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ABSTRACT: Recent advances in catalyst technology make it possible to synthesize high molecular weight
propylene copolymers with a high degree of isotacticity and high levels of anR-olefin comonomer. The primary
objective of this study is to systematically characterize the rubbery amorphous phase of propylene/ethylene (P/E)
copolymers over a range in comonomer content. A series of new experimental P/E copolymers prepared with a
group IV transition metal-based post-metallocene catalyst are compared with a series of P/E copolymers prepared
with a conventional metallocene catalyst. Positron annihilation lifetime spectroscopy (PALS) is used to obtain
the temperature dependence of the free volume hole size. The PALS measurements are supplemented with bulk
volume-temperature measurements. It is found that the free volume hole size and the amorphous phase density
at ambient temperature strongly depend on crystallinity. Densification of the amorphous phase is attributed to
constraint imposed on rubbery amorphous chain segments by attached chain segments in crystals. It is now possible
to attribute the reported discrepancy between conventional measurements of crystallinity from density and
crystallinity from heat of melting to the crystallinity dependence of the amorphous phase density. The fractional
free volume (FFV) of the amorphous phase is obtained by combining the free volume hole size with the macroscopic
volume-temperature measurement. At the glass transition temperature theFFV is constant across the crystallinity
range of the P/E copolymers with a value of about 0.04, in agreement with iso-free volume concepts of the glass
transition.

Introduction

Recent advances in catalyst technology have made it possible
to synthesize high molecular weight propylene copolymers with
relatively high levels of anR-olefin comonomer. Of particular
interest are the propylene/ethylene copolymers produced by The
Dow Chemical Co. using a recently developed group IV
transition metal-based post-metallocene catalyst.1 These co-
polymers exhibit high molecular weight, relatively narrow
molecular weight distribution, and unique chain microstructures.
Unlike metallocene-catalyzed copolymers, which have homo-
geneous comonomer distribution, the new copolymers are
characterized by heterogeneous chain composition and different
defect distribution.2

Like ethylene/R-olefin copolymers,3,4 the new propylene/
ethylene copolymers exhibit a wide spectrum of solid-state
structures and properties.5 The crystalline morphology ranges
from space-filling spherulites at low comonomer content to non-
space-filling embryonic axialites in copolymers with high
ethylene content. As a consequence, the mechanical properties
range from typical thermoplastic behavior to elastomeric
behavior.

Our previous structure-property studies of propylene co-
polymers focused primarily on the crystalline phase.5-7 How-
ever, isotactic propylene homopolymers are∼50% noncrystal-
line, and the amorphous fraction increases with the comonomer
content. Compared with the highly ordered crystalline phase,
insight into the amorphous phase, and its relationship to the
crystalline phase, is particularly elusive. Even in conventional
propylene homopolymers, the nature of the amorphous phase

is not entirely understood as evidenced by unresolved differences
in the degree of crystallinity measured by different techniques.8

It is well accepted that the amorphous phase contains excess
free volume as a result of less efficient chain packing compared
with the crystalline phase.9 The type and amount of free volume
affect chain dynamics and impact mechanical properties and
diffusion phenomena. One of the most powerful molecular-scale
probes of the amorphous phase free volume is positron
annihilation lifetime spectroscopy (PALS).10-12 Briefly, the
positronium (Ps) particle, which forms by combination of a
thermal positron with an electron in the host polymer, is
preferentially localized in the free volume holes. The primary
annihilation mechanism of the triplet Ps species (orthopositro-
nium, o-Ps) is with electrons of the host polymer. The lifetime
of o-PS is particularly sensitive to the size of the free volume
hole in which it is located. Thus, the average free volume hole
size can be quantitatively extracted from the o-Ps annihilation
lifetime component of PALS. The combination of PALS with
the macroscopic volume-temperature measurement allows the
number of holes and the fractional free volume (FFV) to be
estimated.13-15

The primary objective of this study is to systematically
examine the amorphous phase of propylene/ethylene copoly-
mers. We compare a series of new experimental P/E copolymers
with a series of metallocene-catalyzed P/E copolymers. By
increasing the ethylene content, the crystallinity of the copoly-
mer is reduced to less than 10 wt %. Volume-temperature
measurements are used in combination with PALS to support
our understanding.

