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Abstract: Deformation processes in gel-crystallized ultrahigh molecular weight polyethylene (UHMWPE)
films with draw ratios (DR) as high as 96 have been investigated by X-ray diffraction (XRD), differential
scanning calorimetry (DSC), and positron annihilation lifetime spectroscopy (PALS). In addition, low
concentrations of pyrene molecules have been introduced at the time of film preparation from the gels or
afterward by sorption after film preparation, and the polarization of their electronic absorption and
fluorescence spectra at different draw ratios has been measured over a large temperature range extending
to below the glass transition. The pyrene-doped films have been irradiated to introduce covalently attached
1-pyrenyl groups, and these films at two draw ratios have been employed to investigate over large
temperature ranges (1) the steady-state fluorescence intensity and (2) the rates of diffusion of N,N-
dimethylaniline (DMA). These data have been correlated with the XRD, DSC, and PALS information obtained
on the unmodified films. On the basis of analyses of this body of information, a novel deformation model
that explains the decreased crystallinity and increased mean free volumes in gel-crystallized UHMWPE at
low draw ratios is proposed. It involves “stretch” and “flip” motions of microfibrils present in the undrawn
films. The high crystallinity content and stiffer chains due to drawing UHMWPE films result in weak R- and
â-relaxation processes, slower diffusion of DMA than in undrawn films, and orientation factors for doped
pyrene molecules that are constant over a large temperature range. The overall picture that emerges allows
several aspects of the morphology of UHMWPE, a polymer of fundamental importance in materials research,
to be understood.

Introduction

Since the development of the Ziegler-Natta type catalysts,1-3

various types of linear polyethylenes (LPE) have been manu-
factured. One of the most importantLPEs from a commercial
standpoint is ultrahigh molecular weight polyethylene (UHM-
WPE, Mw > 106).4-6 Its low density, solubility properties, and
high modulus and strength, especially in the form of drawn films

and fibers,7 have resulted in several important industrial
applications, including the fabrication of surgical prostheses,8

machine parts,3 heavy-duty liners,3,9 and boat sails.9 Methods
such as wide- and small-angle X-ray diffraction (WXRD and
SXRD),10-18 NMR spectroscopy,5,13,19 FT-IR spectroscopy,20
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polarized FT Raman spectroscopy,21 transmission electron
microscopy,19,22,23 scanning electron microscopy,24,25 atomic
force microscopy,26,27 and differential scanning calorimetry
(DSC)17,22,24have been employed to explain the nature of the
rather unique structure and texture ofUHMWPE in its undrawn
and drawn states and to unravel the mysteries of its intrinsically
anisotropic properties.13,15,17-27 In addition, we have probed the
microstructure of undrawn and drawnUHMWPE by analyzing
the photophysical properties of 1-pyrenyl groups covalently
attached to polyethylene chains or of pyrene molecules doped
into the films.17 These results were compared to those from
doped pyrene and covalently attached 1-pyrenyl groups in
undrawn and drawn low- and high-density polyethylene (LDPE
andHDPE) films.28,29

With increasing degrees of crystallinity and chain entangle-
ment inUHMWPE , the storage modulus and the importance
of R-relaxations (associated with large segmental motions of
chains in the amorphous regions, but near crystallites30) increase,
and the contribution fromγ-relaxations (occurring along short
chain segments in amorphous regions, but with important
contributions from crystalline parts as well30) decreases.18 Under
ambient conditions, polyethylene fibrils exhibit mainly an
orthorhombic crystalline structure,10-17,31,32 and their X-ray
diffraction patterns usually provide deflections from (110)o and
(200)o lattices. In undrawn polyethylenes, the orthorhombic
crystallites are usually distributed randomly. However, lamellae
of UHMWPE are partially oriented, even in the undrawn
state,12a and drawing increases the orientation ofUHMWPE
crystallites, as it does other polyethylenes.17 The onset of
crystallographic and morphological orientation occurs at lower
compression ratios inUHMWPE than inHDPE, and greater
resistance to deformation and more extensive strain recovery
are also exhibited byUHMWPE . These differences in deforma-
tion behavior ofUHMWPE andHDPE have been attributed
to the larger number of tie molecules and higher degree of
entanglement within the (limited) amorphous regions ofUH-

MWPE .33 A metastable monoclinic crystalline phase has been
identified by WXRD when LPE is subjected to tension17 or
compression11,14 beyond the yield point (i.e., where phase
transformation and deformation processes occur).10b,11

The consequences of changes in the amorphous regions of
polyethylenes must be known to understand (1) how nucleation
and crystallization occur,34 (2) what are the mechanisms by
which guest molecules are oriented,35,36 (3) how molecules
diffuse37,38and permeate the polymer matrix,39 and (4) how the
local environment affects the dynamics of structural changes
of guest molecules.40 Several specific models have been
advanced to explain the deformation processes of LPE.12,41-43

A common feature of these models is large-scale, irreversible
sliding and tilting motions of lamellae in the initial stages of
drawing to form microfibrils.44 These deformation processes are
believed to occur inLDPE and HDPE,41-43 as well as in
UHMWPE .12a,23

In the present work, the properties ofUHMWPE films with
draw ratios (DR; i.e., the ratio of the lengths after and before
drawing; see below) from 1 to 96 have been investigated by
XRD, DSC, and PALS measurements. These data have been
correlated with measurements of diffusion byN,N-dimethyla-
niline (DMA ) in films based on the steady-state and dynamic
fluorescence of covalently attached pyrenyl groups. Undrawn
and drawn films modified with the lumophoric pyrenyl groups
have been prepared by doping pyrene molecules into unmodified
films either as their gels are dried (UHMWPE-Py-g, DR ) 1,
9, and 48) or by diffusion after drying (UHMWPE-Py-d , DR
) 1, 10), followed by irradiation and removal of the unattached
pyrene molecules.17 In addition, the temperature-dependent
fluorescence ofUHMWPE-Py-g films (DR ) 1, 9, and 48)
has been used to detect the onsets of chain relaxation processes
and the polarized absorption, and emission of films doped with
pyrene molecules (UHMWPE/Py-g, DR ) 9 or UHMWPE/
Py-d, DR ) 10) has been measured between room temperature
and-45 °C to determine how the guest molecules are oriented
within the polymer matrix. These results demonstrate the
stiffness of the microstructures ofUHMWPE . They also
indicate that the crystalline regions exert a significant influence
on the properties of the amorphous parts ofUHMWPE .
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On the basis of the XRD, DSC, and PALS data, a new
deformation model for gel-crystallizedUHMWPE is proposed
in which the initial deformation involves “stretch” and “flip”
motions of microfibrils that are present in undrawn films. These
deformations are responsible for the initial decrease of crystal-
linity and increase in mean free volume of “holes” asUHM-
WPE is drawn (DR: 1f 15). Deformations at draw ratios
greater than 15 unfold the “stretched” and “flipped” microfibrils,
allowing tighter packing of chains, increased crystallinity, and
decreased sizes of “holes”. More importantly, the total body of
information presents a very comprehensive structural and
dynamic picture at several length scales whenUHMWPE is in
different stressed states.

Experimental Section

Materials. Ultrahigh molecular weight polyethylene powder from
DSM, Holland (Stamilan UH,Mw ≈ 2.8× 106), was used as received.
Pyrene (Aldrich, 99%) was recrystallized from benzene, passed through
an alumina column using benzene as eluant, and recrystallized twice
from ethanol to yield mp 148.6-149.1°C (lit mp 149-150°C45). N,N-
Dimethylaniline (DMA ; Aldrich, 99%) was distilled, saturated with
N2, and stored in a refrigerator until it was used. Methanol (EM Science,
HPLC grade), ethanol (EM Science, HPLC grade), xylenes (Baker,
analyzed), and chloroform (Fisher, HPLC grade) were used as received.

