple hypothesis, the fate
of irradiated 1 in p-hexane and in unstretched and stretched
LDPE films was determined. As expected, the yield of reduc-
tion photoproducts is more than twenty times greater than that
of 2 in hexane.!! Constraining the undecenyl chain of 1 within
the volume allocated by sites of unstretched LDPE increases
the relative yield of cyclization products by ca. four-fold.
Stretching the films results in a further increase in the relative
yield of 2, reducing the ratio of 3/2 to less than 3.11

1 C02(CH2)9CH=CH2

H2C=CH

C0,(Chy)g

hv (A>300 nm)

@ @ 005 (CHy) gCH=CH,

3R=H
4 R = solvent

Scheme 1. Photochemical reactions of 10-undecenyl benzophenone-4-carboxylate (1) in hydrocarbon media."!
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Since the relative yields of photoproducts did not change
with the extent of conversion of 1, there must be only one site
type available to it in unstretched and stretched LDPE, the
quantum yields for conversion of 1 in each of several site
types must be about equal, or the rate of hopping among sites
must be more rapid than the rate at which photoproducts form.
Regardless of which scenario is correct, the average site envi-
ronment must be one in which the undecenyl chain spends a
large fraction of time draped over the benzoyl portion of the
molecule. Stretching serves only to increase this fraction fur-
ther rather than to allow the molecule to adopt more extended
(rod-like) conformations. Thus, the shape of sites in un-
stretched LDPE seems to be more cylindrical than thin and
rod-like. Macroscopic stretching of a film appears to reduce
the free volume of an occupied site without changing appre-
ciably its shape.

Further insights into the shapes and volumes of LDPE do-
pant sites is provided by an investigation of the photo-Fries
rearrangement!213 of 2-naphthyl myristate Sa.1* Through at-
tempted triplet sensitization experiments, we have ascertained
that the likely reactive excited state is the singlet.l4

The mechanism appears to involve homolytic cleavage of
the acyl-oxy bond, producing a spin-correlated pair of radi-
cals which either react intramolecularly or diffuse apart and
abstract a hydrogen atom from solvent.12 The consequences
of these events are shown in Scheme 2. In addition to refor-
mation of 5a, the radical pair may also recombine to yield any
of four keto-isomers (6). These are the recombination prod-
ucts predicted to be feasible on the bases of simple valence-
bond arguments, calculated heats of formation (thermodynamic
stability), and odd-electron densities on the 2-naphthyloxy
radical (kinetics arguments) (Table 2).14 Enolization of 6
yields the isolated isomers 7.

Table 2. Heats of formation of possible intermediates 6 from
a model compound, 2-naphthy! propanoate (5¢), and spin den-
sity at various carbon atoms of the 2-naphthoxy radical as
calculated by the MNDO method.14

position or isomer AHi of 6¢ 2-naphthoxy
(kcal/mol) spin density

1 -34.2 0.40

3 -21.5 0.06

4 20.1 0.01

5 22.2 0.00

6 -19.4 0.13

7 222 0.00

8 -18.2 0.10
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Scheme 2. Mechanistic scheme for the photo-Fries rearrangements
of 2-naphthyl acylates (5), showing potential intermediates and
products. The heats of formation for the 2-naphthyloxy radical and
2-naphthol are calculated by the MNDO technique.

The distribution of photoproducts from 5a was investigated
initially in a series of low molecular weight solvents (Table 3).
The results indicate that traces of moisture have a marked ef-
fect on the course of reaction. The absence of 2-naphthol from
irradiation of 5a in moist hexane and its dominance in anhy-
drous hexane seems, at first glance, incongruous. If anhydrous
n-hexane were free of impurities (which can act as good H-
atom donors), very little 2-naphthol should form since abstrac-
tion from hexane by 2-naphthol is endothermic: our MNDO
calculations predict that 2-naphthyloxy radicals can abstract H-
atoms from bonds no stronger than ca. 43 kcal/mol. A possible
explanation for the lack of 2-naphthol in moist hexane is that
the potential H-atom donor impurities are polar and aggregate
in aqueous microdroplets which are difficult to access by 2-
naphthyloxy radicals. Alternatively, the water molecules may
stabilize 2-naphthyloxy radicals or keep the initial radical pair
in contact for a longer period of time. Subsequent experiments
in protic solvents favor the latter explanation, although the
evidence in hand is insufficient to dismiss either one.