Materials and Methods

Polypropylene and propylene/ethylene copolymers, prepared by
an experimental group IV post-metallocene catalyst (xP/E) and by
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a conventional metallocene catalyst (mP/E), were supplied in pellet
form by The Dow Chemical Co., together with information on
comonomer content, molecular weight, and molecular weight
distribution as given in Table 1. The polymers are designated by
the type of catalyst and the ethylene content in mole percent.

Films were compression-molded from the pellets at 190°C and
cooled to ambient temperature at∼15 °C min-1 in the press. The
compression-molded films were subsequently aged 7-12 days at
ambient temperature before measuring the physical properties.
Thermal analysis was performed on a Perkin-Elmer DSC-7 from
-60 to 190°C with a heating/cooling rate of 10°C min-1. Weight
percent crystallinity was calculated from

where∆Hm is the measured specific heat of melting and∆Hm° is
the heat of fusion of the polypropylene crystal taken to be 209 J
g-1.16,17

The glass transition temperature (Tg) was determined by dynamic
mechanical thermal analysis (DMTA) of aged P/E films using a
Polymer Laboratories dynamic mechanical thermal analyzer. Speci-
mens were tested in dynamic tension with 1% strain at 1 Hz from
-80 to 10°C below the melting temperature at a scanning rate of
3 °C min-1.

The density was measured according to ASTM D1505-85. A
2-propanol/water gradient column with a range of 0.8-1.0 g cm-3

was used. Small pieces of film (∼2 × 2 mm2) were placed in the
column and allowed to equilibrate for 1 h before measurement. To
measure density in the temperature range from-15 to 25°C, a
circulating ethanol bath was connected to the jacket of the density
column. Density measurements were taken 1 h after the column
temperature had stabilized. The reported density is the average of
at least three specimens and has an error of less than 0.0005 g
cm-3. Measurements at low temperatures were limited by icing of
the 2-propanol/water solution inside the gradient column.

Positron annihilation lifetime spectroscopy (PALS) was per-
formed using the fast-fast coincident method with a time resolution
of 230 ps, at a count rate of∼106 counts/h.15,18 A 30 µCi 22NaCl
positron source was sandwiched in between two compression-
molded films, each with thickness of 1 mm and 1× 1 cm2 area.
Temperature measurements were taken by first decreasing the
temperature as low as-100 °C and then allowing 1 h for
equilibrium before the temperature was sequentially increased in
steps of 5 or 10°C. At each temperature, a spectrum containing a
total of 106 counts was collected over 1 h after allowing 20 min
for temperature equilibrium. In addition, one of the copolymers
(xP/E12.1) was left in the positron source for 48 h at 23°C to test
for possible effects of prolonged exposure. However, no change in
the PALS spectrum was observed.

The positron lifetime spectrum was determined by PATFIT
software. The spectra were fitted to three exponentially decaying
lifetime components. The average free volume hole radius (rh) was
calculated from the o-Ps lifetime (τ3) using the semiempirical
equation10,11

whereδr has been empirically determined to beδr ) 0.1656 nm
by fitting eq 2 to the o-Ps annihilation data for molecular solids of
known pore size.11 The uncertainty inrh based on 10 spectra was
(0.02 Å. The free volume hole size, (vh) was calculated as vh )
4πrh

3/3 assuming spherical holes.

Results

Crystallinity. The effects of comonomer content on the
physical properties of the mP/Es and the xP/Es used in this study
are described in detail elsewhere.5 The results for the density
(F), the melting temperature (Tm), the heat of melting (∆Hm),

and the glass transition temperature (Tg) are summarized in
Table 2. As shown in Figure 1, for both mP/Es and xP/Es,
crystallinity as reflected by∆Hm decreased linearly with
increasing comonomer content. However, the crystallinity of
xP/Es was consistently lower than the crystallinity of mP/Es
for a given comonomer content. Both xP/Es and mP/Es possess
a high degree of isotacticity in the propylene sequences. The
difference in crystallinity was attributed primarily to differences
in comonomer distribution and defect type. It is reported that
the distribution of ethylene units in mP/Es is close to statistical,
whereas the distribution in xP/Es is more alternating.2 This
means that, for a given comonomer content, xP/Es have shorter
propylene blocks than mP/Es, resulting in less crystallizable
xP/E chains. The regio-defect concentration in xP/Es is about
0.4 mol %,2 which is comparable to the reported regio-defect
concentration in metallocene-catalyzed propylene/ethylene co-
polymers.19 However, xP/Es show a unique regio-defect.2 In
mP/Es a regio-defect tends to be followed by a propylene unit,
but in xP/Es by an ethylene unit. The regio-defect of xP/E might
be more effective in disrupting crystallization.

