Possibility of ordered regions in isotactic
polypropylene glasses from heat capacity
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For isotactic polypropylene, the enthalpy and entropy differences between a glass and a crystal, AH*® and
AS#°, and between a glass and a liquid, AH*® and AS®®, were discussed via conformational analysis. AH®
and AS®® are mostly attributed to the difference in bending and torsional vibration modes between a glass
and a crystal. AH*® and AS* are nearly equal to the sum of h*f and A'™, and that of (s°*™ —s&") and s™™,
respectively. Here h*°"f and s°°"f are the conformational enthalpy and entropy per molar structural unit,
s (=0.38 Jmol ! K ™" is 5°°" at 0K, and #™ and s™ are the intermolecular interaction enthalpy and
entropy per molar structural unit. The value of AH*® at 0K, 5.6 kJ mol ™%, is almost equal to the cohesive
energy of a CH; residue, 5.7kJmol~!. In a glass, the existence of localized ordered regions with enthalpy
6.78 to 9.29kJmol ! was predicted. The conformational analysis further showed that many rod-like
sequences with right- and left-handed helices may be contained in a glass.
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INTRODUCTION

Studies' > on the heat capacity of polymers have
concentrated on the computational prediction of the
temperature dependence of the heat capacity in the
melting and glass transitions. Already it has been
clarified! that the isochoric heat capacity, C,, for a glass
and a crystal should be the sum of the contributions from
torsional and bending vibration modes and side-group
vibration modes, which can be measured by use
of infra-red, Raman and neutron spectroscopies®’.
According to the ATHAS database® on heat capacity,
the values of H*—H® and $*—S° for nylon-6 and
nylon-6,6 are constant below the glass transition
temperature, T,, where H* and H® are the enthalpies and
S and S°¢ are the entropies per molar structural unit for
amorphous and crystalline states. From this result, it is
predicted that the amorphous states® for nylon-6 and
nylon-6,6 are glassy liquids®. For isotactic polypropylene
(iPP), H*—H°® and S$*—S° increase with increasing
temperature, although in the cryogenic range below 70 K,
he°" is zero and s°°™ is constant. Here h°°™ and s*°™ are
the conformational enthalpy and entropy per molar
structural unit. This result suggests that the heat capacity
for a glass is not similar to that for a crystal.

In this paper, first, the origin of the heat-capacity
difference between a glass and a crystal is discussed
thermodynamically. Secondly, the enthalpy for a liquid
(hypothesized) is investigated. The remarkabie difference
between its enthalpy and the glass transition enthalpy at
T, gives the possibility of ordered regions in a glass®.
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THEORETICAL TREATMENT
Heat capacity

The enthalpy and entropy per molar structural unit,
H¢Yand S9, for a crystal (g =c) and a glass (g =g) are given
by!3:
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Here H§ and S§ are H? and 7 at 0K, C? is the isobaric
heat capacity, C%,, is the heat capacity relating to the
bending and torsional vibration modes, C¥,,, is the heat
capacity due to the vibration modes of side groups, and
Ci., (=C%—CY is the external part of the heat capacity.
On the right-hand sides of equations (1) and (2), the third
terms are almost not influenced by the states of a
polymer'®,ie. C$p = C%,4, and the fourth terms are small
in the temperature range below T,. Therefore, if
C,. =~ Ct,,, the enthalpy and entropy differences between
a glass and a crystal, AH®* (=H®—H®) and AS*
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Figure 1 The relationships between h*°f and T for an RIS model of
iPP (broken curve), and between H*— H® and T for iPP (full curve,
ATHAS data; chain curve, predicted curve for a liquid)
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Figure 2 The relationships between s and T for an RIS model of
iPP (broken curve), and between $*—S° and T for iPP (full curve,
ATHAS data; chain curve, predicted curve for a liquid)

(=88—S°), are given by:

T
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where AH%® and AS% are AH®® and AS®® at 0 K. AH®**
and AS®° are mostly attributed to the difference in bending
and torsional vibration modes between a glass and a
crystal. Figure I shows the plots of k™ and AH
(=H*— H®) against T for iPP. Figure 2 shows the plots
of 5°°° and AS (=8"—S5°) against T for iPP. Here:

heet = RT?*(01n Z/8T)/x
and
s =[RInZ+RT(0In Z/0T)]/x

Z is the conformational partition function per chain, R
is the gas constant and x is the degree of polymerization.
The values of h®™ and 5 were calculated for a
rotational isomeric state (RIS) model!*''? with trans,
gauche and gauche’ isomers. In the cryogenic range below
70 K, h*°™ is zero and s°°™ is constant (0.38 Jmol " K 1),
With increasing temperature from 70K, A" and s*°™
increased gradually. In the temperature range below T,
AH and AS quoted from the ATHAS databank? increased
gradually with increasing temperature. Above T,, AH
and AS increased with larger slopes, reflecting that
the amorphous state below T, was a glassy liquid®.
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Considering that, in the cryogenic range below 70 K, h*°"f
is zero and s°™ is constant, it is predicted that the
increases of AH and AS in this temperature range are
almost totally due to the increases of AH®® and AS®*°. For
a liquid (hypothesized) below T,, H* and $* should
contain®®-1% peonf and soonf, respectlvely Therefore, AH
and AS between a liquid (hypothesized) and a crystal are
given as follows:

~ (hconf _ hconf) + him + (Ach _ AH%)C) (5)
AS (Sconf sconf)+ Sint +(Asgc —AS%C) (6)

where hi™ and s™ are the intermolecular interaction
enthalpy and entropy per molar structural unit for a
glass, and hy™ and s are h° and s at 0K,
respectively. At 0K, h"“*AH0 and s™=AS,. AH,
and AS, are AH and AS at 0 K. From equations (5) and
(6), AH®*® (= H*— H®) and AS®# (=S§"—S%) are derived:

