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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 ofalefin 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 EFV) of the amorphous phase is obtained by combining the free volume hole size with the macroscopic
volume—-temperature measurement. At the glass transition temperatur&this 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 is not entirely understood as evidenced by unresolved differences

Recent advances in catalyst technology have made it possiblein the degree of crystallinity measured by different technidues.
It is well accepted that the amorphous phase contains excess

to synthesize high molecular weight propylene copolymers with 'L : -
relatively high levels of am-olefin comonomer. Of particular free volume as a result of less efficient chain packing compared

interest are the propylene/ethylene copolymers produced by TheWith the crystalline phas€The type and amount of free volume
Dow Chemical Co. using a recently developed group IV affect chain dynamics and impact mechanical properties and

transition metal-based post-metallocene catdlyBhese co- diffusion phenomena. One of the most powerful molecular-scale

polymers exhibit high molecular weight, relatively narrow Probes of the amorphous phase free volume is positron
molecular weight distribution, and unique chain microstructures. @nnihilation lifetime spectroscopy (PALS):* Briefly, the

Unlike metallocene-catalyzed copolymers, which have homo- Positronium (Ps) particle, which forms by combination of a
geneous comonomer distribution, the new copolymers are thermal positron with an electron in the host polymer, is

characterized by heterogeneous chain composition and differentPréferentially localized in the free volume holes. The primary
defect distributior? annihilation mechanism of the triplet Ps species (orthopositro-

nium, o-Ps) is with electrons of the host polymer. The lifetime
of 0-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
éhe macroscopic volumetemperature measurement allows the
number of holes and the fractional free volunkd=Y/) to be
estimated3-15

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 %. Voluatemperature
measurements are used in combination with PALS to support
eour understanding.

Like ethylened-olefin copolymers* the new propylene/
ethylene copolymers exhibit a wide spectrum of solid-state
structures and properti€sThe 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 propertie
range from typical thermoplastic behavior to elastomeric
behavior.

Our previous structureproperty studies of propylene co-
polymers focused primarily on the crystalline ph&séHow-
ever, isotactic propylene homopolymers ar80% 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 phas
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a conventional metallocene catalyst (mP/E), were supplied in pellet Table 1. Characteristics of Propylene/Ethylene Polymers
form by The Dow Chemical Co., together with information on polymer comonomer content
comonomer content, molecular weight, and molecular weight gesignation (mol %) My (kg mol) Mu/M,

distribution as given in Table 1. The polymers are designated by

the type of catalyst and the ethylene content in mole percent. ig;ggg 23 g%g g;
Films were compression-molded from the pellets at A@@&nd ¥PIE7.6 76 206 59
cooled to ambient temperature-ai5 °C min~? in the press. The XP/E12.1 12.1 285 31
compression-molded films were subsequently aged2 days at xP/E16.1 16.1 262 2.2
ambient temperature before measuring the physical properties. xP/E19.2 19.2 263 2.4
Thermal analysis was performed on a Perkin-Elmer DSC-7 from mP/E0.0 0.0 282 2.2
—60 to 190°C with a heating/cooling rate of 1 min~1. Weight mP/E3.1 31 318 2.0
percent crystallinity was calculated from mP/E11.0 11.0 150 2.3
mP/E13.6 13.6 110 2.1
AH mP/E18.8 18.8 201 2.1
Xoan WE%0) =+ ™« 100% (1) MP/E25.2 25.2 219 2.1

m

and the glass transition temperatuiig)(are summarized in
whereAHy, is the measured specific heat of melting akid,° is Table 2. As shown in Figure 1, for both mP/Es and xP/Es,
the heat of fusion of the polypropylene crystal taken to be 209 J crystallinity as reflected byAH,, decreased linearly with
g Loy increasing comonomer content. However, the crystallinity of

. - y ) xP/Es was consistently lower than the crystallinity of mP/Es
mechanical thermal analysis (DMTA) of aged P/E films using a for a given comonomer content. Both XxP/Es and mP/Es possess
Polymer Laboratories dynamic mechanical thermal analyzer. Speci- hiah d f isotacticity in th | Th
mens were tested in dynamic tension with 1% strain at 1 Hz from a high aegree of Isotaclicity In the propylene sequences. 1he
—80 to 10°C below the melting temperature at a scanning rate of difference in crystallinity was attributed primarily to differences