Undoped and pyrene-dopedUHMWPE films were prepared from
the powder by an adaptation17 of a previously described procedure.12b

First, the powder was dissolved in hot xylenes or hot xylenes containing
known concentrations of pyrene and was gelled. The gels were held in
place on a sheet of aluminum foil to avoid shrinkage while they slowly
dried in the air. Finally, the films were placed in a vacuum oven at
room temperature for 6 h to remove residual xylenes. Films prepared
in this fashion were not porous. Pyrenyl groups were attached (yielding
UHMWPE-Py-g) by irradiation of aUHMWPE/Py-g film ([Py] )
2.8 × 10-3 mol kg-1; based on the average film thickness, the optical
density at several positions on the film surface, and the molar extinction
coefficient of pyrene at 335 nm in hexane, 55 000 M-1 cm-1 46) in
vacuo at>300 nm and subsequent removal of unattached pyrene
molecules by immersing the film in refluxing chloroform for a total of
1 month to remove unattached pyrene and other aromatic molecules.17,28b

The chloroform was replaced daily until no more pyrenyl-like molecules
could be extracted. The film surfaces were then washed with methanol.17

The concentration of attached 1-pyrenyl groups was too low to observe
its characteristic absorption bands.

Instrumentation and Procedures. Unless indicated otherwise,
experiments were carried out at room temperature. UV-vis absorption
spectra were measured at three different positions on each film using
a dual-beam Cary 300 Bio UV-visible spectrophotometer. To obtain
linear dichroic absorption spectra, a pair of Glan-Nicol prism polarizers
was inserted in the optical path of the reference and sample beams of
the spectrophotometer. Films were mounted vertically with respect to
their draw direction. While the films were kept stationary for the
duration of each set of measurements, spectra were recorded with the
electric vector of the polarized light parallel (OD|, vertical) and
perpendicular (OD⊥, horizontal) to the draw direction. Low-temperature
measurements were performed by means of a homemade optical
chamber in which the temperature can be adjusted precisely from room
temperature to-50 °C. The temperature was read from a thermometer
((1 °C) that was inserted into the sample chamber. Spectra from three
different parts of each film were ratioed individually and averaged.

X-ray diffraction (XRD) data were collected on a Rigaku RAPID/
XRD image plate system with Cu KR (λ ) 1.54056 Å) X-rays from a

Rigaku generator operated at 46 kV and 46 mA. Drawn or undrawn
UHMWPE films were mounted vertically on the sample support. The
positions of the films were set so that the X-ray beam was perpendicular
to the film surface and the draw direction (A in Figure 1), parallel to
the film surface but perpendicular to the draw direction (B in Figure
1), or parallel to the film surface and the draw direction (C in Figure
1). Films in the (B) and (C) positions were oriented first in the (A)
position, making sure that the radial diffractions from the (110)o and
(200)o planes of orthorhombic crystallites17 were symmetric circles for
undrawn films or on the equatorial (for B) or meridian (for C) lines
for drawn films. The films were then rotated on one axis by 90° to
attain positions (B) or (C). Degrees of crystallinity from XRD
measurements were calculated as averages of values from three pieces
of film that were rotated horizontally during data collection. Sample
and background data sets were deconvoluted from 1° to 90° in 2θ in
0.020° steps and then analyzed using MDI (Jade version 5) software.47

Differential scanning calorimetry (DSC) was performed under a N2

atmosphere on 4.0-5.5 mg film samples in closed aluminum pans using
a TA 2910 DSC cell interfaced to a TA Thermal Analyst 3100
controller. The heating rate was 5°C/min, and the cooling rate was
uncontrolled and depended on the difference between the sample and
ambient temperatures.

Fluorescence measurements at various temperatures were obtained
using an instrument described previously.48 Films were cooled to-233
°C under vacuum in the chamber of a cryostat and then warmed
progressively to 127 or 137°C while spectra were recorded at intervals
of 10 °C. Finally, the samples were recooled to room temperature. The
area under each fluorescence curve was integrated, and the emission
spectra were deconvoluted using Grams/32 software49 to obtain the
relative area and the full peak-width at half-height (fwhm) of the
emission peak at the blue-edge (λem ) 377 nm);R wasg 0.999 in all
cases. Other fluorescence and excitation spectra, including polarized
ones, were measured using a Spex Fluorolog III spectrofluorimeter with
a 150 W lamp. Excitation spectra are corrected for detector response.

For polarized fluorescence spectral measurements, a pair of Glan-
Nicol prism polarizers was inserted in the excitation and emission
optical path of the spectrofluorometer. Front-face emission and excita-
tion spectra between room temperature and-45 °C were obtained by
placing the films in a homemade thermostating device. The temperature
was read from a thermometer ((1 °C) that was inserted into the sample
chamber. Films were mounted vertically with respect to their draw
direction, and their faces were perpendicular to the excitation beam;
the angle between the excitation and emission optical paths was 22.5°.
The spectra were recorded while the electric vector of the polarized
excitation and emission beams were parallel or perpendicular to the
drawing direction of the films. Results are based on polarized emission
spectra of three different parts of each film that were ratioed individually
and averaged.

Positron annihilation lifetime spectroscopy (PALS) measurements
were performed using an automated EG&G Ortec fast-fast coincidence
unit, temperature stabilized at 23( 1 °C. Two identical sample stacks,
1.5 mm thick, were placed on either side of a22Na source, and the
sample-source sandwich was placed between the detectors. The timing
resolution of the system was 275 ps based on a60Co source with energy
windows set to22Na events. OrthoPositronium (oPs) pick-off annihila-
tion characteristics (τ3, I3) were measured. Data points represent the
average of at least five spectra forτ3.

Procedure for Drawing UHMWPE Films. Strips of films were
held at the edges by compression clamps and heated 2-4 mm over a
hot plate (130-140 °C) while being lengthened in small increments.
Thicker films allowed higher draw ratios. Initially, films were drawn
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to DR ) 6-10. Pieces of this film were drawn further, and the process
was repeated on pieces that were beyond the “neck” portions up to
DR ) 96.

Preparation and UV-Vis Irradiation of Pyrene-Doped (by
Diffusion; UHMWPE/Py-d) DR ) 1 and 10 UHMWPE Films. A
piece of UHMWPE film was immersed in 0.05 M pyrene in a
chloroform solution at 40°C for 3 days. The film was rinsed with
methanol three times to clean the surfaces and evacuated under ca. 0.5
Torr for 6 h. The drawn (DR) 10) and undrawnUHMWPE/Py-d
films were flame-sealed in flattened Pyrex capillaries at<10-5 Torr.
Both were irradiated at>300 nm for 30 min on each face at a distance
of ca. 5 cm from a Hanovia 450 W medium-pressure Hg arc. Following
irradiations, they were extracted and washed17 to yield 1-pyrenyl-
attached films (UHMWPE-Py-d ).

Diffusion of DMA between Methanol and DR ) 1 and 10
UHMWPE-Py-d Films. A UHMWPE-Py-d film was placed in a
flattened, closed quartz capillary that was immersed in a Pyrex cuvette
filled with dodecane. The cuvette was placed in a thermostated cell
holder in the spectrofluorimeter and maintained at 15-55 °C using a
VWR 1140 circulating water bath. Temperature was measured with a
thermistor that was in contact with the sample cuvette; readings were
calibrated to temperatures of a thermometer directly in the dodecane
liquid. For in-diffusion, fluorescence intensity measurements (λem 377
nm; λex 343 nm) commenced immediately after an ca. 1.5 mL aliquot
of a N2-saturated 0.95 MDMA /MeOH solution, which had been

equilibrated at the same temperature as the film, was decanted from a
connected bulb into the capillary. Measurements were made at
frequencies of 0.2 s for the first 30 min, 0.5 s for the second 30 min,
and 1 s thereafter. Usually, more than 10 000 data points were collected,
depending on the time needed to approach equilibrium. Out-diffusion
measurements were made as above after removal of theDMA solution
and replacement of it with 2.0 mL of temperature-equilibrated methanol.
Each film was immobilized for the duration of each run; runs were
repeated from two to four times at each temperature, and average values
are reported.