Table 3. Photoproduct distributions from irradiation (>300 nm) of 5a in various solvents and LDPE films under nitrogen.!

relative yields

[5a]l.M medium T(°C) % _conversion 2-naphthol 1-7 37 6-7
6.2x10 hexane (dry) 50 14 85 14 0 1
6.2x104 hexane (moist) 50 8 trace 95 0 5
(1 wt %) heneicosane (C21H44) 50 12 38 53 0 9
( wt %) n-butyl stearate 32 8 68 22 0 10
6.8x104 ethanol 25 12 26 63 0 10
4.9x10°3 t-butyl alcohol 25 12 trace 86 0 14
LDPE
5x10-4-103 unstretched 25 <7 0 0 75 25
5x10-4-103 stretched 25 <7 0 0 92 8
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Isotropic heneicosane’s higher viscosity may hold the ini-
tially formed radical pair together for a longer period, increas-
ing the probability of 6 isomers being formed. When viscous
solvents are comprised of molecules with more easily ab-
stractable H-atoms, like n-butyl stearate, formation of 2-naph-
thol is able to compete more efficiently with radical recombi-
nation pathways. In lower-viscosity polar solvents with easily
abstractable H-atoms, like ethanol, the apparent stabilization
of the 2-naphthyloxy radicals by hydrogen bonding partially
counterbalances the propensity to form 2-naphthol. The influ-
ence of hydrogen bonding on the course of reaction is demon-
strated further in t-butyl alcohol, a solvent which does not
have easily abstractable H-atoms and which results in only
trace amounts of 2-naphthol.

Equally noteworthy is the fact that in all of the solvents,
only two of the “favored” 7 isomers are detected, and 1-7 is
always preferred over 6-7. Although the dominance of 1-7 is
expected from the data in Table 2, the absence of 3-7 and 8-
7 is not.

With these data as benchmarks for the behavior of radical
pairs from 5 in fluid, isotropic media, their fate in LDPE films
was examined. Irradiations to various conversions produced
virtually identical photoproduct ratios. In unstretched LDPE,
neither 2-naphthol nor 1-7 could be detected. Instead, a 3/1
ratio of 3-7/6-7 was found. In stretched LDPE films, irradia-
tion led to an even more pronounced preference for 3-7.

When viewed in light of the solution results, these photo-
product distributions are remarkable. They are consistent with
a model for the sites afforded molecules of 5a which is very
similar to that advanced to explain the results from irradiation
of 1.1! The sites must be limited in free volume and rather
globular in shape. As indicated by the absence of 1-7 and the
appearance of a new photoproduct, 6-7, the sites must not
favor the formation of photoproducts which are both wide and
long. However, the results with 1 and Sa suggest that the
average shape of the occupied sites in LDPE may be more
cylindrical than globular. In any case, the lack of 1-7, the
preferred photoproduct in solution, requires that the long acyl
radical and 2-naphthyloxy radical not be able to recombine at
the 1-position (i.e., forming the more globular and less rod-
like 1-6); the recombination clearly favors 6 isomers whose
length to breadth ratio is high in extended conformations.
Reduced selectivity in the photoproduct distribution from 2-
naphthyl acetate (3¢) in LDPE!4 again supports the model in
which LDPE sites are more tolerant of guests with large length
to breadth ratios.

Guests with large length-to-breadth ratios. The data also
demonstrate that the sites afforded by LDPE can influence not
only the distribution of photoproducts from guests, but also
lead to the formation of new photoproducts not observed from
irradiations conducted in homogeneous fluid media.

DISTRIBUTIONS OF GUEST SITE SIZES

Information presented thus far indicates that different site
types may exist in LDPE, but does not address quantitatively
their free volumes. Since pyrene excimer emission can be
detected from LDPE films which were swollen by chloroform

at the time of doping,” some of the sites must have a mini-
mum of ~645 A3 (i.e., the sum of the van der Waals volumes
of two pyrene molecules) of available free volume. However,
this volume may not be representative of sites in unswelled
LDPE.

In other experiments, Py-LDPE (and An-LDPE) films were
placed in methanolic solutions of dialkylanilines (DAA) until
the pyrenyl (or anthryl) fluorescence intensity no longer
changed. Since methanol is a non-swelling solvent for LDPE,
DAA molecules had to enter unswelled films and occupy sites
more indicative of the native polymer. The concentrations of
DAA in the films were ascertained from the film volumes and
the quantity of DAA which could be extracted from them. Some
of the pertinent data for Py-LDPE is presented in Table 4.13

F, the fraction of film fluorescence quenched by a DAA
homologue, is expressed in eq. 17 where I, and L4 are the
fluorescence intensities observed in the absence of DAA and
after equilibration with it. Since DAA are known to be very
efficient (diffusion controlled) quenchers of pyrenyl and
anthryl excited singlet states,!6 the values of F represent the
fraction of pyrenyl or anthryl occupied sites which also con-
tain at least one DAA molecule. From the volumes of pyrenyl,
anthryl, and the DAA, the distribution of the minimum free
volumes at the sites containing fluorophores can be calculated.