The glass transition temperatuiig)(was determined by dynamic

3°C minL. in comonomer distribution and defect type. It is reported that
The density was measured according to ASTM D1505-85. A the distribution of ethylene units in mP/Es is close to statistical,
2-propanol/water gradient column with a range of-0180 g cnt? whereas the distribution in xP/Es is more alternafinthis

was used. Small pieces of film-@ x 2 mn?) were placed in the means that, for a given comonomer content, xP/Es have shorter
column and allowed to equilibraterfd h before measurement. To propylene blocks than mP/Es, resulting in less crystallizable
measure density in the temperature range froftb to 25°C, a  xp/E chains. The regio-defect concentration in xP/Es is about
circulating ethanol bath was connected to the jacket of the density 0.4 mol %2 which is comparable to the reported regio-defect

column. Density measurements were takeh after the column . ) )
temperature had stabilized. The reported density is the average Ofconcentratlon in metallocene-catalyzed propylene/ethylene co

at least three specimens and has an error of less than 0.0005 olymers:® However, XP/Es show a unique regio-defedt .

cm3. Measurements at low temperatures were limited by icing of MP/Es a regio-defect tends to be followed by a propylene unit,

the 2-propanol/water solution inside the gradient column. but in XP/Es by an ethylene unit. The regio-defect of xP/E might
Positron annihilation lifetime spectroscopy (PALS) was per- be more effective in disrupting crystallization.

formed using the fastfast coincident method with a time resolution The weight fraction crystallinityX;.an from DSC, taking

of 230 ps, at a count rate of1C® counts/nt>18 A 30 uCi 22NaCl AHp° of 209 J g116.17 was compared with weight fraction

positron source was sandwiched in between two compression-crystallinity from density,X.,, assuming a two-phase model

molded films, each with thickness of 1 mm andx11 cn? area. jth constant amorphous phase and crystalline phase densities
Temperature measurements were taken by first decreasing the

temperature as low as-100 °C and then allowig 1 h for o[ P — Pa
equilibrium before the temperature was sequentially increased in Xep (Wt %) = — x 100% )
steps of 5 or 10C. At each temperature, a spectrum containing a ’ c— P

total of 1¢ counts was collected ové h after allowing 20 min )
for temperature equilibrium. In addition, one of the copolymers Where p, pa, and pc are the bulk density, amorphous phase
(xP/E12.1) was left in the positron source for 48 h af@3to test density, and crystalline phase density, respectively. Using the
for possible effects of prolonged exposure. However, no change in generally accepted values pf and p.: for polypropylene of
the PALS spectrum was observed. 0.853 g cn® and 0.936 g cm?, respectively? crystallinity from

The positron lifetime spectrum was determined by PATFIT density was consistently higher than crystallinity from DSC heat
s_,oft_ware. The spectra were fitted to three exponentiall_y decaying of melting (Figure 2). Using a somewhat higher value of 0.946
lifetime components. The average free volume hole radi}svas ¢ o3 for o8 reduced the discrepancy somewhat; nevertheless,
calculated from the o-Ps lifetimerg) using the semiempirical the difference between the crystallinity calculations remained
equationd-11 R . .

significant. Alternatively, the constant value taken fgiin eq

fh 1 27, \1-1 3 may not be appropriate. The assumed value of 0.853 ¢ cm
75(ns)=0.51 — + Z=sin
rp,+or 27 \r,+0r

(2 is taken from amorphous, atactic polypropylene, and it may not
wheredr has been empirically determined to be= 0.1656 nm the amorphous phase.

be appropriate if crystalline constraint affects chain packing in

by fitting eq 2 to the ePs annihilation data for molecular solids of Glass Transition. The dynamic mechanical relaxation be-
known pore sizé! The uncertainty i, based on 10 spectra was havior of xP/Es is shown in Figure 3 in the form of storage
+0.02 A. The free volume hole size,jwas calculated as,v= modulus E'), loss modulusE'"), and loss tangent (tad). The
4qrp3/3 assuming spherical holes. effect of comonomer content and the comparison between mP/

Es and xP/Es were consistent with previous observatidns.
can be seen from Figure 3b,c that b&hand tané showed a
Crystallinity. The effects of comonomer content on the local maximum in the range o6f25 to 15°C that is identified
physical properties of the mP/Es and the xP/Es used in this studyconventionally as theg-relaxation. The glass transition tem-
are described in detail elsewhér@he results for the density  perature {g) of the amorphous phase was taken as the peak
(p), the melting temperaturel (), the heat of meltingAH,), temperature of thes-relaxation. In bothE" and tand, the CDV