Results and Discussion

X-ray Diffraction Studies. The XRD diffraction patterns of
undrawnUHMWPE samples in the (A), (B), and (C) positions
are quite different (Figure 1). Although diffractions from the
(A) and (B) positions have been measured, diffraction from the
(C) position has not. As will be shown, results from position
(C) are important to analyses of the orientational and morpho-
logical changes that polymer chains suffer when films are drawn.
The arcs in the diffraction patterns from the edges in (B) and
(C) are centered on the meridian, suggesting that the polyeth-
ylene chains are already preferentially packed anisotropically.12a

The symmetric, circular XRD pattern from the (A) position
implies that the crystals are oriented randomly with respect to

Figure 1. X-ray diffraction patterns of gel-crystallizedUHMWPE films at (from top to bottom) DR) 1, 2, 4, and 78. The orientations for obtaining the
diffraction patterns are shown at the top of each column.
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an axis perpendicular to the major surface. In undrawn
polyethylene, the crystals are orthorhombic with theirc-axis
parallel to the zigzag polyethylene chains.14,17Because thec-axis
of an orthorhombic unit cell is perpendicular to the lamella
surface,50 it is also preferentially perpendicular to the major film
surfaces (i.e., the lamellar surfaces are preferentially parallel to
the major film surfaces).

This predrawing orientation may arise during film preparation.
In their gel form,12b films are fixed to a surface so that they
cannot shrink as their swelling solvent, xylene in our case, is
removed slowly. The natural tendency of the films, to shrink
along their lengths and breadths, is stopped; only their thickness
can be reduced. In essence, the drying procedure is tantamount
to “drawing”. This is confirmed by the XRD patterns of an
UHMWPE film that was dried without fixing the edges so that
it could contract in all dimensions as the solvent evaporated
(Figure 2). Unlike the XRD patterns of the undrawn film in
Figure 1B, there is no significant difference between the image
patterns from positions (A) and (B) for the sample that was
allowed to contract (insets in Figure 2).

However, as can be seen from the plots of the diffraction
intensities integrated over the two 30° equatorial and the two
30° meridian regions, the X-ray patterns of the unfixed sample
are slightly different when viewed along the surface and edges
(Figure 2). Although the intensities of the equatorial and the
meridian regions at sample position (A) are quite similar, the
corresponding intensities at sample position (B) are not. In the

latter, the diffraction intensity of the meridian, especially, is
much higher than that of the equatorial, suggesting that some
crystallites orient preferentially with theirc-axis perpendicular
to the film surface even in aUHMWPE film dried with unfixed
edges. Differences between the rates at which the xylene
evaporates from the surfaces and edges may be responsible for
the anisotropy observed here.

As a UHMWPE film was drawn to twice its length, the
diffraction pattern in position (A) changed from being concentric
rings (DR) 1) to arcs along the equatorial axis. Polyethylene
chains were being displaced so that thec-axis of the orthor-
hombic unit cell now lies preferentially parallel to the major
film surfaces (i.e., the lamellar surfaces were preferentially
perpendicular to the film surfaces). Along position (B), a
dramatic change of the preferred orientation of thec-axis of
the orthorhombic unit cell is indicated by the movement of the
arc from along the meridian (DR) 1) to the equatorial axis.
At the same time, the pattern from position (C) changes from
arcs (DR) 1) to concentric circles (i.e., from anisotropically
oriented c-axes to randomly oriented ones)! According to
currently favored models for polyethylene deformation, the
initial stages of draw involve large-scale irreversible sliding,
tilting, and phase changes of lamellae, resulting in the formation
of microfibrils.42,43 This model has also been applied to the
deformation of gel-crystallizedUHMWPE .12a,23Our data are
incompatible with this explanation.

Nevertheless, it is clear that the XRD pattern of the undrawn
film at position (A) is like that of the DR) 2 film at position
(C) and the patterns of the undrawn film at positions (B) and
(C) can be correlated with those of the DR) 2 film at positions
(A) and (B). On the basis of these observations, we suggest a
modification of the current deformation models at the initial
deformation stages, at least as they apply to gel-crystallized
UHMWPE (Figure 3). According to this model, microfibrils
are present in undrawnUHMWPE films and are arranged
somewhat anisotropically (Figure 3A). Although bundles of
microfibrils that appear to be the initial stage of spherulitic
structure formation have been observed on the surface of poly-
(4-methyl-1-pentene) films,50 bundles of microfibrils inUH-
MWPE may remain together in sheaves packed perpendicular
to the film surface (on average), and their ends may bend back
into the film near the surfaces (Figure 3A). If this model is
correct, only the bending ends of microfibrillar bundles can be
detected near the major film surfaces.26 This arrangement
generates a set of XRD patterns for an undrawnUHMWPE in
which thec-axis of an orthorhombic unit cell is preferentially
perpendicular to the major film surface while thea- andb-axes
are randomly arranged. As the film is drawn to DR) 2, the
microfibrils are stretched without significant sliding of lamellae,
so that the lamellae “flip” 90° (Figure 3B) and are isotropically
distributed with respect to position (C).

Further drawing improves the degree of orientation of the
polyethylene chains. As shown in Figure 1, the (110)o and (200)o
diffractions become more and more condensed along the
equatorial axis when the film is in positions (A) and (B) as the
draw ratio is increased from 2 to 78. The sharp spots of the
diffractions from the DR) 78 film in positions (A) and (B)
indicate that most microfibrils are aligned along the drawing
direction. The patterns viewed from position (C) also indicate
that the chains become more oriented as the draw ratio increases,

(50) Sperling, L. H.Introduction to Physical Polymer Science, 3rd ed.; Wiley:
New York, 2001; Chapter 6.

Figure 2. The insets are the radial XRD images, and the 30° arcs
define the integration limits for the equatorial region (-) and meridian region
(- - - -) diffractions of an undrawnUHMWPE film prepared from the gel
without holding the edges in place; see text for details. Data for (A) and
(B) were collected at positions defined by (A) and (B) in Figure 1.
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although the signals condense to a position along neither the
meridian nor the equatorial axis. The observation of (110)o and
(200)o may arise from the slightly tilting of (110)o and (200)o
planes to the X-ray beam, which is coaxial to the drawing
direction in position (C). XRD patterns of the DR) 78 film
suggest that virtually all of the entanglements of polyethylene
fibrils, especially screwlike ones,27 have been removed.

Monoclinic crystals, whose main diffraction planes are (001)m

(2θ ) 19.5°), (200)m (2θ ) 23.1°), and (-200)m (2θ ) 25.1°),
are believed to be a minor component produced during the
deformation of polyethylene. Three diffraction signals not
present in the undrawn films (indicated by circles or arcs located
closer to the origin than (110)o and (200)o in Figure 1) are
evident at draw ratios from 2 to 78. The diffraction at 2θ )
19.5°, indicated by arrow-3 in Figure 4, is ascribed to the (001)m

diffraction, and the peak at 2θ ) 11.8°, indicated by arrow-2,
is the (100)o diffraction.11 However, the peak at 2θ ) 10.7°,
indicated by arrow-1, cannot be indexed as being from either a
monoclinic or an orthorhombic crystal. It might be triclinic in
origin,51,52arising from additional distortions of the orthorhom-
bic crystalline form.

To explore the time-dependent morphological changes that
attend drawing, the XRD pattern ofUHMWPE films has also
been collected 18 months after being drawn to DR) 9 and 96.
The monoclinic diffraction of the freshly drawn DR) 9 film
(Figure 5A-1) was no longer present in the aged sample (Figure
5A-2). However, no significant changes in the XRD of the DR
) 96 film occurred after 18 months (Figure 5B). The lack of
change in the more extended film implies that monoclinic
crystals are less stable in low DR films than in high DR ones.
The temporal morphological changes may be due to relaxation
phenomena, possibly recrystallization processes, inUHMWPE .9

Film Crystallinities from DSC Thermograms and XRD.
The crystallinities of the drawn films were calculated from both
XRD and DSC data (Table 1). The DSC measurements are less
precise because of the difficulty in locating accurately the area
under the melting curves. They are based on the ratios between
the heats of fusion of theUHMWPE samples and that of a
single crystal of polyethylene, 286 J/g.53 The XRD values were
calculated from the ratio between the areas under crystal
diffractions and the total area.5,17,32,54In the range 2e DR <
15, the calculated crystallinities are lower than that of the

(51) Frank, F. C.; Keller, A.; O’Connor, A.Philos. Mag.1958, 8, 64-74.
(52) Hayashida, T.J. Phys. Soc. Jpn.1962, 17, 306-315.