The weight fraction crystallinityXc,∆H from DSC, taking
∆Hm° of 209 J g-1,16,17 was compared with weight fraction
crystallinity from density,Xc,F, assuming a two-phase model
with constant amorphous phase and crystalline phase densities

where F, Fa, and Fc are the bulk density, amorphous phase
density, and crystalline phase density, respectively. Using the
generally accepted values ofFa and Fc for polypropylene of
0.853 g cm-3 and 0.936 g cm-3, respectively,20 crystallinity from
density was consistently higher than crystallinity from DSC heat
of melting (Figure 2). Using a somewhat higher value of 0.946
g cm-3 for Fc

8 reduced the discrepancy somewhat; nevertheless,
the difference between the crystallinity calculations remained
significant. Alternatively, the constant value taken forFa in eq
3 may not be appropriate. The assumed value of 0.853 g cm-3

is taken from amorphous, atactic polypropylene, and it may not
be appropriate if crystalline constraint affects chain packing in
the amorphous phase.

Glass Transition. The dynamic mechanical relaxation be-
havior of xP/Es is shown in Figure 3 in the form of storage
modulus (E′), loss modulus (E′′), and loss tangent (tanδ). The
effect of comonomer content and the comparison between mP/
Es and xP/Es were consistent with previous observations.5 It
can be seen from Figure 3b,c that bothE′′ and tanδ showed a
local maximum in the range of-25 to 15°C that is identified
conventionally as theâ-relaxation. The glass transition tem-
perature (Tg) of the amorphous phase was taken as the peak
temperature of theâ-relaxation. In bothE′′ and tanδ, the

Table 1. Characteristics of Propylene/Ethylene Polymers

polymer
designation

comonomer content
(mol %) Mw (kg mol-1) Mw/Mn

xP/E0.0 0.0 316 2.7
xP/E4.3 4.3 329 2.2
xP/E7.6 7.6 296 2.2
xP/E12.1 12.1 285 3.1
xP/E16.1 16.1 262 2.2
xP/E19.2 19.2 263 2.4
mP/E0.0 0.0 282 2.2
mP/E3.1 3.1 318 2.0
mP/E11.0 11.0 150 2.3
mP/E13.6 13.6 110 2.1
mP/E18.8 18.8 201 2.1
mP/E25.2 25.2 219 2.1

Xc,F (wt %) )
Fc

F ( F - Fa

Fc - Fa
) × 100% (3)

Xc,∆H (wt %) )
∆Hm

∆Hm° × 100% (1)

τ3 (ns)) 0.5[1 -
rh

rh + δr
+ 1

2π
sin( 2πrh

rh + δr)]-1

(2)
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â-relaxation peak shifted to higher temperature with increasing
crystallinity. TheTg from the tanδ curves is tabulated asTg,DMTA

in Table 2. TheE′′ peak temperature (Tg,E′′), which may be a
more appropriate measure ofTg than the tanδ peak tempera-
ture,21 was consistently about 5°C lower. For comparison,Tg

from the inflection in the DSC thermogram is also included as
Tg,DSC.

Amorphous Density. Figure 4 shows the specific volume
(V ) 1/F) of P/E copolymers as a function of temperature in
the temperature range between-15 and 25°C. Good revers-

ibility was achieved in the density measurement between heating
and cooling cycles in the gradient column in this temperature
range. Therefore, only the results from the heating cycle are
shown. For each polymer, linear thermal expansion was
observed aboveTg, where the amorphous phase was in the
rubbery state. A linear region belowTg was not obtained due
to the broad glass transition and icing of the 2-propanol/water
solution inside the gradient column. The bulk thermal expan-
sivity, defined as the slopeer ) dV/dT (Table 2), decreased
significantly with increasing crystallinity as a result of the
significant difference in thermal expansivity of the crystalline
and amorphous phases. However, the values were generally
within the range that has been reported for polypropylene, i.e.,
from 5.5× 10-4 to 9.4× 10-4 cm3 g-1 K-1.22

