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ABSTRACT: The segmental relaxation process in atactic and isotactic polypropylene (PP) is studied over the
temperature (258—323 K) and pressure (0—300 MPa) ranges by means of dielectric spectroscopy. The combined
dielectric and equation of state data provide a means of disentangling the relative influence of thermal energy
and density on the glass “transition”. Thermal energy is the controlling parameter of the segmental dynamics in
both atactic and isotactic PP as inferred by the values of the ratio of the apparent activation energies at constant
pressure and volume (0.72 and 0.63, respectively). Despite the common origin of the segmental dynamics, the
relaxation times of the isotactic polymer exhibit higher pressure sensitivity due to the increasing crystallinity on

pressurization.

Introduction

Polypropylene (PP) is one of the most common industrial
polymers known for its good mechanical properties, process-
ability, and chemical stability. Furthermore, it is not toxic when
damaged and is thus suitable for food packaging. Polypropylene
can be synthesized in three different tacticities, atactic (aPP),
isotactic (iPP), and syndiotactic (sPP), and this microstructure
is critical for the physical properties. In its well-known
isotactic form, it has been used by the industry for many years,
but yet is not known how the pressure conditions during the
thermoplastic molding affect the physical properties of the final
material. Pressures employed during production are in the range
80—800 MPa, which can be reached at the laboratory, under
perfectly controlled conditions. The dynamics that are coupled
to the processing conditions are the segmental dynamics (called
o-process) and the longer range chain dynamics responsible for
the flow.

The segmental relaxation times of aPP were studied earlier
at atmospheric pressure with creep,’ dynamic mechanical,*>
light scattering,® dielectric,”® NMR,>'® quasielastic neutron
scattering (QENS),'" and molecular dynamics (MD) simula-
tions.'>"® There is a general agreement that the segmental
dynamics of aPP display strong temperature dependence ac-
cording to the Vogel—Fulcher—Tammann (VFT) equation. On
the other hand, the segmental dynamics of iPP have only been
investigated at the high frequency side with QENS'' and MD
simulations.'® In addition, there are several thermodynamic
studies of the equation of state, that is, pressure—volume—
temperature (PVT) measurements,'*'> of aPP and iPP, but there
exists only one study on the effect of pressure and this on the
dynamics of aPP (by deuteron NMR '®). The latter study revealed
a moderate pressure coefficient for the glass temperature. In
addition, there are several studies on the effect of shear flow!”
on the crystallization kinetics of iPP and one study'® where both
shear and pressure were applied. In all cases, significantly
accelerated crystallization kinetics were obtained.

Pressure experiments over the past decade'®*° had a large
impact in increasing our understanding of the dramatic slowing-
down of the a-relaxation times as the system is approaching
its glass temperature 7,. There exist two main theoretical
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considerations of the phenomenon of “glass transition”. Ac-
cording to the “energy landscape” theory,*'** the a-process is
purely thermally activated in a constant density energy landscape
and glass formation is attributed to the inability of crossing the
energy barriers. On the other hand, in the context of the free
volume theory,~?’ the retardation of the relaxation times results
from the lack of sufficient available “free” volume necessary
for the motion. These two pictures should be considered as
extreme cases; while in the former, the dominant parameter is
temperature, in the latter, density (or volume) dominates. It has
been demonstrated several times?®2® that pressure experiments
performed under “isothermal” conditions (i.e., at constant
thermal energy) can disentangle the effects of temperature and
density on the dynamics. The quantification of the relative
contribution of temperature and density on the dynamics of the
a-process is made by using the ratio of the activation energies
at constant volume, Ey = R(d In 7/0(1/T))y, to the enthalpy of
activation, H* = R(d In 7/9(1/T))p. Ideally, this ratio takes values
near 0, when glass formation is controlled only by the free
volume, and 1, when thermal energy is the dominant variable.