(53) Gray, A. P.Thermochim. Acta1970, 1, 563-579.
(54) Challa, G.; Hermans, P. H.; Weidinger, A.Makromol. Chem. 1962, 56,

169-178 and references therein.

Figure 3. Cartoon representation ofUHMWPE microstructures according to the deformation model for drawing from DR) 1 (A) to DR ≈ 2 (B). (i) and
(ii) represent microfibrils along the drawing direction and perpendicular to it, respectively.
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undrawn film according to XRD measurements; when DRg
32, crystallinities are higher than that of the undrawn film.

The initial decrease in crystallinity asUHMWPE is drawn
(2 e DR < 15) suggests that tightly packed microfibrils become
distorted as strain is applied to undrawn films. During the initial
deformation stage (DR from 1 to 2), the “flip” of the microfibrils
consists of a combination of chain motions (Figure 3B):

microfibrils oriented parallel to the drawing direction are
“stretched” (i-arrangement in Figure 3); those oriented perpen-
dicular “flip” by 90° (ii-arrangement in Figure 3); and those
oriented between the two extremes may suffer a combination
of both types of motions. Regardless of their type, the microfibril
motions distort interchain packing inUHMWPE and decrease
crystallinity. Because both the “stretch” and the “flip” motions
reorient lamellae by ca. 90°, the initial loss of crystallinity is
not accompanied by a decrease in fibril orientation (as measured
crystallographically). At DR> 15, the microfibrils are forced
to pack tightly again as they unfold,12a most ii-microfibrils are
displaced or unfolded into the i-arrangement (Figure 3B), and
the net crystallinity ofUHMWPE increases. This model is
consistent with scanning force microscopy images of drawn
UHMWPE in which the surfaces formed by the displacement
of microfibrils at DR ) 10 are rougher than those at DR)
70.23

Despite the lack of precision in the crystallinity measurements
from DSC, the thermograms do offer insights into the conse-
quences of film drawing that are not available from XRD. For
instance, thermograms ofUHMWPE films with DR ) 2-10
exhibit a shoulder endotherm prior to the temperature of
maximum heat flow during the first heating scan (vertical arrow
in Figure 6b). This feature was absent in the corresponding
thermograms of undrawn and DR> 15 films (Figure 6a and
c). The XRD patterns, as well as our previous studies,17 indicate
that the minor crystal components, especially for those that are
monoclinic, are draw ratio dependent and increase in relative
intensity up to DR) 15 and decrease thereafter. On that basis
and the overall decreased crystallinity that occurs at low draw
ratios, we attribute the shoulder endotherm to the melting of
monoclinic or triclinic crystals. As expected, melting anneals
and erases the memory of drawing-induced distortions; the first

Figure 4. X-ray diffraction patterns of gel-crystallizedUHMWPE with
different draw ratios collected at setup-A (A) and setup-C (B) positions as
defined in Figure 1. The curves are offset from each other on the vertical
axis for clarity.

Figure 5. X-ray diffraction patterns of gel-crystallizedUHMWPE films
(setup-A position as defined in Figure 1) recorded immediately after (1)
and 18 months after (2) drawing to DR) 9 (A) and DR) 96 (B).

Table 1. Crystallinities (%) of Drawn UHMWPE Films Calculated from XRD and DSC Data17

DR 1 2 4 10 15 32 52 78

XRDa crystallinity 85( 3 72( 7 77( 6 82( 3 85( 4 90( 3 93( 2 94( 4
∆crystallinity

b 0 -15 ( 9 -9 ( 8 -4 ( 5 0 6( 9 9 ( 4 11( 6

DSCc crystallinity 95( 2 91( 4 80( 3 89( 2 93( 2 95( 2 94( 3 97( 2
∆crystallinity

b 0 -4 ( 5 -16 ( 4 -6 ( 3 -2 ( 3 0 -1 ( 4 2 ( 3

a Average of measurements on three films rotated horizontally from-180 to+180° to average different orientational distributions.b ∆crystallinity ) 100×
[crystallinity(drawn) - crystallinity(undrawn)]/crystallinity (undrawn). c Average of heats from first heating thermograms on 4-6 films.

Figure 6. First heating (endotherms) and cooling (exotherms) DSC
thermograms of undrawn (a), DR) 10 (b), and DR) 78 (c) UHMWPE
films. The temperatures of maximum heat flow are 134 (a), 137 (b), and
141 °C (c). The horizontal arrows indicate the direction of temperature
changes. See text for an explanation of the vertical arrow.
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cooling and second heating thermograms of the drawn films
are like those of the undrawn film.

The crystallinities of undrawnUHMWPE-Py-g, 82 ( 2%
(XRD) or 89( 4% (DSC), and undrawnUHMWPE-Py-d , 84
( 3% (XRD) or 90 ( 3% (DSC), are very close to that of
undrawnUHMWPE (Table 1). On the basis of these results,
we believe that the presence of pyrene molecules does not have
a detectable influence on the morphology of the polymer chains,
but it may affect local diffusivity and orientations (i.e., micro-
morphological properties; vide infra).

Free Volume in UHMWPE Films. The effects of draw ratio
on the amorphous region ofUHMWPE can be correlated with
changes of the “hole” mean free volume. The free volume in
polymers can be calculated from group contribution theory or
molecular simulations.55 However, theoretical models do not
take into account the influence of the crystalline phase on the
amorphous phase (and vice versa). A powerful tool to determine
free volume in polymer films is positron annihilation lifetime
spectroscopy (PALS).56,57

In the PALS technique, an orthoPositronium (oPs) becomes
localized in “cavities” and measures the local free volume
indirectly as a function of the electron density of the environ-
ment.58 Cavities with less volume have higher local electron
densities and shorteroPs lifetimes,τ3.59 The statistical weight
of theoPsannihilation component,I3 (note that there are usually
two other decay components that are not related to pick-off
annihilation), reflects the relative concentration of cavities in
the volume of polymer probed and the positronium formation
probability. The semiempirical models that allow calculation
of the average size of the spherical40aor ellipsoidal60 free volume
elements fromτ3 are used usually for comparative, rather than
quantitative, purposes. Interpretation ofI3 is complicated by its
dependence on relative free volume element concentration and
the probability ofoPsformation. In polyethylene, contact time
with the positron source reduces the formation probability over
time by producing electron or positron scavengers. For this
reason, characteristicI3 values taken at early times during the
measurement are used for comparison.40a

In the absence of special complications, the longest-lived
decay fromoPs pick-off annihilation,τ3, can be related to a
mean spherical cavity radius,R, by the semiempirical eq 161 in
which the units ofR are angstroms when the units ofτ3 are
nanoseconds.

The subtleties of interpretation of PALS results in semicrys-
talline polymers and copolymers have been reviewed recently.62

Herein, we state the predominant factors affecting theoPs
parameters that must be considered in the interpretation of our
results:

(1) TheoPsdo not sample all sites in the polymer with equal
probability. In most polymers, includingPE, theoPsprefer to
localize in amorphous and interfacial sites, with a preference
toward larger sites. As a result,τ3 will reflect the characteristics
(composition, strain state, packing) of the amorphous and
interfacial (crystalline-amorphous interphase) portions, andI3

will reflect both the characteristics of the amorphous and
interfacial parts and the amount of the crystalline (less acces-
sible) part in the volume probed. In branchedPE and copoly-
mers ofPE, the easily crystallizable and amorphous parts have
different compositions, so that the packing and possibly the
strain state of the amorphous and interphase regions change as
a function of the degree of crystallinity. TheI3 component from
the UHMWPE films varied with source contact in a manner
that did not appear sensitive to the degree of crystallinity.