Results
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Figure 1. Effect of ethylene content as mol % on the heat of melting
of P/E copolymersAH;, was obtained from the first heating DSC
thermogram.
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Figure 2. Comparison of crystallinity from density and crystallinity
from DSC heat of melting.
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p-relaxation peak shifted to higher temperature with increasing
crystallinity. TheTg from the tar curves is tabulated &% pmra
in Table 2. TheE" peak temperaturelgg-), which may be a
more appropriate measure ©f than the tard peak tempera-
ture! was consistently about & lower. For comparisorilg
from the inflection in the DSC thermogram is also included as
Typsc

Amorphous Density. Figure 4 shows the specific volume
(v = 1lp) of P/E copolymers as a function of temperature in
the temperature range betweenl5 and 25°C. Good revers-

Macromolecules, Vol. 39, No. 4, 2006

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 abovdy, where the amorphous phase was in the
rubbery state. A linear region beloWy 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 slope, = 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 5.5x 10410 9.4 x 104 cm? gt K122

The specific volume of the amorphous phage< 1/p,) was
calculated using crystallinity from DSC according to

U(T) — oM X an
1- XC,AH

and the results are plotted in Figure 5. To obtai(T), values

of the polypropylene crystal specific volunag23 °C) = 1.068

cm® gt (o = 0.936 g cm®)?2 and thermal expansivitg. =

1.0 x 104 cm® g! K™! 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 phases dvy/

dT, was obtained by linearly fitting the,— T data abovdy for

all P/Es, and the results are listed in Table 2. FFor Ty, 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
x 1074 cm? gt K1 for xP/E19.2 K. = 6%) to 6.6x 107

cm?® g~ K~1for xP/E0.0 K. = 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 Z& 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?® for xP/E19.2 K. = 6%) to 0.877
g cnr 3 for xP/E0.0 K. = 45%). A similar trend was observed
for mP/Es. A linear extrapolation t§. = 0 gavep, = 0.854 g
cm2 for the density of completely amorphous polypropylene,
which coincided with the value measured for amorphous atactic
polypropylene. The increase i and the decrease &, with
increasing crystallinity were attributed to constraint on amor-

vl(T) = (4)

Table 2. Properties of Propylene/Ethylene Polymers

density Xep® Tm AHm XeAHP Tgpsc  TgpmTA® Ty pad e x 104 &ax 10*

polymer  (gem®)  wt%) (°C) (g Wt%)  (°C) (°C) (°C)  (glem®  (emPg 'K  (emPgKTY
XP/E0.0 0.9022 61 145 93 45 N/A 12 10 0.877 40 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 a4 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/EQ.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 43 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 75
mP/E18.8  0.8736 27 71 33 16 27 -15 0.863 71 8.2
mP/E25.2  0.8607 10 56 15 7 -33 -17 0.855 8.2 8.8

a Crystallinity from density? Crystallinity from heat of melting® From tand. 9 At 23 °C.

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

phous chains imposed by attachment to chain segments in
crystals. Linear extrapolation of amorphous phase density to
X. = 100 gave a hypothetical value pf = 0.900 g cn? for
completely constrained amorphous chain segments.

Free Volume Hole Size and FractionThe free volume hole
size (W) is plotted in Figure 7 as a function of temperature. For
clarity, the data are shifted vertically by 3G.AFor xP/E0.0,
the hole size varied fromp= 72 A3 (r, = 2.58 A ) at—70°C
to v, = 164 A3 (r, = 3.40 A) at 70°C with a distinct increase
in the slope of the temperature dependence arourfiC10he
data were fitted by two straight lines with different slopes, and
TgpaLsWas obtained at the intersection. ValueSgpa.s which
are listed in Table 3, correspond most closelyTidmra for
both xP/Es and mP/Es.

Below Ty paLs the hole thermal expansivitye{g obtained
from the slope of thep~T curves was essentially constant with
eng= 0.20 A3 K~ for all the xP/Es an@, ¢ = 0.25 A3 K~ for
all the mP/Es (Table 3). However, aboVgpa sin the rubbery
state, the hole thermal expansivigy, f) decreased with increas-
ing crystallinity, for example from 1.49 AK -1 for xP/E19.2
to 1.27 B K~ for xP/E0.0. In the glassy state where the motion
of chain segments is frozen, vepresents the average size of
static hole$425The small increase of\wvith temperaturee, 4
~ 0.20 A K™Y reflects the thermal expansion of free volume
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Figure 4. Temperature dependence of the specific volumea) xP/E
series and (b) mP/Es series. The solid lines are the linear least-square
fit above Ty pmra, as indicated by the arrows.