The specific volume of the amorphous phase (Va ) 1/Fa) was
calculated using crystallinity from DSC according to

and the results are plotted in Figure 5. To obtainVc(T), values
of the polypropylene crystal specific volumeVc(23 °C) ) 1.068
cm3 g-1 (Fc ) 0.936 g cm-3)22 and thermal expansivityec )
1.0 × 10-4 cm3 g-1 K-1 were obtained by fitting low-
temperature data from ref 23. It is also assumed that the
crystallinity did not change in this temperature range. The
thermal expansivity of the rubbery amorphous phase,er,a ) dVa/
dT, was obtained by linearly fitting theVa-T data aboveTg for
all P/Es, and the results are listed in Table 2. ForT > Tg, the
material with higher crystallinity always had lower amorphous
phase specific volume (higher density) and lower thermal
expansivity. The thermal expansivity of the amorphous phase
decreased significantly with increasing crystallinity from 8.6
× 10-4 cm3 g-1 K-1 for xP/E19.2 (Xc ) 6%) to 6.6× 10-4

cm3 g-1 K-1 for xP/E0.0 (Xc ) 45%). Similar results were found
for the mP/E copolymers. It follows that decreasing bulk thermal
expansivity as seen in Figure 4 cannot be attributed only to
increasing crystallinity but includes the effect of decreasing
amorphous phase thermal expansivity.

The amorphous density at 23°C calculated from eq 4 is
plotted in Figure 6 as a function of the crystallinity. The
amorphous density of P/E copolymers increased with increasing
crystallinity from 0.857 g cm-3 for xP/E19.2 (Xc ) 6%) to 0.877
g cm-3 for xP/E0.0 (Xc ) 45%). A similar trend was observed
for mP/Es. A linear extrapolation toXc ) 0 gaveFa ) 0.854 g
cm-3 for the density of completely amorphous polypropylene,
which coincided with the value measured for amorphous atactic
polypropylene. The increase inFa and the decrease iner,a with
increasing crystallinity were attributed to constraint on amor-

Figure 1. Effect of ethylene content as mol % on the heat of melting
of P/E copolymers.∆Hm was obtained from the first heating DSC
thermogram.

Figure 2. Comparison of crystallinity from density and crystallinity
from DSC heat of melting.

Table 2. Properties of Propylene/Ethylene Polymers

polymer
density

(g cm-3)
Xc,F

a

(wt %)
Tm

(°C)
∆Hm

(J g-1)
Xc,∆H

b

(wt %)
Tg,DSC

(°C)
Tg,DMTA

c

(°C)
Tg,E′′
(°C)

Fa
d

(g/cm-3)
er × 104

(cm3 g-1 K-1)
er,a× 104

(cm3 g-1 K-1)

xP/E0.0 0.9022 61 145 93 45 N/A 12 10 0.877 4.0 6.6
xP/E4.3 0.8932 51 121 76 36 -11 7 0 0.870 5.1 7.2
xP/E7.6 0.8869 43 98 62 30 -17 0 -5 0.868 5.6 7.6
xP/E12.1 0.8795 34 84 47 22 -23 -6 -12 0.864 6.1 8.2
xP/E16.1 0.8691 21 44 27 13 -25 -14 -18 0.860 7.8 8.5
xP/E19.2 0.8610 10 44 12 6 -31 -20 -23 0.857 8.2 8.6
mP/E0.0 0.9062 66 152 106 51 N/A 10 0.878 3.6 6.2
mP/E3.1 0.8993 58 135 93 44 -12 5 0.872 4.3 7.0
mP/E11.0 0.8887 45 103 67 32 -19 -2 0.868 5.3 7.4
mP/E13.6 0.8845 40 92 55 26 -22 -6 0.867 5.7 7.5
mP/E18.8 0.8736 27 71 33 16 -27 -15 0.863 7.1 8.2
mP/E25.2 0.8607 10 56 15 7 -33 -17 0.855 8.2 8.8

a Crystallinity from density.b Crystallinity from heat of melting.c From tanδ. d At 23 °C.

Va(T) )
V(T) - Vc(T)Xc,∆H

1 - Xc,∆H
(4)
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phous chains imposed by attachment to chain segments in
crystals. Linear extrapolation of amorphous phase density to
Xc ) 100 gave a hypothetical value ofFa ) 0.900 g cm-3 for
completely constrained amorphous chain segments.