Herein we investigate the dynamics of a low molecular weight
aPP and of a high molecular weight iPP as a function of
temperature and pressure. Our aim is 2-fold. First, to obtain
quantitative information on the parameter that influences the
most the liquid-to-glass transition for the two tacticities. Second,
we explore in detail the effect of pressure on the segmental
dynamics. This is of interest here for the following reason: iPP
is a semicrystalline polymer and pressure is known to affect
the crystal thickness, the equilibrium melting temperature and
overall crystallinity. On the other hand, aPP is completely
amorphous. Will pressure affect the restricted yet amorphous
fraction of the isotactic polymer in the same way as in the atactic
form? Dielectric spectroscopy as a function of temperature and
pressure coupled with the equation of state provides answers
to these questions. Information on the crystal structure, crystal-
linity and the kinetics of crystallization for the iPP are provided
in the Supporting Information.

Experimental Section

Samples. Two samples were used for DS experiments, purchased
from Polymer Standards. They correspond to a low molecular
weight, amorphous PP (sample code: PSS-pp3.5k, herein called aPP,
TPS = 258.0 K) and a high molecular weight, semicrystalline PP
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Table 1. Molecular Characteristics of the PP Samples
sample M, (g/mol) M, (g/mol) M, (g/mol) M/M,

aPP 3350 2625 3900 1.28  50% meso dyads
iPP 108000 32500 82800 3.32  99% meso dyads

tacticity

(sample code: PSS-ppb105k, herein called iPP, 705 = 265.8 K,
TPSC = 265 £ 7 K). The molecular characteristics of the samples
are tabulated in Table 1. 3C NMR spectra were recorded from
0-C¢D4Cl, solutions at 393 K. The aPP has entirely head-to-tail
linkages with random stereochemistry. The high molecular weight
PP is highly isotactic (mmmm content ~99%).>°

Thermal Properties. The thermal behavior of the high molecular
weight semicrystalline iPP was examined with a Mettler Toledo
Star differential scanning calorimeter (DSC). Approximately 10 mg
of the polymer was sealed in an aluminum pan and loaded into the
instrument at room temperature. The sample was first cooled at a
rate of 10 K/min from ambient temperature to 123 K and then
heated to 503 K with the same rate. Two successive cooling and
heating runs were performed; the second heating and second cooling
thermographs were employed in the analysis of apparent melting
points and degree of crystallinity. The results can be found in the
Supporting Information (Figure S1). Here we briefly mention that
the degree of crystallinity was 45%, estimated as X, = AH/AHo,
where AH,, (=207 J/g) refers to the heat of fusion of a completely
crystalline iPP.?

Wide-Angle X-ray Scattering (WAXS). WAXS measurements
were performed at the Max-Planck Institute in Mainz by using the
X-ray beam with pinhole collimation and a two-dimensional
detector (Siemens A102647) with 1024 x 1024 pixels. A double
graphite monochromator for the Cu Ka radiation (1=0.154 nm)
was used. Measurements of 1 h long were made on heating at 303,
373, and 413 K and on subsequent cooling at 373 and 303 K for
iPP, whereas the single measurement at 303 K confirmed the
absence of crystallization from the aPP sample. A representative
WAXS curve from iPP at 303 K (on cooling) is shown in the
Supporting Information (Figure S1). Several diffraction peaks with
(hkl) Miller indexes of (110), (040), (130), (131)/(111), correspond
to the reflections from the monoclinic unit cell®® of isotactic
polypropylene (unit cell parameters of a = 0.665 nm, b = 2.076
nm, ¢ = 0.65 nm, with § = 98.67°, a = y = 90°).