in the glassy state. When the amorphous phase is in the rubbery
state, y is the average value of holes whose size and shape
fluctuate in space and tin¥¢:25 The 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), at the glass transition
temperatureTg), and in the glassy state-{0 °C) (Figure 8).
At ambient temperature (2&) v, decreased significantly with
increasing crystallinity, from about 140*4or xP/E19.2 to about
100 A3 for xP/E0.0. AtT,, there was a slight increase i v
with crystallinity. Well belowTg, at—70°C, w, 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 relationsHip

Uy = Vgee T Ny'V}, (5)
whereu, is the specific volume of amorphous phasg.is the
occupied specific volumdyy' is the number of holes per mass
unit in the amorphous phase, anglis the average hole size.
By assumingvocc and Ny’ are independent of temperatubdy
can be determined from the linear fit af—vy, plots1526.270Only
results forT > Tq4 are plotted in Figure 9. In all cases, good
linear fits were obtained, and for clarity, only the data and 85\/
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Figure 5. Temperature dependence of the amorphous phase specificshifted on the vertical scale by 30 A. The solid lines are the linear
volume, v, (a) XP/E series and (b) mP/E series. The solid lines are least-square fit below and aboWgpa.s, as indicated by the arrows.
the linear least-square fit aboWig pmra, as indicated by the arrow.

Temperature (°C)

150
090 F T T T T T T T —e— xP/E
® xPE 0A9009/cm3/,/ mP/E
7
o mP/E 7 130 F E
0.89 | _ -
— //
mE ///
S e TS P 110 f ]
o 0.882g/cm® =%
) =
N >
® ] 90 -
@
Q
] 70|
0 10 20 30 40 50 60 70 80 90 100 50 . ) A . A
DSC Crystallinity (wt%) 0 10 Z%C c 30 04/0 50 60
. . . D stallinity (wt
Figure 6. Amorphous phase density at 28 from eq 4 as a function ) o v y (wi%) ]
of crystallinity from DSC heat of melting. Figure 8. Effect of crystallinity on the average free volume hole size

at three representative temperatures:°@3T,, and—70 °C.

for xP/E0.0, xP/E7.6, mP/E0.0, and mP/E3.1 are shown as Discussion

examples._The numbe_r of holes per mass u_n|t in the amorph_ous It is now possible to construct the temperature dependence
phase v is tabulated in Table 3, together with the hole density ¢ the amorphous phase specific voluragT). As a noncrys-

at 23°C (Nn) andvoce The value ofNy' for the amorphous phase  tgjlizable polymer is cooled from the melt, it contracts along
for various P/E copolymers falls in the range (58.9) x 107 an equilibrium liquid line until it intersects the nonequilibrium
g%, which is in agreement with reported values for isotactic glassy expansion line at the glass transition temperature (Figure
propylened.-olefin copolymers? 10). The equilibrium liquid line is established with data fr%v
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] density of 5.5x 10?°g~1 and hole thermal expansivity of 0.20

] A3K=1inthe 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.

114 o ] The amorphous phase specific volume for a copolymer with
low crystallinity (xP/E19.2X. = 6%) is included in Figure 10.
R T T T T The results closely follow the equilibrium curve, as defined by
Free volume hole size, v, (A7) the amorphous P/E, _to f[he glass transition a; gbem °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/E0X, = 45%)
are also included. In this case, the amorphous phase specific

v, (cm*g)
>

Figure 9. Specific volume of the amorphous phasg,plotted vs the
free volume hole size,ryto determineN,’ according to eq 5.

Table 3. Results of PALS Studies

, Ne? volume falls well below the equilibrium line. If the copolymer
- Tgpas g Enr VAP Ny voee (107 FFV . . . —_ . .
material  (°C) (A3K) (A¥K) (A% (10P°g-1) (cmig) cm 3) FFVa (atTy) is crystallizable, it follows the equilibrium curve during cooling
YP/E0.0 11 019 127 101 52  1.091 45 0.046 0039 fromthe melt unt_il it_starts to crystallize &. Once nucleation
xP/E4.3 6 019 131 104 52 1095 45 0.046 0.037 happens, crystallization typically occurs over a small temperature
XxP/E7.6 0 020 139 111 55 1092 47 0053 0038 change and is accompanied by a large decrease in bulk specific

xP/E121 -5 020 153 121 53 1093 4.6 0.056 0.037 L X ) .
<PIE161 —10 021 155 129 54 1091 47 0060 0037 Vvolume.Immobilization of chain segments in crystals constrains