F=(-Ly L N
(CH,)
W >q_\_
\ OH
(CHy) o H
DAE
MM n=20
DEA n=1
DPA n=2
DBA n=3

The values of F for one DAA homologue are larger in
unstretched than in stretched films. However, the dependence
of F on the molecular volume of DAA is greater for the
stretched films. Since the total concentration of DAA in a
film, [DAAJfim, depends upon its initial concentration in the
methanolic doping solution and its partition coefficient, the
values of F were normalized with respect to DAA (Fy in eq.
2). The Fy values

are more indicative of the ability of a DAA to enter a site
which is already occupied by a covalently attached fluorophore
and of the distribution of free-volumes at such sites.

FM = F/[DAA]_ (2)

From the absence of change in FM using unstretched films,
we conclude that the total free volume of pyrenyl-occupied
sites which are quenchable by any DAA must be at least
~555 A3, the sum of the van der Waals volumes of pyrenyl
and DBA (the largest DAA employed). Furthermore, the ac-

Table 4. Data related to fluorescence quenching in Py-LDPE films by DAA homologues at 25°C.15

DAA van der Waals unstretched film stretched film
volume, A3  [DAA)imM F Fum,M-1 [DAA]fiim F Fm,M!
DMA 128.7 0.19 0.35 1.6 0.14 0.15 09
DEA 162.8 0.12 0.25 1.7 0.09 0.10 09
DPA 196.9 0.09 0.19 1.6 0.08 0.04 03
DBA 231.0 0.07 0.16 1.6 0.09 <0.02 <0.1
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cess route to those sites must not have a constriction point
whose diameter is smaller than that of a DAA molecule. These
data presented graphically in Figure 2, demonstrate the strik-
ing difference between unstretched and stretched films. In the
latter, the accessible sites can be bracketed to have average
free volumes between ~485 and 519 A3. As judged from the
large decreases in Fy; between DEA and DPA or between DPA
and DBA (AV=z 34 A3), the distribution of volumes within
these sites is rather narrow. Comparatively, DMA is less than
twice as efficient a quencher in unstretched as in stretched
Py-LDPE films, but DBA is more than 10 times more effi-
cient in the unstretched film.

2
[ ]
! ) - -
1.5}
Fn
1 .
a [w}
0.5 F
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0 1 1 _— I
450 485 __ 519 553
v, &

Figure 2. FM versus the sum of the calculated van der Waals
volumes, V, of one pyrenyl group and one DAA molecule; from out-
diffusion data using unstretched (M) and stretched ([]) Py-LDPE
films B

Since the information on FM that this method provides is
limited only to sites with covalently bound fluorophores, we
also examined the influence of their concentration in An-LDPE
films.6 Thus, using DMA as the quencher, the Fy values were
found to remain constant over a five-fold change of concentra-
tion of anthryl groups in unstretched films (Table 5). However,
the corresponding stretched films exhibited FM values which
increase as the anthryl concentration decreases. These results
are totally consistent with those in Table 4. They provide
additional insights, suggesting that DMA is distributed rather
evenly throughout the amorphous regions of the polymer.

Table 5. Data related to fluorescence quenching of An-LDPE
films by DMA at 25°C.6

[An],M unstretched film? stretched film®
F - FuM! F Fy M
7.8x104 0.34 1.8 0.12 0.9
6.5x10¢ 0.34 1.8 0.15 1.1
1.6x10-¢ 0.35 1.8 0.21 1.5

a) [DMAlfiim = 0.19M, b) [DMAJgiim = 0.14 M.
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RATES OF DIFFUSION IN LDPE FILMS

As alluded to in the discussion above, an impediment to
the quenching of covalently attached fluorophores in LDPE
films may be imposed by restriction of polymethylene chains
along the pathway followed by DAA molecules from a film
surface to an occupied site.