Polarized Optical Microscopy (POM). The real-time crystal-
lization and melting of the semicrystalline iPP was followed by
POM (representative image in Figure S1). A thin film (~30 um)
of the sample was placed between glasses and introduced into a
Linkam THMS 600 hotplate under an Axioskop 40 FL optical
microscope. Two polarizers with crossed polarization axes were
placed in the light path in order to detect birefringence coming
from the sample. The growth of spherulites in real time was
followed under isothermal conditions at different crystallization
temperatures (7,) in the range 393—428 K by capturing images
with a CCD camera. The linear growth rates were thus determined.
Subsequently, following slow heating the corresponding apparent
melting temperatures (7},,") were determined from the complete loss
of birefringence. The analysis of the crystallization kinetics (Figure
S3) resulted in an estimate for the equilibrium melting temperature™'
(Figure S2) that is provided in the Supporting Information.

Dielectric Spectroscopy. Dielectric measurements were made
under “isobaric” conditions as a function of temperature and under
“isothermal” conditions as a function of pressure. All measurements
were performed using a Novocontrol BDS system composed of a
Solartron Schlumberger FRA 1260 frequency response analyzer and
a broadband dielectric converter for the range 1072 to 10° Hz. The
temperature for the atmospheric pressure measurements was
stabilized by a Novocontrol Quatro cryosystem with N, flow and
a precision of 0.05 K. The “isobaric”” measurements were performed
at different temperatures in the range 123.15—423.15 K, at
atmospheric pressure. The “isothermal” measurements were made
for temperatures in the range from 303.15 to 403.15 K and for
pressure up to 300 MPa. The measurements under hydro-
static pressure were carried out in a Novocontrol pressure cell. The
pressure setup consists of a temperature controlled cell, hydraulic
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closing press with air pump, and air pump for hydrostatic test
pressure. The sample cell is isolated with a Teflon ring from the
surrounding silicone oil that is the pressure transmitting liquid. The
“isothermal” frequency sweeps were made with a temperature
stability better than 0.1 K and a pressure stability better than £2
MPa.

In every case, the complex dielectric permittivity e* = &' — ie",
where ¢’ is the real and ¢" is the imaginary part, was obtained as
a function of frequency w, temperature 7, and pressure P, that is,
€*(T,P,w)."° The analysis of both 7- and P-dependent experiments
was rglzade using the empirical equation of Havriliak and Negami
(HN)”

Ae(T, P) + oy(T, P)

e*(T,P,w)=¢,(T,P)+
[1+ (iwty (T, P))"" L&

e))

where €.(7,P) is the high frequency permittivity, tunx(7,P) is the
characteristic relaxation time in this equation, Ae(T,P) = &(T,P)
— &u(T,P) is the relaxation strength, m, n (with limits 0 < m, mn
=< 1) describe, respectively, the symmetrical and asymmetrical
broadening of the distribution of relaxation times, o, is the dc-
conductivity and & is the permittivity of free space. From tyy, the
relaxation time at maximum 10sS, Tpy.y, iS obtained analytically
following

. m |7V
. sm(z+2n) )
max HN . mn
Sm(z + Zn)

At high temperatures, the derivative of &' (d &'/d In v ~ —(2/
m)e") has been used in order to avoid the conductivity contribution.
This is especially necessary for the iPP sample (Figure 5).
Measurements with high averaging (20 point averaging) were
necessary to increase the signal-to-noise ratio for the semicrystalline
iPP below its crystallization temperatures. For the “isothermal”
measurements made within the pressure cell, small vertical shifts
to the dielectric loss data at 0.1 MPa were applied to bring them in
coincide with the corresponding “isobaric™ data.

Results and Discussion

The thermal (DSC) and structural (WAXS) investigations
have shown that PSS-pp3.5 k is atactic (aPP) and hence
completely amorphous whereas the PSS-ppb105k is isotactic
(iPP) with an equilibrium melting temperature in the range from
449 to 461 K (depending on the evaluation method; Supporting
Information) and a degree of crystallinity of about 45%. We
turn now to the segmental dynamics by describing first the aPP.