Free Volume Hole Size and Fraction.The free volume hole
size (vh) is plotted in Figure 7 as a function of temperature. For
clarity, the data are shifted vertically by 30 Å3. For xP/E0.0,
the hole size varied from vh ) 72 Å3 (rh ) 2.58 Å ) at-70 °C
to vh ) 164 Å3 (rh ) 3.40 Å ) at 70°C with a distinct increase
in the slope of the temperature dependence around 10°C. The
data were fitted by two straight lines with different slopes, and
Tg,PALSwas obtained at the intersection. Values ofTg,PALS, which
are listed in Table 3, correspond most closely toTg,DMTA for
both xP/Es and mP/Es.

Below Tg,PALS, the hole thermal expansivity (eh,g) obtained
from the slope of the vh-T curves was essentially constant with
eh,g ) 0.20 Å3 K-1 for all the xP/Es andeh,g ) 0.25 Å3 K-1 for
all the mP/Es (Table 3). However, aboveTg,PALS in the rubbery
state, the hole thermal expansivity (eh,r) decreased with increas-
ing crystallinity, for example from 1.49 Å3 K-1 for xP/E19.2
to 1.27 Å3 K-1 for xP/E0.0. In the glassy state where the motion
of chain segments is frozen, vh represents the average size of
static holes.24,25The small increase of vh with temperature (eh,g

∼ 0.20 Å3 K-1) reflects the thermal expansion of free volume

in the glassy state. When the amorphous phase is in the rubbery
state, vh is the average value of holes whose size and shape
fluctuate in space and time.24,25The chain mobility results in a
significant increase in the hole size with temperature.

The effect of crystallinity on free volume hole size is
examined by comparing the free volume hole size of xP/E
copolymers in the rubbery state (23°C), at the glass transition
temperature (Tg), and in the glassy state (-70 °C) (Figure 8).
At ambient temperature (23°C) vh decreased significantly with
increasing crystallinity, from about 140 Å3 for xP/E19.2 to about
100 Å3 for xP/E0.0. AtTg, there was a slight increase in vh

with crystallinity. Well belowTg, at-70 °C, vh was essentially
independent of crystallinity.

It is also of interest to estimate the number of free-volume
holes in the amorphous phase. The number density of free
volume holes can be determined from the relationship13,15

whereVa is the specific volume of amorphous phase, vocc is the
occupied specific volume,Nh′ is the number of holes per mass
unit in the amorphous phase, and vh is the average hole size.
By assumingVocc andNh′ are independent of temperature,Nh′
can be determined from the linear fit ofVa-vh plots.15,26,27Only
results forT > Tg are plotted in Figure 9. In all cases, good
linear fits were obtained, and for clarity, only the data and fits

Figure 3. Dynamic mechanical relaxation behavior of xP/E copoly-
mers: (a) logE′; (b) log E′′; and (c) tanδ.

Figure 4. Temperature dependence of the specific volume,V: (a) xP/E
series and (b) mP/Es series. The solid lines are the linear least-square
fit aboveTg,DMTA, as indicated by the arrows.

Va ) Vocc + Nh′vh (5)
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for xP/E0.0, xP/E7.6, mP/E0.0, and mP/E3.1 are shown as
examples. The number of holes per mass unit in the amorphous
phase (Nh′) is tabulated in Table 3, together with the hole density
at 23°C (Nh) andVocc. The value ofNh′ for the amorphous phase
for various P/E copolymers falls in the range (5.1-5.9)× 1020

g-1, which is in agreement with reported values for isotactic
propylene/R-olefin copolymers.14

Discussion

It is now possible to construct the temperature dependence
of the amorphous phase specific volume (Va-T). As a noncrys-
tallizable polymer is cooled from the melt, it contracts along
an equilibrium liquid line until it intersects the nonequilibrium
glassy expansion line at the glass transition temperature (Figure
10). The equilibrium liquid line is established with data from

Figure 5. Temperature dependence of the amorphous phase specific
volume,Va: (a) xP/E series and (b) mP/E series. The solid lines are
the linear least-square fit aboveTg,DMTA, as indicated by the arrow.

Figure 6. Amorphous phase density at 23°C from eq 4 as a function
of crystallinity from DSC heat of melting.

Figure 7. Temperature dependence of the average free-volume hole
size, vh: (a) xP/E series and (b) mP/E series. For clarity, the data are
shifted on the vertical scale by 30 Å. The solid lines are the linear
least-square fit below and aboveTg,PALS, as indicated by the arrows.