If a Py-LDPE or An-LDPE film is placed in a DAA/metha-
nol solution, the decreasing intensity of fluorescence from the
film (by exciting at a wavelength where DAA does not absorb
and by monitoring the emission at one wavelength) can be
followed with time until a minimum (equilibrium) value is
reached. When the DAA-doped film is then placed in methanol
(or another non-swelling liquid in which DAA is soluble), the
increasing intensity of fluorescence can be monitored with time.
Typical intensity plots are shown in Figures 3 and 4. Provided
the methanol is in extremely large excess of the film volume,
virtually all of the DAA will diffuse eventually from the film
and the fluorescence intensity will attain a maximum value.
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Figure 3. Fluorescence decay (in-diffusion} curve from an
unstretched Py-LDPE film in contact with 0.5 M DMA and 0.1 M 2-
dimethylaminoethanol (DAE, a quencher of surface pyrenyl groups)
in methanol at 7°C, A, 343 nm; llm 395 nm. The inset is a plot of
the data according to eq. 3a.’
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Figure 4. Fluorescence growth (out-diffusion) curve from a stretched
Py-LDPE film, previously doped with DMA and in contact with
methanol, at 22°C. A, 343 nm; A, 395 nm. The inset is a plot of
the data according to eq. 3b.7
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Manipulation of this data as being due to competing first-
order rate processes or being due to Fickian diffusion (second
law) allows characteristic values for DAA migration from the
films to be calculated. The two expressions, for the rate con-
stant (k) and the diffusion coefficient (D), are presented in
their integrated forms in equations 3 and 4, respectively. Plots
of the data in Figures 3 and 4, but treated according to equa-
tions 3a and 3b, respectively, are presented as insets. A typical
fluorescence decay (in-diffusion) curve using DMA and an An-
LDPE film is presented in Figure 5a; the data are treated in
Figures 5b and 5c according to eqgs. 3a and 4a, respectively. In
principle (and practice), k (or D) from in-diffusion (initial dop-
ing) or out-diffusion (from film to methanol) experiments may
lead to slightly different values due to the liquids in contact
with a film not being exactly the same in the two cases.” For
the purposes of the general discussions here, this factor will
be ignored. In eqs. 3a and 4a, L., L, and I, are the fluores-
cence intensities from the film after complete in-diffusion, af-
ter a time=t, and before entry by DAA into a film; in egs. 3b
and 4b, L. is the fluorescence intensity after complete loss of
DAA from the film and I, is the intensity from the film in its
maximally-doped state; / is the film thickness.

In[(I-T)/(Io-I)] = -kt 3a)
In[(L-T)/(Ie-16)] = -kt (3b)
(Io-I)/(Io-1.) = (4/1)(Dim)2el2 (4a)
(Lo I/ (Le-1o) = (4/1)(D/m)¥2t'2 (4b)

By performing experiments over a temperature range which
does not include a phase change of LDPE, it is possible to
calculate the activation energies, E, and Ep, associated with k
and D (equations 5 and 6). Thus, the values of Ea or Ep can
be determined from the slopes of plots of In k or In D versus
the inverse of temperature.

k = koexp(-Eo/RT) )
D = Dexp(-Ep/RT) (6)

E. values from fluorescence growth curves (i.e., DAA out-
diffusion experiments) using one set of Py-LDPE films are
collected in Table 6. They indicate that the resistance to DAA
motion increases as its size decreases. Furthermore, it is more
difficult to remove DAA molecules from sites in the stretched
film than in the unstretched one. It should be remembered
that the physical process being measured in these experiments
is removal of the last (and probably only) DAA molecule from
a site occupied by a pyrenyl group. Only if that process is fast
with respect to motion of DAA molecules within the bulk

should the activation energies in Table 6 be related to diffu- -

sion. That they are is indicated-by the similarity between the
Ea from fluorescence decay (in-diffusion) and fluorescence

Table 6. Activation energies from fluorescence growth curves
for DAA out-diffusion from Py-LDPE films into methanol
between 15 and 35°C.13

Ea(kcal/mol)
DAA unstretched stretched
DMA 12.7£0.5 16.940.7
DEA 9.210.4 11.7+£0.5
DPA 8.020.5 9.1+0.6
DBA 6.0£0.8 a

a) No fluorescence intensity changes detected.
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Figure 5. (a) Fluorescence decay curve from an unstretched An-
LDPE film in contact with 0.95 M DMA in methanol at 22 C. l”
369 nm; A, 415 nm. (b) Data plotted according to eq. 3a. (c) Data
plotted according to eq. 4a with a best linear fit to points between
0.2 and 0.7 along the ordinate.’

growth (out-diffusion) experiments: for DMA as quencher, the
E. from in-diffusion experiments for the films of Table 6 are
13.5£0.5 (unstretched) and 17.4+0.8 kcal/mol (stretched);!3
from fluorescence decay curves in An-LDPE and using DMA
as quencher, we have found that Ep is also ca. 4 kcal/mol
higher in the stretched films.5
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Any conclusion that it is easier for larger DAA molecules
than for smaller ones to move within LDPE films must be
qualified further by the previously mentioned data which
shows that the fraction of pyrenyl-occupied sites which par-
ticipate in the DAA-induced quenching decreases as the vol-
ume of a DAA molecule increases. Thus, it is more reason-
able to ascribe the bizarre changes in activation energies to
the set of sites being accessed becoming smaller as the DAA
become larger; again, we conclude that there appears to be a
distribution of sites, each with its characteristic free volume
and accessibility.