Figure 1 gives representative dielectric loss spectra for the
segmental relaxation of aPP under “isobaric” and “isothermal”
conditions, respectively, at P = 0.1 MPa and at 7 = 298 K.
The upturn in the low-frequency side for the “isothermal” data
does not originate from the ionic conductivity but is an
experimental artifact. The dielectric loss curves were fitted to
the HN equation and at each temperature and pressure four
parameters were extracted (TAe, m, n, T) associated, respec-
tively, with the dielectric strength, the shape of the process and
the characteristic relaxation time. The product TAe ~ 40 K,
where Ae is the dielectric strength for the segmental process,
was nearly independent of temperature for the “isobaric”
experiments whereas an increasing strength was found in the
“isothermal” experiments associated with the increasing dipolar
density upon pressurization. The shape parameters, with values
m = 0.60 £ 0.03 and n = 0.48 £+ 0.05, were T-independent
(time—temperature superposition holds to a good approximation)
with a corresponding Kohlrausch—Williams—Watts (KWW)
exponent of f ~ 0.36 £+ 0.05. Different stretching exponents
have been reported for the segmental relaxation in aPP:  ~
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Figure 1. Dielectric loss of aPP as a function of frequency under
“isobaric” (top, P = 0.1 MPa) and “isothermal” (bottom, 7" = 298 K)
conditions. Temperature and pressure increase in the direction of the
arrows: T'= 258 (squares), 263 (circles), 268 (up triangles), 273 (down
triangles), 278 (rhombus), 283 (left triangles), and 288 K (right
triangles); P = 0.1 (squares), 20 (right triangles), 40 (hexagons), 60
(stars), 80 (pentagons), 100 (circles), 120 (up triangles), 140 (down
triangles), 160 (rhombi), and 180 MPa (left triangles), respectively.
Solid lines to the “isobaric” data are the result of the fit to the HN
function.

¥ aPP

-log(_./s)

-2 T T T T T T T T
32 33 34 35 36 37 38 39 40

1000/T (K™)

Figure 2. Segmental relaxation times of aPP as a function of
temperature at different pressures: 0.1 (squares), 20 (circles), 40 (up
triangles), 60 (down triangles), 80 (diamonds), 100 (left triangles), 120
(right triangles), 140 (hexagons), 160 (stars), and 180 MPa (pentagons).
The data have been fitted with the VFT equation.

0.56 in the '3C NMR study,” 8 ~ 0.35—0.55 with a 7-
dependence in QENS,"" and B ~ 0.36—0.39 in the atomistic
MD simulations.'>

The corresponding relaxation times display a strong 7-
dependence (and P-dependence) characteristic of the segmental
(a-) process, which is depicted in Figure 2. The experimental
points clearly follow a non-Arrhenius 7-dependence that can
best be described by the Vogel—Fulcher—Tammann (VFT)
equation

3

where T (=215 £ 1 K), the ideal glass temperature, 7o (=2.5
+ 0.5 x 107!% ), the relaxation time in the very high
temperature limit, and Dt (=5.2 £ 0.4), a dimensionless
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Table 2. Tait Parameters for the Data Used

sample g (cm?/g) o) (cm¥/gK) a, (cm3/gK2?) By (MPa) B; (K1)
iPP 0.9800 2.8 x 107*  5.00 x 1077 1400 5.00 x 1073
aPP 1.0040 37 x107*  6.60 x 1077 731 5.11 x 1073

parameter. These relaxation times for the aPP can be compared
with the corresponding times from the atomistic MD simulations
for a homopolymer of comparable molecular weight.'> Both
sets of data can be fitted with the same VFT curve using Dt =
5.8 (see Figure S5a, Supporting Information). Different VFT
parameters have been reported based on shifted relaxation times
from light scattering,6 creep,3 dynamic mechanical,*> dielectric,’
and NMR® measurements (Dr =393 £0.03, Tp = 234.8 &+
0.3), whereas a recent dielectric spectroscopy investigation® of
aPP (molecular weight of 12000 g/mol) resulted in Dy = 3.5 £
0.4 and T = 225 + 2 K. The reason for these discrepancies is
mainly the different molecular weights employed in the different
studies.