(2) As mentioned above, theoPs formation probability is a
function of source contact time forPE.

(3) In glassy polymers, theoPsare thought to be localized
in preexisting nanovoids (“static” free volume) as well as in
sites that open and close (dynamic free volume) over periods
that can be comparable to theoPs lifetimes, depending on the
chain mobility. At temperatures far above the glass transition,
Tg, the oPs tends to see the polymer as a liquid, blowing a
bubble around itself and having a lifetime characteristic of the
surface tension.63 In most polymers, includingPE, this tem-
perature is approximatelyTg + 85 °C, and, above this temper-
ature,τ3 ceases to reflect changes in chain packing and mobility.
Hence, room-temperature experiments on samples withTg <
-60 °C must be interpreted with care. That is not a problem
with room-temperature measurements onPE because itsTg is
typically near-30 °C.64

Table 2 shows theoPsresults withUHMWPE films at DR
) 1-78. There is an initial increase in the mean free volume
of “holes” at DR) 1 f 15 that is followed by the expected
decrease as the DR is increased above 1565 (Figure 7). These
trends are consistent with the previously discussed changes in
crystallinity that occur on drawing and indicate that it affects
the amorphous as well as the crystalline regions. During the
initial deformation stages, at DR) 1-2, the microfibrils

(55) Greenfield, M. L.; Theodorou, D. N.Macromolecules1993, 26, 5461-
5472.

(56) Calleja, F. J. B.; Serna, J.; Vicente, J.; Segovia, M. A.J. Appl. Phys. 1985,
58, 253-259.

(57) Suzuki, T.; Oki, Y.; Numajiri, M.; Miura, T.; Kondo, K.; Ito, Y.J. Polym.
Sci., Polym. Phys.1992, 30, 517-525.

(58) Ache, H. J. InPositronium and Muonium Chemistry; Gould, R. F., Ed.;
American Chemical Society: Washington, DC, 1979; Chapter 1.

(59) (a) Brandt, W.; Berko, S.; Walker, W. W.Phys. ReV. 1960, 120, 1289-
1295. (b) Eldrup, M.; Lightbody, M.; Sherwood, J. N.Chem. Phys. 1981,
63, 51-58.

(60) Tao, S. J.J. Chem. Phys. 1972, 56, 5499-5510.
(61) Nakanishi, H.; Wang, S. J.; Jean, Y. C. InPositron Annihilation Studies of

Fluids; Sharma, S. C., Ed.; World Science: Singapore, 1998; p 292.
(62) Hill, A. J. In Polymer characterization techniques and their application to

blends; Simon, P. S., Ed.; Oxford Press: Washington, 2003; Chapter 14.

(63) Forsyth, M.; Meakin, P.; MacFarlane, D. R.; Hill, A. J.J. Phys.: Condens.
Matter 1995, 7, 7601-7617.

(64) Boyer, R. F.Macromolecules1973, 6, 288-299.
(65) The anomalously high, reproducible mean free volume calculated at DR

) 52 is not understood at this time.

τ3 ) 1
2[1 - R

R + 1.66
+ 1

2π
sin

2πR
R + 1.66]

-1
(1)

Table 2. OrthoPositronium (oPs ) Lifetimes and Intensities, and
Calculated Mean Free Volumes (VPE) Assuming Spherical Cavities
in UHMWPE Films at Different Draw Ratios

DR
oPs lifetime
τ3 (±0.03 ns)

oPs intensity
I3 (%, ±0.5%) VPE (Å3) ∆(VPE)a (%)

1 2.23 18.7 119.7 0
4 2.31 19.5 127.7 6.7

10 2.28 20.9 124.7 4.2
15 2.18 18.0 114.8 -4.1
32 2.12 20.5 109.0 -8.9
52 2.21 19.9 117.8 -1.6
78 2.12 18.5 109.0 -8.9

a ∆(free volume)) ∆(VPE) ) 100[VPE(drawn)- VPE(undrawn)]/VPE(undrawn).
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undergoing “stretch” and “flip” motions may increase the void
volumes of chains around them. The tight packing that occurs
as the lamellae unfold at DR> 15 reduces again the void
volumes.

The mean free void volumes of undrawnUHMWPE are
smaller than those ofLDPE andHDPE,40aand a highly drawn
UHMWPE film possesses the smallest void sites of any
polyethylene we are aware of (Figure 8). The small mean free
volumes inUHMWPE should make diffusion of small guest
molecules more difficult than inLDPE andHDPE.17,28

Diffusion Studies of DMA in UHMWPE-Py-d Films.
Previously, we demonstrated that information about the amor-
phous region ofUHMWPE can be obtained from analyses of
fluorescence quenching of covalently linked 1-pyrenyl groups
by DMA in UHMWPE-Py-g films.17 Because of the method
of preparation of theUHMWPE/Py-g films, the 1-pyrenyl
groups are distributed throughout the amorphous regions (i.e.,
far from film surfaces). For comparison purposes, we have
doped pyrene into aUHMWPE film by immersing it into a
0.05 M pyrene in chloroform solution for 3 days (yielding
UHMWPE/Py-d ). Pyrene molecules in this and the resulting
UHMWPE-Py-d films are expected to reside preferentially
nearer the film surfaces and be distributed less uniformly than
in UHMWPE/Py-g and the resultingUHMWPE-Py-g films
due to hindered diffusion caused by the high crystallinity
contents.36,66 A question that arises is, “Will the different

distributions of covalently attached 1-pyrenyl groups in the two
films result in different apparent rates of diffusion ofDMA
molecules, as measured from the quenching of pyrenyl fluo-
rescence?” Although the concentration of the attached pyrenyl
groups inUHMWPE-Py-d was too low to be determined from
UV/visible absorption spectra, the similarity of the shapes and
peak maxima of its excitation and emission spectra and those
of 1-ethylpyrene (Figure 9) indicates that the attachment is
primarily at the 1-position of the pyrenyl groups, as expected.17,28

Fluorescence decay histograms fromUHMWPE-Py-d can be
fitted to an exponential function whose main component (82%)
has τ ) 188 ns; the minor components are 42.3 ns (15%,
probably from an excimeric-like species) and 5.7 ns (3%). These
values are virtually the same as those inUHMWPE-Py-g.17

To perform theDMA in-diffusion measurements, undrawn
and DR) 10 UHMWPE-Py-d films were immobilized on a
frame and immersed in a large volume excess of N2-saturated
0.95 M DMA /MeOH solution at constant temperature while
the decrease in the intensity of pyrenyl fluorescence was
monitored as a function of time (in-diffusion). The films were
then immersed in a large volume excess of thermostated neat
methanol and the increase of fluorescence intensity was followed
(out-diffusion). The time required to reach equilibrium (i.e., the
minimum fluorescence intensity and maximum quenching for
in-diffusion) in the undrawn and drawn films decreased as
temperature was increased, as expected, but there was no
discernible temperature dependence onΦq (the amount of
pyrenyl fluorescence quenched byDMA at equilibrium) within
the temperature range explored, and the value ofΦq is virtually
the same as that found in the correspondingUHMWPE-Py-g
films. Because quenching is collisional,67 and 1-pyrenyl groups
must encounter at least oneDMA molecule during their excited
singlet-state lifetimes, these results suggest that the increased
mobility and lower concentrations of theDMA molecules in
the films at higher temperatures may offset each other. In
addition, the value ofΦq in the drawn films is little more than
one-half what is found in the undrawn ones. DrawingUHM-
WPE films by even 10-fold “stiffens” significantly the walls
of the sites68 in which the 1-pyrenyl groups reside and, from

(66) (a) Konwerska-Hrabowska, J.; Chantry, G. W.; Nicol, E. A.Int. J. Infrared
Millimeter WaVes 1981, 2, 1135-1149. (b) Jang, Y. T.; Phillips, P. J.;
Thulstrup, E. W.Chem. Phys. Lett. 1982, 93, 66-79.