Figure 8. Effect of crystallinity on the average free volume hole size
at three representative temperatures: 23°C, Tg, and-70 °C.
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the literature for a noncrystallizable ethylene/propylene (E/P)
copolymer.28 Literature reports for the specific volume of
LLDPE and an isotactic propylene copolymer (i-PP) in the melt
follow almost the same curve.28 This correspondence supports
the assumption that the rubbery amorphous density of a
noncrystalline P/E copolymer is independent of the ethylene
content.

The nonequilibrium glassy line is constructed fromνa of xP/
E19.2 at theTg, which defines the intersection with the
equilibrium liquid line. In the absence of bulk thermal expan-
sivity of the amorphous glassy phase, the thermal expansivity
is estimated from the hole thermal expansivity in the glass.
Assuming that the number of free volume holes in the glass is
the same as in the rubbery state, the nonequilibrium thermal
expansivity is estimated as 1.1× 10-4 cm3 g-1 K-1 from hole

density of 5.5× 1020 g-1 and hole thermal expansivity of 0.20
Å3 K-1 in the glass. A single glassy line for all the copolymers
seems justified given that free volume hole size in the glass
(see Figure 8), hole thermal expansion coefficient in the glass,
and the number of free volume holes (see Table 3) are not very
sensitive to the amount of crystallinity.

The amorphous phase specific volume for a copolymer with
low crystallinity (xP/E19.2,Xc ) 6%) is included in Figure 10.
The results closely follow the equilibrium curve, as defined by
the amorphous P/E, to the glass transition at about-20 °C.
The correspondence indicates that the crystallinity of xP/E19.2
is too low to significantly constrain the amorphous phase chains.

Results for a high crystallinity polymer (xP/E0.0,Xc ) 45%)
are also included. In this case, the amorphous phase specific
volume falls well below the equilibrium line. If the copolymer
is crystallizable, it follows the equilibrium curve during cooling
from the melt until it starts to crystallize atTc. Once nucleation
happens, crystallization typically occurs over a small temperature
change and is accompanied by a large decrease in bulk specific
volume. Immobilization of chain segments in crystals constrains
the attached amorphous chain segments. As a result, the
amorphous specific volume also decreases abruptly during
crystallization as suggested by the dashed line. The PALS results
indicate that the constraint acts primarily to decrease the free
volume hole size, rather than to decrease the number of free
volume holes. The constrained and densified amorphous phase
of xP/E0.0 has a lower thermal expansion coefficient than the
equilibrium amorphous polymer (see Table 2), and the amor-
phous phase contracts along a different liquid line until the line
intersects the glass line at a glass transition temperature of about
10 °C. The behavior of the other copolymers lies in between
that of xP/E19.2 and that of xP/E0.0. According to Figure 10,
the completely constrained amorphous phase would have density
0.882 g cm-3. This is significantly lower than the value of 0.900
g cm-3 obtained by extrapolation ofFa to 100% crystallinity
(see Figure 6). It may be thatFa reaches a limit as indicated by
the lower dashed line in Figure 6.

According to the concepts of free volume in amorphous
polymers,29,30 the fractional free volume (FFV) is constant in
the glassy state and increases linearly with temperature above
Tg. The FFV in the amorphous phase of P/E copolymers was
calculated according to refs 13-15

Figure 9. Specific volume of the amorphous phase,Va, plotted vs the
free volume hole size, vh, to determineNh′ according to eq 5.

Table 3. Results of PALS Studies

material
Tg,PALS
(°C)

eh,g
(Å3/K)

eh,r
(Å3/K)

vh
a

(Å3)
Nh′

(1020g-1)
Vocc

(cm3/g)

Nh
a

(1020

cm-3) FFVa
FFV

(atTg)

xP/E0.0 11 0.19 1.27 101 5.2 1.091 4.5 0.046 0.039
xP/E4.3 6 0.19 1.31 104 5.2 1.095 4.5 0.046 0.037
xP/E7.6 0 0.20 1.39 111 5.5 1.092 4.7 0.053 0.038
xP/E12.1 -5 0.20 1.53 121 5.3 1.093 4.6 0.056 0.037
xP/E16.1 -10 0.21 1.55 129 5.4 1.091 4.7 0.060 0.037
xP/E19.2 -17 0.20 1.49 136 5.9 1.086 5.1 0.069 0.039
mP/E0.0 16 0.22 1.29 97 5.2 1.089 4.5 0.044 0.040
mP/E3.1 16 0.26 1.36 98 5.4 1.094 4.7 0.046 0.042
mP/E11.0 -1 0.24 1.62 122 5.1 1.089 4.4 0.054 0.038
mP/E13.6 -6 0.28 1.45 123 5.7 1.084 4.9 0.060 0.041
mP/E18.8 -11 0.29 1.63 139 5.3 1.087 4.5 0.063 0.039
mP/E25.2 -17 0.25 1.62 141 5.6 1.091 4.8 0.067 0.038

a Data for 23°C.