Time—pressure superposition (tPs) was found to be valid with
similar shape parameters (m = 0.55 and n = 0.48) as at
atmospheric pressure (in this case a vertical shift is necessary
to account for the increasing dielectric strength with pressure).
The corresponding “isothermal” relaxation times, recorded with
increasing pressure, where described by the pressure equivalent
of VFT** as

B DyP
Toax = To EXP PP “4)

where 7, is the segmental relaxation time at atmospheric
pressure at a given temperature, Dp (=51) is a dimensionless
parameter, and Py is the pressure corresponding to the ideal
glass.

Knowledge of the exact equation of state is essential in the
discussion of the parameter that influences glass formation. For
this purpose we have employed literature pressure—volume—
temperature data'* (see Figure S4 in Supporting Information)
of atactic and isotactic PP below T,,'. The Tait equation was
employed for the temperature range where the DS experiments
were made

V(P, T)=V(0, T)(1 —0.0894 In(1 + P/B(T)))
V0, T)=ay+a,T+a,T"
B(T) =By exp(—B,T) ©)

where o, a;, and a, are coefficients of thermal expansion and
By and B, are parameters that describe the 7-dependence of the
compressibility. The resulted parameters for both the atactic and
the isotactic samples are given in Table 2. Using the above
equation of state, the relaxation times under “isobaric” and
“isothermal” conditions can be combined using the density as
a variable in a 7(7, p) representation. This representation it turns
out to be more informative and is depicted in Figure 3. The
relaxation times (7, p) can now be fitted with the modified
VFT function for density®® as

D,p

T = To ©XD ©)
where D, is a dimensionless parameter, 7o is the limit of
relaxation times at high densities, and p is the “ideal glass”
density. For the 0.1 MPa data, these parameters are: 7o = 6 x
107125, D, = 0.67 £ 0.03, and py = 0.8970 £ 0.0008 g/cm?.

The degree to which thermal energy and density govern the
relaxation times can be assessed from the ratio of the apparent
activation energies at constant volume (E*y) and pressure (H*).
In turn, the ratio of activation energies, E*v/H*, can be obtained
in several ways,?® 2% but a direct way is through the 7(7, p)
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Figure 3. Segmental relaxation times of aPP as a function of density.
The lines are fits of the modified VFT equation (eq 8) with density as
the independent variable. Isothermal, D,T = 2.7 (dashed lines, T'= 268
(circles), 273 (up triangles), 278 (down triangles), 283 (rhombi), 288
(left triangles), 290 (right triangles), 293 (hexagons), 298 (stars), 303
(pentagons), 308 (spheres), and 313 K (crosses)); isobaric, D5 = 0.67
(solid lines, 0.1 < P < 200 MPa in 20 MPa increments; squares, P =
0.1 MPa).
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Figure 4. T- and P-dependence of the ratio of activation energies Ev/
H* (solid symbols: T'= 278 (down triangles), 283 (rhombus), 288 (left
triangles), 290 (right triangles), 293 (hexagons), 298 (stars), 303
(pentagons), 290 (spheres), and 290 K (cross); open symbols: P = 0.1
(squares), 20 (red circles), 40 (up triangles), 60 (down triangles), 80
(rhombi), 100 (left triangles), 120 (right triangles), 140 (hexagons),
160 (stars), 180 (pentagons), and 200 MPa (black circles).

representation from the slopes at the crossing points of the
“isothermal” and “isobaric” as
5: o (0 1Int/0p); o
H (0 In7/0p)p