xP/E19.2 —17 020 149 136 59 108 51 0.069 0.039 the attached amorphous chain segments. As a result, the
mP/EO.O 16 022 129 97 52 1089 45 0.044 0.040 i i
mP/E3.1 16 026 1.36 98 54 1094 4.7 0.046 0.042 amorphou§ specific volume also decrea;es abruptly during
MP/E1LO0 -1 024 162 122 51  1.089 4.4 0.054 0.038 _cry_stalhzatlon as suggestgd by the d_ashe_zd line. The PALS results
mP/E136 —6 0.28 145 123 57 1084 4.9 0.060 0.041 indicate that the constraint acts primarily to decrease the free
mpiElSs 11 029 103 189 53 LOBT 45 00830039 volume hole size, rather than to decrease the number of free
' ' ' ' ' o ' volume holes. The constrained and densified amorphous phase
#Data for 23°C. of xP/E0.0 has a lower thermal expansion coefficient than the
. . equilibrium amorphous polymer (see Table 2), and the amor-
the I|teratu2r8e for a noncrystallizable ethylene/propylene (E/P) yhous phase contracts along a different liquid line until the line
copolymer: L|t_eratur_e reports for the speC|_f|c vo_Iume of “intersects the glass line at a glass transition temperature of about
LLDPE and an isotactic propylen(_a copolymer (i-PP) in the melt 10 °C. The behavior of the other copolymers lies in between
Igltlaova\(saslrn?sti(t;e fhaaTiﬁgr\fﬁ&)rgf Cc:rrﬁjf%%%in%eeﬁgspogf athat of xP/E19.2 and that of XxP/EO0.0. According to Figure 10,
P Dery P Y the completely constrained amorphous phase would have density
noncrystalline P/E copolymer is independent of the ethylene 0.882 g cm®. This is significantly lower than the value of 0.900
content. ' : : s
g cn 3 obtained by extrapolation gf, to 100% crystallinity

The nonequilibrium glassy line is constructed frogof xP/ - . T
E19.2 at tr?eT whic% de);ines the intersection EIT\/?/ith the (see Figure 6). It may be thak reaches a limit as indicated by
) 9 the lower dashed line in Figure 6.

equilibrium liquid line. In the absence of bulk thermal expan-
sivity of the amorphous glassy phase, the thermal expansivity ~According to the concepts of free volume in amorphous
is estimated from the hole thermal expansivity in the glass. polymers?®3°the fractional free volumeRFV) is constant in
Assuming that the number of free volume holes in the glass is the glassy state and increases linearly with temperature above
the same as in the rubbery state, the nonequilibrium thermal Tq. The FFV in the amorphous phase of P/E copolymers was
expansivity is estimated as 14104 cm? g~1 K~ from hole calculated according to refs 35 cDV
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NV, 0.10 . , . , ,
(6) 0 xPIE
Ua o mPE

0.08 F b

FFV =

and the results are plotted as a function of crystallinity in Figure
11. The large decrease &fFV 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). 0.04 |
To obtainFFV at Ty from eq 6, the hole density & was
assumed to be equal My, vy at Ty was taken from thep+T
plot at Ty paLs (See Figure 7), and, was taken from the,—T
plot, also afly paLs (see Figure 5). ThEFV at Ty was constant
across the crystallinity range of the P/E copolymers with avalue 49 . . . . .
about 0.04 (Figure 11), in agreement with iso-free volume 0 10 20 30 40 50 60
concepts of the glass transition. In this case, a small decrease DSC Crystallinity (wt%)
in hole density with crystallinity was offset by a small increase Figure 11. Effect of crystallinity on the fractional free volume&RV)
in hole size affy (see Table 3). However, it should be pointed Of the amorphous phase at 23 and affg. The solid lines are to guide
out that the density of free volume holes changed very little e eve:
with crystallinity. Thus, theTly 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 Ty may not hold among different polymers, aR&V at Ty
could be in the range 0.62.133! Considering the chemical

0.06
T
w

0.02 i 1

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
similarity of the P/E copolymers, the iso-free volume condition €OMPining bulk specific volume measurements with free volume
at Ty is consistent with this view, and the value of 0.04 is hole size from PALS to obtain the fractional free volurk€Y).
reasonable. Because free volume is closely related to chain’\t the glass transition temperature, tREV is constant across
dynamics in the amorphous phase, the iso-free volume conditionthe crystallinity range of the P/E copolymers with a value of
at T, means that the effect of temperature on amorphous chain@P0ut 0.04, in agreement with iso-free volume concepts of the
mobility is the determining factor, outweighing the effect of 91ass transition.

constraint imposed by the crystalline phase. Similarity in the

thermal expansion coefficient{y) of free volume holes in the Acknowledgment. This research was generously supported
glassy state (see Figure 7 and Table 3) supports this interpretaPy The Dow Chemical Co.
tion.
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