(67) Lakowicz, J. R.Principles of Fluorescence Spectroscopy; Kluwer Aca-
demic: New York, 1999; p 11.

(68) Weiss, R. G.; Ramamurthy, V.; Hammond, G. S.Acc. Chem. Res.1993,
26, 530-536.

Figure 7. Plots of free volume changes (9) and crystallinity changes (0)
of UHMWPE films versus their draw ratios. %∆(free volume) and
∆(crystallinity) are defined in Tables 1 and 2.

Figure 8. Plots of free volumes (Å3) of undrawn (b) and drawn (O)
UHMWPE and other types of undrawn (2) and drawn (4) PE40a versus
their crystallinities.

Figure 9. Excitation and emission spectra (λex 343 nm andλem 377 nm)
of (a) an undrawnUHMWPE-Py-d film after exhaustive extraction with
chloroform and (b) anLDPE film doped with 10-6 mol kg-1 of
1-ethylpyrene.
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the diffusion coefficients (D; see below), makes access to them
by DMA molecules more difficult.

At any time t, Ct/C0, the fraction of pyrenyl groups with at
least oneDMA molecule as a neighbor within a film, should
be equal to the fraction of pyrenyl excited singlet states that
are quenched byDMA . In terms of fluorescence intensities,
Ct/C0 ) (It - I∞)/(I0 - I∞), whereIt is the fluorescence intensity
at time) t, I0 is obtained from the intercept of the slope of the
linear region of a plot of fluorescence intensity versust1/2,29a,69

andI∞ is the intensity after long times when its value no longer
changes perceptibly. In this way, the fluorescence data for in-
and out-diffusion ofDMA can be treated according to integrated
forms of Fick’s second law, eqs 2 and 3,17,70 respectively, in
which l is the film thickness (cm) andD has units of cm2 s-1.

As with UHMWPE-Py-g films, two diffusion coefficients,
D1 andD2, are required to fit well theDMA diffusion data in
UHMWPE-Py-d films; R is the fraction of diffusion occurring
via theD1 process. The best fit was achieved by adjusting the
value ofR empirically so that the difference,∑|It - It

fit|2, was
minimized.

The magnitudes of the diffusion coefficients, (Din)i and (Dout)i,
for in- and out-diffusion ofDMA in undrawn and DR) 10
UHMWPE-Py-d films increase with increasing temperature,
while, qualitatively, the values ofR decrease (Tables 3 and 4).
Because of the nature of our experimental apparatus, the first
tens of seconds of diffusion data are not recorded. As a result,
the importance of the faster diffusion components,D2, is
underestimated, and the reportedR values are overestimates.
Despite these limitations, the decreases inR from increasing
temperature during in-diffusion are clearly much larger than
those during out-diffusion, and the absolute magnitudes of the
D values (that are not affected by the imprecision inR) indicate
significantly increased resistance toDMA movement upon
drawing bothUHMWPE-Py-d andUHMWPE-Py-g films.

On the basis of the larger mean free volumes of DR) 10
UHMWPE (Table 2 and Figure 7),DMA molecules are
predicted to move more rapidly within it than in undrawn
UHMWPE . However, just the opposite relationship is found
in both UHMWPE-Py-d and UHMWPE-Py-g films. Other
factors that control the movement of diffusing molecules from
site to site, such as wall stiffness,68 must be more important
than the mean free volume.

Although the Φq values indicate similar distributions of
attached 1-pyrenyl groups inUHMWPE-Py-d andUHMWPE-
Py-g films, the larger diffusion coefficients in theUHMWPE-
Py-d films suggest that the pyrenyl groups inUHMWPE-Py-g

(69) Crank, J.The Mathematics of Diffusion; Oxford: London, 1956; p 45.
(70) Comyn, J.Polymer Permeability; Elsevier: London, 1985; Chapter 1.

Table 3. Diffusion Coefficients (D, cm2 s-1) and Other Parameters for DMA Diffusion within Undrawn UHMWPE-Py-d and UHMWPE-Py-g
Films17 a

in-diffusion out-diffusion

film type T (°C) Φq (%)b Rin 1010Din1 109Din2 Rout 1010Dout1 109Dout2

UHMWPE-Py-d

15.3 40 0.72( 0.02 1.4( 0.2 3.5( 0.1 0.76( 0.02 4.0( 0.2 1.3( 0.5
26.4 38 0.70( 0.01 6.3( 0.8 17( 2.1 0.71( 0.02 8.1( 0.2 7.9( 0.4
34.1 44 0.53( 0.03 58( 2.3 58( 5.1 0.60( 0.04 37.0( 2.1 12.0( 1.4
44.5 40 0.40( 0.02 160( 50 147( 15 0.46( 0.05 180( 5.1 50.0( 2.7
52.3 35 0.32( 0.01 420( 40 350( 26 0.39( 0.03 340( 12 80.0( 9.1

UHMWPE-Py-g

15.7 39 0.33( 0.04 1.05( 0.07 0.95( 0.11 0.51( 0.04 0.99( 0.37 2.01( 0.90
24.7 37 0.27( 0.02 2.86( 0.37 2.47( 0.15 0.47( 0.17 4.23( 1.61 4.09( 2.53
35.3 40 0.32( 0.08 18.0( 6.3 8.03( 3.20 0.29( 0.06 8.75( 4.56 7.02( 2.50
45.0 42 0.20( 0.08 27.6( 5.2 24.8( 5.70 0.45( 0.19 36.7( 7.3 34.2( 9.4
49.5 36 0.17( 0.08 41.6( 10.1 46.2( 8.1 0.36( 0.20 53.0( 12.1 51.3( 9.0

a For in-diffusion, the films were immersed in 0.95 MDMA in methanol solutions. For out-diffusion, the films were immersed in neat methanol.b Φq
) 1 - I∞/I0((1.5%), in whichI0 and I∞ refer to the fluorescence intensities (λex: 343 nm;λem: 377 nm) at the time) 0 and “∞” (i.e., at equilibrium),
respectively.

Table 4. Diffusion Coefficients (D, cm2 s-1) and Other Parameters for DMA Diffusion within DR ) 10 UHMWPE-Py-d and DR ) 9
UHMWPE-Py-g Films17 a

in-diffusion out-diffusion

film type T (°C) Φq (%)b Rin 1011Din1 1010Din2 Rout 1011Dout1 109Dout2

UHMWPE-Py-d
(DR ) 10)

15.4 24 0.89( 0.02 3.5( 0.5 5.2( 0.9 0.90( 0.02 3.1( 0.6 4.3( 0.6
25.7 23 0.75( 0.01 13.0( 1.7 20( 3.4 0.72( 0.02 12.0( 1.9 9.8( 1.3
35.8 27 0.32( 0.03 110( 17.1 120( 15.3 0.72( 0.02 81.1( 10.6 54.4( 6.7

UHMWPE-Py-g
(DR ) 9)

17.4 20 0.53( 0.15 0.10( 0.04 0.16( 0.04 0.49( 0.17 0.17( 0.02 2.38( 0.37
24.0 19 0.39( 0.09 0.22( 0.10 0.35( 0.10 0.46( 0.15 0.35( 0.06 4.55( 0.95
34.9 25 0.31( 0.08 8.02( 3.02 6.56( 2.38 0.46( 0.11 10.5( 2.89 9.23( 2.21

a For in-diffusion, the films were immersed in 0.95 MDMA in methanol solutions. For out-diffusion, the films were immersed in neat methanol.b (1.7%.

It - I∞
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) 1 - R
8

π2
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n)0
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(2n + 1)2
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films are located, on average, in less accessible amorphous
regions (i.e., that may be surrounded by more crystalline regions
or be more ordered66).