The resulted values are plotted for the aPP in Figure 4 as a
function of density. As can be seen, values in the range of
0.71—0.82 are obtained for the different (7,P) conditions
investigated. It is worth noticing that the ratio is increasing with
pressure. Thus, temperature is the dominant variable of the
dynamics at elevated pressures and this can be explained by
the increased height of the potential energy barriers thus leading
to a more activated behavior. At P = 0.1 MPa and at T = 278
K, E*y/H* ~ 0.72 4+ 0.02. This value suggests that thermal
energy and the intramolecular barriers are mostly responsible
for the conformational changes associated with the segmental
relaxation in aPP. The effect of density on the segmental
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Figure 5. Dielectric loss data of iPP (obtained from the derivative
method) as a function of frequency under isobaric (top, P = 0.1 MPa)
and isothermal (bottom, 7 = 303 K) conditions. Temperature and
pressure increase in the direction of the arrows: T = 263 (circles), 268
(up triangles), 278 (down triangles), 288 (rhombi), 298 (left triangles),
and 308 K (right triangles); P = 0.1 (squares), 20 (circles), 40 (up
triangles), 60 (down triangles), 80 (rhombi), 100 (left triangles), and
120 MPa (right triangles), respectively. The losses are lower here in
comparison to App because of the crystallization of PP. The rise of
the intensity at the high-frequency extreme in the bottom graph is an
experimental artifact.

relaxation times is not zero, but certainly thermal effects
dominate. The barrier heights for such conformational transitions
between the dominant (i.e., most populated) rotational isomeric
states of aPP (¢, g, and g) have been calculated and are within
an order of magnitude within kg7, for the temperature range
investigated.'> The value of E*y/H* ~ 0.72 is in agreement
with the pressure-dependent NMR results from ref 16. There a
power law scaling po(P)/To(P) = constant was found for aPP
along the glass transition line with ¥ = 2. The exponent « is
another way of quantifying the relative contribution of volume
and temperature on the relaxation times and is related directly
to the ratio of activation energies.*

The same procedure was followed for the high molecular
weight crystalline sample (iPP). Figure 5 shows representative
dielectric loss spectra under “isobaric” and “isothermal” condi-
tions. Notice the reduced dielectric strength for the o-process
as compared to aPP (TAe ~ 15 K) that is due to the smaller
fraction of mobile dipoles. In addition, contrary to the aPP case,
the dielectric strength does not increase with pressure. As we
will see below, this is composite effect resulting from an
increasing contribution due to the densified amorphous fraction
and a reduced fraction of amorphous segments up on increasing
pressure. Time—temperature superposition still holds, however,
the spectra are broader than in aPP with m = 0.36 £ 0.04 and
n = 0.55 £ 0.04, resulting in a KWW exponent of 5 ~ 0.27 £
0.03. The earlier published values for iPP are 5 ~ 0.56 in 13C
NMR, f ~ 0.4—0.55 with a T-dependence in QENS, and f§ ~
0.4—0.46 in the atomistic MD simulations. A possible origin
of this discrepancy could be the higher temperatures employed
by the earlier studies and/or the smaller frequency range
accessible. The respective relaxation times for the different
pressures are compiled in Figure 6. A comparison with the
respective times from the atomistic MD simulation is made in
Figure S5b, in Supporting Information at two pressures and
displays a relatively good agreement. The respective density
representation of the relaxation times and the 7- and P-
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Figure 6. Segmental relaxation times of iPP as a function of temperature
at different pressures: 0.1 (squares), 20 (circles), 40 (up triangles), 60
(down triangles), 80 (thombi), 100 (left triangles), 120 (right triangles),
140 (hexagons), 160 (stars), 180 (pentagons), and 200 MPa (spheres).
The data have been fitted with the VFT equation.
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Figure 7. (Top) Segmental relaxation times of iPP as a function of
density. The lines are fits of the modified VFT equation (eq 8) with
density as the independent variable. Isothermal: D} = 1.3 (dashed lines,
T = 283 (circles), 288 (up triangles), 283 (down triangles), 298
(rhombi), 303 (left triangles), 308 (right triangles), 313 (hexagons),
318 (stars), and 323 K (pentagons)); isobaric: Df = 0.75 (solid lines,
0.1 < P < 200 MPa in 20 MPa increments, squares: P = 0.1 MPa).
(Bottom): Variation of the ratio of activation energies Ev/H* on
temperature and pressure (solid symbols: 7 = 298 (rhombi), 303 (left
triangles), 308 (right triangles), 313 (hexagons), 318 (stars), and 323
K (pentagons); open symbols: P = 0.1 (squares), 20 (red circles), 40
(up triangles), 60 (down triangles), 80 (thombi), 100 (left triangles),
120 (right triangles), 140 (hexagons), 160 (stars), 180 (pentagons), and
200 MPa (black circles).