Figure 10. Schematic showing the temperature dependence of the
amorphous phase specific volume for P/E copolymers. The data for
xP/E0.0 and xP/E19.2 are included as filled symbols. The data taken
from ref 28 are shown as open symbols.
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and the results are plotted as a function of crystallinity in Figure
11. The large decrease ofFFV at 23 °C with increasing
crystallinity, from 0.068 to 0.039, and the corresponding increase
in amorphous phase density are primarily due to the decrease
in the hole size (see Figure 8).

To obtainFFV at Tg from eq 6, the hole density atTg was
assumed to be equal toNh′, vh at Tg was taken from the vh-T
plot at Tg,PALS (see Figure 7), andVa was taken from theVa-T
plot, also atTg,PALS (see Figure 5). TheFFV at Tg was constant
across the crystallinity range of the P/E copolymers with a value
about 0.04 (Figure 11), in agreement with iso-free volume
concepts of the glass transition. In this case, a small decrease
in hole density with crystallinity was offset by a small increase
in hole size atTg (see Table 3). However, it should be pointed
out that the density of free volume holes changed very little
with crystallinity. Thus, theTg could also be described by an
iso-free volume hole size condition within the experimental
scatter. It has been pointed out that the iso-free volume condition
at Tg may not hold among different polymers, andFFV at Tg

could be in the range 0.02-0.13.31 Considering the chemical
similarity of the P/E copolymers, the iso-free volume condition
at Tg is consistent with this view, and the value of 0.04 is
reasonable. Because free volume is closely related to chain
dynamics in the amorphous phase, the iso-free volume condition
at Tg means that the effect of temperature on amorphous chain
mobility is the determining factor, outweighing the effect of
constraint imposed by the crystalline phase. Similarity in the
thermal expansion coefficient (eh,g) of free volume holes in the
glassy state (see Figure 7 and Table 3) supports this interpreta-
tion.

Conclusions

Recent advances in catalyst technology made it possible to
synthesize high molecular weight propylene copolymers with
relatively high levels of ethylene comonomer. The availability
of copolymers ranging from highly crystalline to almost
noncrystalline provided an opportunity to systematically probe
the effect of crystallinity on the amorphous phase. The study
showed that the rubbery amorphous phase of P/E copolymers
(T > Tg) densifies with increasing crystallinity, as reflected by
higher amorphous phase bulk density (Fa) and smaller free
volume hole size at ambient temperature. Densification is
accompanied by a decrease in the bulk thermal expansivity of
the rubbery amorphous phase and a corresponding decrease in
the thermal expansivity of free volume holes (eh,r). Theses effects
reflect reduced mobility of amorphous chain segments as a result
of constraint and compaction imposed by connection to chain
segments in crystals. The reported discrepancy between the
conventional determination of crystallinity from density mea-
sured at ambient temperature and crystallinity from heat of
melting can now be understood. At least for P/E copolymers,
the assumption of constant amorphous phase density is incon-
sistent with the demonstrated densification of the amorphous
phase with increasing crystallinity.

Results from this study, taken together with data from the
literature, make it possible to construct the temperature depen-
dence of the amorphous phase specific volume (Va-T), including
the effect of crystallinity. Crystallization modifies theVa-T
relationship by imposing a decrease in amorphous phase specific
volume at the crystallization temperature and decreasing the
amorphous phase thermal expansion coefficient below the

crystallization temperature. As a consequence, the glass transi-
tion, defined by the intersection of the thermal expansion lines
for rubber and glass, shifts to progressively higher temperatures
with increasing crystallinity. Further insight is possible by
combining bulk specific volume measurements with free volume
hole size from PALS to obtain the fractional free volume (FFV).
At the glass transition temperature, theFFV is constant across
the crystallinity range of the P/E copolymers with a value of
about 0.04, in agreement with iso-free volume concepts of the
glass transition.
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