The activation energies forDMA diffusion in UHMWPE-
Py-d can be obtained from Arrhenius-type plots and the
diffusion coefficients in Tables 3 and 4 (Table 5 and Figures 1
and 2 of Supporting Information). The activation energies in
the undrawn film are similar to those inUHMWPE-Py-g.17

From this, we infer that the environments provided to that
fraction of attached pyrenyl groups that can be quenched by
DMA molecules are similar in the films ofUHMWPE-Py-d
and UHMWPE-Py-g. Because of the number of data points
employed in the calculations and the temperature ranges over
which the data were collected, the activation energies in the
drawn films are inherently less accurate than those in the
undrawn ones. Despite the fact that the large error limits (and
small temperature range for data from the drawn film) bring
the E values from the undrawn and DR) 10 film within the
same range, the average values from the drawn film tend to be
somewhat larger than those from the undrawn one. It should
be remembered that the diffusion data and the activation energies
from which they are derived are based on only ca. 40% of the
pyrenyl groups in the undrawnUHMWPE-Py-d film and ca.
25% in the drawn one; we derive no information from these
studies about the sites in which the other (unquenched) pyrenyl
groups reside.

Fluorescence Spectra of Undrawn and DR) 9 and 48
UHMWPE-Py-g Films at Different Temperatures. Figure 10
shows emission spectra of an undrawnUHMWPE-Py-g film
as a function of temperature. The intensities are directly
comparable because neither the instrument parameters nor the
position of the film was changed during a set of runs. As
expected, the intensity of the emission at the lowest temperature
investigated,-233 °C (spectrum a), is much higher than that
of the spectrum recorded at room temperature (room temper-

ature, spectrum c). The lower intensity of the spectrum after
the film was heated to 127°C (i.e., near its melting temperature,
ca. 129°C,17 spectrum b) and recooled to room temperature
(spectrum d) is consistent with the morphology changes detected
during the DSC experiments (Figure 6).

Normalized integrated fluorescence intensities (as total areas
between 369 and 460 nm) versus temperature for the data in
Figure 10 are plotted in Figure 11. An Arrhenius-like treatment
of the same data according to eq 4 is shown in Figure 12.Apre

is the preexponential term, andEa is the associated activation
energy;A(T) andA(0) are the integrated fluorescence intensities
at temperature) T and are extrapolated to the limiting value at
0 K. A(0) has been taken as the average of the intensities in the
low-temperature plateau region, from-193 to-143 °C. The
invariance of the position of the maximum intensity of the blue-
edge emission peak in this temperature region is another
indicator that the data approximate the “0 K” value (vide infra;
Figure 14).

Two small excursion regions in the inset of Figure 12 are
seen in the ca. 40-80 °C and- 25 to -15 °C temperature
ranges. They occur whereR- and â-relaxations, respectively,
have been reported for other types ofPE.18,30TheR-relaxation
process has been attributed to changes in the amorphous regions
in polyethylenes that have crystalline regions nearby,30b and
â-processes have been ascribed to the glass-rubber relaxations

Figure 10. Selected emission spectra (λex 343 nm) of an undrawn
UHMWPE-Py-g film at different temperatures. The vertical arrow indicates
the direction of temperature increase from-233 (a) to 127°C (b). Spectra
c and d were recorded at room temperature before and after, respectively,
the cooling and heating protocol. The curves are offset from each other on
the vertical axis for clarity.

Table 5. Activation Energies (E, kJ mol-1) for DMA Diffusion in
UHMWPE-Py-d Films

DR Ein1 Ein2 Eout1 Eout2

1 124( 18 97( 10 101( 14 87( 11
10 130( 20 119( 14 124( 16 106( 17

Figure 11. Emission area (369-460 nm) ratios of data from Figure 9 versus
temperature. See text for details.

Figure 12. Arrhenius-type plot of the data in Figure 11. The inset expands
data points in the high-temperature region.

ln(1 - A(T)/A(0)) ) Apre - Ea/RT (4)
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of the amorphous fractions.30 To separate and measure the area
under the blue-edge emission peak (from the 0-0 band35), the
spectrum was deconvoluted into Gaussian components.49 The
neat area under the blue-edge emission peak (intensity max at
λem ) 377 nm) and its full peak-width at half-height (fwhm)
were then obtained. The resulting data are also plotted in an
Arrhenius-like fashion using eq 4 (Figures 13 and 14). The two
excursion regions in the ca. 40-80 °C and- 25 to -15 °C
temperature ranges noted above are more pronounced here. The
invariance of both the fwhm and the frequency maximum of
the blue-edge emission peak below ca.-120 °C is consistent
with the polyethylene chains being essentially immobile in this
temperature range.

The corresponding Arrhenius-type (A) and fwhm (B) plots
of fluorescence data from DR) 9 and 48UHMWPE-Py-g
films were also examined (Figure 15). The two excursion
regions detected from the undrawn film persist up to DR) 48.
These results are similar to those reported previously using
fluorescence from anthracene molecules or covalently attached
9-anthryl groups inLDPE films.30c They are also consistent
with the data from PALS that significant free volume remains
in highly drawnUHMWPE . The slope changes in Arrhenius
plots forUHMWPE (Figures 12, 13, and 15) are much smaller
than those inLDPE.30c We suggest that the stiffer chains in
UHMWPE are less able thanLDPE to couple with the excited
states of nearby 1-pyrenyl groups.71 As a result, the sensitivity
of the reporter groups is attenuated.

Polarized Absorption and Emission Spectra of Drawn
UHMWPE/Py Films. Drawn polyethylene films are commonly
used to orient aromatic molecules72,73 or dichroic dyes,74 and
the degree of orientation, as provided by the orientation factor,
Kz,75 can supply important information concerning the sites
where the guests reside.17,36 In LDPE films, the magnitudes of
linear dichroic parameters increase with decreasing temperature
and plateau near-20 °C.76

Polarized Absorption Spectra.From plots of the temperature
dependence on fluorescence parameters provided above, the
onset of theâ-relaxation process (or glass transition3) for the
undrawn and drawnUHMWPE films occurs between-25 and
-15 °C. Dichroic measurements on DR) 9 UHMWPE/Py-g
and DR) 10 UHMWPE/Py-d films have been conducted at
-25 and -30 °C to ensure limiting values. Both sets of
measurements indicate that theUHMWPE matrix is very stiff
even at room temperature because the values ofKz at temper-
atures between-25 and-30 °C (0.46( 0.02 (g) and 0.48(
0.02 (d)) and at room temperature (0.44( 0.02 (g) and 0.46(
0.03 (d)) are very similar. In addition, the similarity between
the degrees of polarization of pyrene molecules in drawn
UHMWPE/Py-d andUHMWPE/Py-g films is consistent with
the conclusions derived from theDMA quenching experiments

(71) Schurr, O.; Yamaki, S. B.; Wang, C.; Atvars, T. D. Z.; Weiss, R. G.
Macromolecules2003, 36, 3485-3497.

(72) Thulstrup, E. W.; Michl, J.J. Phys. Chem. 1980, 84, 82-93.
(73) Konwerska-Hrabowska, J.Appl. Spectrosc. 1985, 39, 976-979.
(74) Tirelli, N.; Amabile, S.; Cellai, C.; Pucci, A.; Regoli, L.; Ruggeri, G.;

Ciardelli, F.Macromolecules2001, 34, 2129-2137.
(75) Kz ) Dz/(Dz + 2), where the dichroic ratioDz ) (OD)z,|/(OD)z,⊥, andOD|

andOD⊥ are the polarized absorbances at a specific wavelength.72

(76) Steenstrup, F. R.; Christensen, K.; Svane, C.; Thulstrup, E. W.J. Mol.
Struct. 1997, 408, 139-148.

Figure 13. Arrhenius-type plots of the area under the deconvoluted blue-
edge emission peak (A1) of an undrawnUHMWPE-Py-g film versus
temperature. The inset expands data points in the high-temperature region.