dependence of the Ev/H* ratio are also plotted in Figure 7. The
ratio now takes values in the range from 0.63 to 0.85. At P =
0.1 MPa and at T = 298 K (i.e., the lowest temperature
investigated), E¥*y/H* ~ 0.63 & 0.05. As with the aPP, thermal
energy is the dominant parameter controlling the segmental
dynamics associated with the liquid-to-glass transition.

Thus, in both aPP and iPP, crossing the intramolecular energy
barriers exerts the dominant role on the segmental dynamics.
Recently, our group suggested®® that monomer volume and local
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Figure 8. Ratio of activation energies, Ev/H*, as a function of the
monomer volume of aPP (circle) and iPP (square). The lines indicate
the value boundaries found for most polymers and glass-forming
liquids.*®

packing play a key role in controlling the value of the ratio of
activation energies and, thus, the dynamics near T,. By casting
all literature data on the ratio of activation energies as a function
of the monomer volume (Vy, = M/pN, where M is the monomer
molecular weight) an approximate linear relation as E*v/H* ~
0.77—0.72V,, was proposed.”® This interrelation is depicted in
Figure 8 together with the obtained values for the isotactic and
atactic PP. Clearly, the obtained values of aPP and iPP are well
within the expected range. Again this suggests that the reason
for the high values and relative proximity of the two activation
energies is the small monomer volume of PP.

Because of the different molecular weights of the aPP and
iPP homopolymers employed herein, we can not test directly
the predicted and, to some extent, experimentally observed
differences of the segmental times as a function of tacticity.
However, there are two quantities where the effect of molecular
weight can be scaled-out allowing for a direct comparison. One
is the pressure sensitivity of the segmental relaxation times and
the second is the pressure sensitivity of the glass temperature
itself. With respect to the former, and in analogy to transition
state theory (where AV# is the difference in the molar volumes
of activated and nonactivated species) we define an apparent
activation volume'® as
dlogrt,,

g de)T (8)

i_
AV —2.303RT( P

This quantity is calculated from the slope of the 7(P)
dependence at P = 10 MPa, and is depicted for the two PP
homopolymers in Figure 9, as a function of temperature
difference from the respective T,. As anticipated from earlier
studies,>*?® it shows a strong temperature dependence on
approaching 7, becoming nearly T-independent at higher
temperatures, leveling off to the monomer volume value (~49
cm?/mol). In the same Figure we include the results from a
recent simulation study'? on iPP, which display a nice agreement
with the DS results and with the anticipated monomer value.
Notice that the pressure sensitivity of the relaxation times for
iPP is stronger than in aPP at all temperatures investigated.

As for the temperature sensitivity of the glass temperature
this is depicted in Figure 10, for the aPP and iPP homopolymers
(T, is operationally defined here as the temperature where the
relaxation time is 7 = 1 s). In a PT diagram the T,(P) line can
be considered as an isochronal line. The filled symbols cor-
respond to isobaric measurements and the open to isothermal
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Figure 9. Calculated apparent activation volumes plotted as a function
of the temperature difference from the respective T, for aPP (circles)
and iPP (squares). The dashed line corresponds to the monomer volume
(~49 cm?*mol). The open squares are the results from the simulation
for an aPP of similar molecular weight.'?
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Figure 10. Pressure dependence of the glass temperature, T, of the
samples investigated: iPP (squares), aPP (circles). The solid symbols
correspond to 7, estimated from data in isobaric and the open in
isothermal conditions, respectively. The empirical equation (eq 9) has
been fitted to the points.