In order to access a wider range of site types, we have
developed methods which allow k and D values for DAA dif-
fusion in native LDPE films to be measured.!” In the first
step, a molecule capable of fluorescence is doped into LDPE.
It is then allowed to diffuse from LDPE and into a non-swell-
ing liquid which contains an efficient quencher which does
not enter LDPE. Thus, out-diffusion in these experiments leads
to decay curves (Figure 6). Provided the quencher and liquid
do not absorb at wavelengths where the dopant molecule is
excited, treatment of the decrease in fluorescence intensity
versus time according to eqs. 3a and 4a (where I, and .. now
represent the maximum and minimum intensities, respectively)
allows k and D to be calculated. Some characteristic values
for DAA diffusion from LDPE into 2N HC1!8 are compared to
data obtained using covalently modified films in Table 7.
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Figure 6. Fluorescence decay (out-diffusion) spectra from a native
unstretched LDPE film, doped with DMA, in contact with 2N HCI at
15.0 (A), 25.5 (W), and 34.0 °C (*).’8

The activation energies, Ea and ED, derived from rate data
using native unstretched LDPE according to eqs. 3 and 4 are
collected in Table 8. They lead to a very different conclusion
from that made on the basis of data in Table 6. The activation
energies are higher and nearly constant throughout the series.
The small decrease between DEA and DBA values can be
rationalized on the basis of the lower overall concentration of
the larger DAA in the film due to the smaller partition coef-
ficient for DBA; if all doping procedures employ the same
reservoir concentration of DAA, the film with DBA will have
the lowest guest concentration at time = O in out-diffusion
experiments. As a result, it will also have the smallest fraction
of sites occupied. If these are the more accessible sites, it is
not unreasonable that escape from them should be easier, also.

Table 8. Activation energies for DAA out-diffusion from na-
tive unstretched LDPE films into 2N HCL.!8

DAA Ep, kcal/mol E., kcal/mol
DMA 15.1+0.3 14.540.1
DEA 15.2+0.4 14.740.1
DBA 13.440.1 13.710.1

The decrease in the differences among the activation ener-
gies reported in Table 8 (as compared to Table 6) can be
explained, therefore, on the basis of site selection. The Py-
LDPE and An-LDPE films allow a DAA molecule to enter
only those sites which have a relatively voluminous lumophore
covalently attached to it and which retain sufficient additional
free volume. In the native films, all doped sites (i.e., poten-
tially those with a minimum free volume equal to the van der
Waals volume of one DAA molecule) contribute to the kinet-
ics of diffusion. In fact, at early out-diffusion times, we have
observed systematic deviations from single exponential decays
of fluorescence intensity which may be due to loss of DAA
molecules from very large sites with relatively unencumbered
access routes to the film-liquid interface.

SUMMARY

We have described a series of experimental approaches to
the characterization and, in some cases, exploitation of the
dopant sites available in low density polythylene.

Although a full understanding of the distributions of shapes
and free volumes of sites in LDPE films and the dynamics
associated with them cannot be claimed yet, several conclu-

Table 7. Representative values of k and D for out-diffusion of DAA from native!® and modified’!5 unstretched LDPE films.

DAA T(C) film type
native LDPE# Py-LDPEP An-LDPE®
kst D.cm?/s k,s! D,ecm?/s k,s! D,cm?/s
DMA 25 12x10-4 0.90x108 0.8x10-8 9.6x104 1.8x108
' 34 28x104 2.0x108
35 12x104 1.8x10-8 18.0x10-4 3.7x108
DEA 24 3.8x10+4 0.22x108
34 8.8x10+4 0.53x108
35 7.1x104
DPA 35 5.9x10+4
DBA 24.5 2.3x104 0.14x108
33 3.5x10+4 0.23x108
35 4.7x104

a) Receiving liquid is 2N HCL. b) Receiving liquid is methanol.
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sions can be made: (1) the sites provided to dopant molecules
are reduced in volume and the guests may change their loca-
tion during film stretching; (2) the distribution of free vol-
umes for sites in stretched films is much narrower than in
unstretched ones; (3) the observed activation energies for dif-
fusion of guest molecules is a convolution of their distribu-
tion in the film and the fraction of the total number of sites
which are occupied.

It should be mentioned that our techniques should be ame-
nable to the investigation of many types of polymers; efforts
to apply them to other polymers have been initiated.
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