Figure 14. The fwhm (b) and wavenumber at maximum intensity of the
deconvoluted blue-edge emission peak (0) versus temperature of an undrawn
UHMWPE-Py-g film.

Figure 15. Arrhenius-type plots of the area ratios under the blue-edge
emission peaks (A) and the temperature dependence of their fwhm (B) for
DR ) 9 (0) and 48 (O) UHMWPE-Py-g films.
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that the two modes of introducing pyrene into the films lead to
similar site distributions.

Polarized Emission Spectra.Polarized emission spectra were
recorded between room temperature and- 45 °C. Instrumental
correction factors35 (from the polarized emission spectra of a
solution of 1.0× 10-4 M pyrene in N2-saturated hexanes at
room temperature that are assumed to be completely depolar-
ized) and baseline corrections (by extrapolation of the back-
grounds at 550-600 nm to lower wavelengths) were employed
during the analyses. The intensity of theYZandZYorientations
(whereY and Z refer to electric vectors of polarized light at
horizontal and vertical positions, respectively, and the first and
second letters refer to the incident and the emitted light,
respectively) was ratioed to that at theZZ position (Figure 3 of
Supporting Information).

Figure 16 shows the four corrected polarized emission spectra
from pyrene molecules in theUHMWPE/Py-g film with DR
) 9 at -45 °C. The (A) emission peak has been identified as
purely y-polarized, and the 336 nm excitation band has been
identified as purelyz-polarized (where thez andy are the long
and short molecular axes, respectively, of pyrene; Scheme 1).77

For a purely polarized absorption (along thez molecular axis)
and emission (along they molecular axis), the relative intensities
IZY(zy) of the polarized fluorescence are proportional to the tensor
elementsSZY(zy).

Thez-polarized contribution to the mixedy- andz-polarized
peaks, (B) and (C), have been determined by a stepwise

reduction procedure.78 The ratio of the tensor elements,SUV-
(uV) and SST(uV), whereS, T, U, andV can beX, Y, or Z, is
obtained by finding the linear combinations ofIUV and IST

intensities in which theuV-polarized spectral feature (whereu
andV refer to molecular axesx, y, andz; Scheme 1) disappears
(i.e., IUV - [SUV(uV)/SST(uV)]IST ) 0).35

The ratios of the tensor elementsSUV(uV) are related to the
orientation factors,Ku andLuV, according to eq 5.35,77 Ku and
KV are linear dichroic parameters obtained from the linearly
polarized absorption spectra (vide ante). The fourth momentLz

(or Lzz) values have been calculated from eq 5 and the relative
intensities of polarized fluorescence in Table 6. As temperature
is varied, so are the orientations of guest molecules inLDPE
as the rates of motion of polymer chains, and, thereby, the rates
of guest molecule translations and rotations are changed.
Reducing temperature increases the specificity of orientation.76,79

In UHMWPE , the invariance of the orientation factors (within
the limits of experimental error),Ku and LuV, to temperature
over the range explored implies again that the polyethylene
chains near the reporter groups are very stiff even at room
temperature. Pyrene molecules are predicted to have limited
mobility based on volume considerations as well: the van der
Waals volume of a pyrene molecule is estimated to be ca. 322
Å3,80 while the mean void volumes of “holes” in native
UHMWPE are calculated to be only ca. 110-130 Å3 (Table
2).

The relationship betweenKz
2 and Lz is an indicator of the

distribution of molecular orientations. The closer are the values
of Kz

2 and Lz, the closer to parallel are thez-axis of pyrene
molecules and the axis of draw (set parallel to theZ-axis in our
experiments):35 Kz

2 ) 0.21( 0.01 at temperatures between-25
and-30 °C andLz ) 0.23( 0.01 at-29 °C. We consider this
an excellent match and conclude that (1) the fraction of pyrene
molecules whose orientation deviates substantially from the
mean must be very small and (2) the distribution of orientations
is unimodal.

(77) Langkilde, F. W.; Gisin, M.; Thulstrup, E. W.; Michl, J.J. Phys. Chem.
1983, 87, 2901-2911.

(78) Michl, J.; Thulstrup, E. W.J. Chem. Phys.1980, 72, 3999-4008.
(79) Wang, C.; Xu, J.; Weiss, R. G.J. Phys. Chem. B2003, 107, 7015-7025.
(80) Camerman, A.; Trotter, J.Acta Crystallogr.1965, 18, 636-643.

Figure 16. Corrected polarized emission spectra of 2.8× 10-3 mol kg-1

of pyrene in a DR) 9 UHMWPE-Py-g film at -45 °C (λex 336 nm,
1La-origin;35 the band-pass is 4.5 and 1.8 nm for excitation and emission,
respectively). See text for details.

Scheme 1. Pyrene Axes Designations

Table 6. The Ratios of the Tensor Elements, SZZ(uv)/SZY(uv) and
SZZ(uv)/SYZ(uv), and the Fourth Moment, Lz, of Fluorescence
Polarizations from a DR ) 9 UHMWPE/Py-g Film at Different
Temperaturesa

T (°C) u v SZZ(uv)/SZY(uv) SZZ(uv)/SYZ(uv) Lz

room temp z y(R) 1.36( 0.03 1.97( 0.04 0.19( 0.02
z z(â,γ) 1.46( 0.09 1.86( 0.01

-2 z y(R) 1.66( 0.03 1.31( 0.05 0.19( 0.02
z z(â,γ) 1.90( 0.10 1.25( 0.01

-15 z y(R) 1.44( 0.08 1.80( 0.04 0.21( 0.01
z z(â,γ) 1.65( 0.10 1.79( 0.01

-29 z y(R) 1.49( 0.05 1.91( 0.07 0.23( 0.01
z z(â,γ) 2.06( 0.08 2.03( 0.08

-45 z y(R) 1.20( 0.02 1.60( 0.03 0.19( 0.02
z z(â,γ) 1.46( 0.06 1.59( 0.03
z z(â,γ) 1.51( 0.12 1.55( 0.06

a The data are based on relative fluorescence intensities of pyrene in the
y andz directions as calculated from different emission bands; see text for
details.

SZZ(uV):SYZ(uV):SZY(uV) ) LuV:[(KV - LuV)/2]:[(Ku - LuV)/2]
(5)
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Conclusions

Even in the undrawn state of gel-crystallizedUHMWPE
films, polyethylene chains are arranged somewhat anisotropi-
cally. As strain is applied initially, preformed microfibrils are
deformed during “stretch” and “flip” motions that depend on
their initial orientations with respect to the draw direction. In
addition, the initial deformations (DR< 15) cause morphologi-
cal changes in both the crystal and the amorphous regions that
are manifested as decreases in the degree of crystallinity and
increases in the mean free void volumes. At draw ratios greater
than 15, lamellae of the microfibrils fold, allowing more tightly
packed extended chains, increased crystallinity, and decreased
mean free void volumes. Besides the dominant orthorhombic
phase, small amounts of monoclinic and triclinic crystals were
observed in the drawn films. They are the probable source of
the small endotherm observed at temperatures lower than the
orthorhombic melting in DSC thermograms ofUHMWPE at
1 < DR < 15.

Because of the high crystalline content ofUHMWPE , its
amorphous chains are stiffer than those of other types ofPE.
Results in films at different draw ratios indicate that changes
in chain stiffness are a more important factor than changes in
mean free volumes in mediating diffusion of a small guest
molecule,DMA , within the amorphous regions ofUHMWPE .
Those studies were made possible by the attachment of
1-pyrenyl groups to the polyethylene chains using a photo-
chemical labeling procedure. The stiff microstructures within
the amorphous regions also reduce the ability of the excited

singlet states of the noncovalently attached reporter molecule,
pyrene, to sense the onsets ofR- and â-relaxation processes
that occur nearby, and make its orientation factors almost
insensitive to temperature in the range investigated.

These results present a rather comprehensive picture of the
static and dynamic properties ofUHMWPE films at various
degrees of draw. As such, they should be useful in understanding
“creep”, a property deleterious to commercial applications of
UHMWPE .9
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