Table 3. Parameters of Eq 9 for the T,(P) Dependence

sample T4(0) (K) u (MPa) v dTe/dPlp— (K-MPa™!)
aPP 258.0 1160 3.5 0.22
iPP 265.8 748 5.0 0.35

ones, respectively. The T,(P) for the two homopolymers can
be described by the following empirical equation

v o\

T,(P)= Tg(O)(l + ;P) ©)
first proposed by Simon and Glatzel*® for the melting of solid
gases under pressure and subsequently employed by Andersson
and Andersson®” to describe the To(P) of glass-forming systems.
We mention here parenthetically that an extension of the Simon
and Glatzel equation has been proposed for higher pressures.®
In eq 9, T,(0) is the glass temperature at atmospheric pressure
and v and u are fitting parameters. The values of these
parameters for aPP and iPP are summarized in Table 3. It can
be readily seen from Figure 10 that the initial slope of the curves,
that is, the pressure coefficient of 7, (d7/dPlp—) is significantly
higher for the iPP (0.35 K-MPa™!), as compared to the aPP
(0.22 K-MPa™!). We mention here that earlier 2H NMR study

Macromolecules, Vol. 41, No. 23, 2008

of the pressure coefficient of T, yielded a somewhat lower initial
slope (0.158 K+MPa™!) for an aPP of 225000 g/mol. The higher
pressure coefficient of T, for the iPP can be understood in terms
of the increased crystallinity at elevated pressures. The latter is
inferred from the reported'>'® pressure coefficient of the
apparent melting temperature (d7,,,/dP = 0.32 K/MPa) and the
use of the Clausius—Clapeyron equation, dP/dT,, = AH/TAV,
where T (=443 K) is the transition temperature and AV (=0.12
cm’/g) is the change of volume at atmospheric pressure. The
thus calculated heat of fusion under applied pressure (AH ~
166 J/g) exceeds considerably the heat of fusion for melting of
PP crystals at ambient conditions (AH ~ 93 J/g). The “isobaric”
PVT measurements performed on the same iPP sample (Sup-
porting Information, Figure S4) on cooling, yield somewhat
different values (d7./dP = 0.24 K/MPa, AV = 0.09 cm’/g,
resulting in AH = 148 J/g). Nevertheless, both results suggest
that pressure increases the crystal thickness by increasing the
number of monomer units incorporated within the crystalline
lamellar.*>*° This effectively has as consequences (i) the
reduction of the amorphous fraction and (ii) higher conforma-
tional constraints on the remaining amorphous segments. The
latter is responsible for the higher pressure sensitivity of iPP as
compared to the aPP.

Conclusions

The effects of pressure and temperature on the segmental
dynamics were investigated in a low molecular weight atactic
PP and in a high molecular weight isotactic PP. The ratio of
activation energies, EV/H*, was extracted by coupling the
measured relaxation times under “isobaric” and “isothermal”
conditions with the known equation of state. From the values
of the ratio of activation energies at temperatures near the glass
temperature (0.72 £ 0.02 and 0.63 £ 0.05 for the aPP and iPP,
respectively) we concluded that the controlling parameter of
the segmental dynamics is the thermal energy required to cross
the intramolecular energy barriers. Three were the main differ-
ences between aPP and iPP. First, the distribution of segmental
relaxation times is considerably broader for the iPP (B8PPkww
~ 0.27, f**Prww ~ 0.36), and this was anticipated from earlier
studies. Second, the apparent activation volume of the iPP is
greater than in aPP at all temperatures investigated (AV#IPP >
AV#aPP) even after correcting for the difference in glass
temperatures, and third, the pressure coefficient of 7, is
considerably higher for iPP (0.35 vs 0.22 K/MPa). The latter,
with implications in processing, was discussed in terms of the
increased crystallinity upon pressurization.
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