AHag ~ hconf + hint (hgonf — 0 fOI' IPP) (7)
Asag ~ (Sconf _ S::)onf) + Sint (8)

Equation (7) has already been predicted in ref. 9. The
ATHAS data® value of AH, (*AH2), 5.6 kI mol ™!, is
almost equal to the cohesive energy!® of a CH, residue,
5.7kJmol ™!, where AH2® is AH*® at 0 K. The chain curves
in Figures 1 and 2 show the curves of AH and AS predicted
by equations (5) and (6), where AH and AS are
approximated to h®+AH* and (s —s")+ AS*,
respectively, and AH* and AS* are ATHAS data. Above
T,, AH* and AS* are approximated to those at T,. In the
temperature range above 350 K, the predicted curves of
AH and AS are very close to those from ATHAS data
(experimental). This approximation means that '™ and
s are almost constant above T,. Next, the conformations
for an isolated chain of 1PP in the cryogenic range
(£70K) are investigated. Figure 3 shows the chemical
structure of iPP with x = 100. Table I shows the 100 kinds
of conformations that an RIS model of iPP with x =100
can take independently of temperature in the cryogenic
range below 70K. The conformations are composed
of sequences with right- and/or left-handed helices.
Accordingly, a chain is rod-like. From the number
of conformations, s*°™=0.38 Jmol ! K™! is obtained
regardless of temperature. Thus it is predicted that many
rod-like sequences with right- or left-handed helices are
contained at random in a glass. A structure like this for
a glass may take torsional and bending vibration modes
different from a crystal.

Glass transition

Figure 4 shows the schematic curves of C, and H* for
a polymer in the vicinity of T, (here the onset temperature
of the C, jump, Tg)*. Here, in order to analyse the glass
transition behaviour of a polymer, the following scheme
was hypothesized first. In the cooling process from the
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Figure 3 The chemical structure of iPP (x = 100)
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Table 1 The 100 kinds of conformations for iPP (x=100) below 70 K*

Bonds

No. of conf, 1 2 3 4 5 6 7 194 195 196 197 198 199 200
{ T T G T G T G T G’ T G T G’ T
2 T G T T G’ T G T G T G’ T G T
3 T G T G T T G T G T G T G T
4 T G T G T G T T G T G T G T
97 T G T G T G T T G’ T G T G T
98 T G T G T G T G T T G T G’ T
99 T G T G T G T G T G T T G’ T
100 T G T G T G T G T G T G T T

“T, trans isomer; G, gauche isomer; G’, gauche' isomer

HG

T
T

Figure 4 Schematic curves of C, and H* in the vicinity of T? for a
polymer. The broken line is C% for a polymer glass (hypothesized)

melt, the localized solid parts with ordered regions are
generated from a temperature T° (>TY). The glass
formation at T locks these into a glass and leads to a
heterogenous glass. In the heating process from a
temperature below T§, the melting of solid parts is
initiated at T} and has disappeared at T¢, though in the
temperature range between Tg and T° the solid parts
remain in thermodynamic equilibrium with the molten
parts. A scheme like this was predicted on the basis of
the experimental result that the C, jump at T, for many
polymers does not occur vertically. The enthalpy per
molar structural unit, kg, for solid parts generated near
T is given by*:

hyxh,+ Ah 9)
and
Te Te
Ahzj deT-J CedT
T Ty

where h, is the glass transition enthalpy per molar
structural unit and Ah is the heat change per molar
structural unit relating to the disappearance of solid parts
in the heating process. C, is the observed isobaric heat
capacity, C? is the isobaric heat capacity for a superheated

polymer glass (hypothesized), and T¢ is the temperature
at which, in the heating process from a temperature below
T,, C, coincides with that of a pure liquid. Recently it
has been clarified that Ak in equation (9) is linked to
the conformational free energy per molar structural unit,

fconf:
feonf  peonf _ yeonf _ —(RTIn Z)/x (10)

fe°m is divided into two conformational free energies: (1)
ff with a partition function Z, as a function of
temperature, and (2) 5" with a partition function Z,
regardless of temperature:

fconf zfclonf +f30nf
with
fM=—RTInZ)/x [P =—(RTInZy)/x

For iPP, the value of Zj* is x (see Table 1I).
The conformational enthalpy and entropy in f$°f
(=hseof — T35en), h$enf and %™, are given by:

heor = [RT(3 In Z,/0T)]/x

(1)

~[RTX@In ZAT))/x (=h=")  (12)
s5"=R[In Z,+ T(¢In Z,/0T)]/x
~ R[In Z,+ T(31n Z/0T)]/x (13)

Therefore the transition from an amorphous state with
Z, to a liquid state is accompanied by the absorption of
the heat equivalent to —f°, because h$®™ is zero, and
s (= R(In Z,)/x = constant) is the common entropy for
both an amorphous state with Z, and a liquid state. Here
let us hypothesize the localized solid parts with ordered
regions in a glass, which are residual even after the
disappearance of glassy state at T}, and take —f ™ for
Ah in equation (9). In this case, h, is given by:

hs — h:onf + h;m — hg _fclonf (14)
where A" (=h*"=h$") and A" (=h"4KE"Y) are
the conformational enthalpy and the intermolecular
interaction enthalpy per molar structural unit for solid
parts, respectively. The value of h'™ (= hj™) is approximated
to the molar cohesive energy for a CH,; residue!3,

569 kI mol~'; kM is h™ for a glass. In this case, hi™" is
derived as:

W™ =(RT In Z,)/x (15)

The total cohesive enthalpy per molar structural unit, h,,
for a glass containing solid parts is given by*

ho=h,+h, (hy>h,) (16)
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Table 2 The numerical values (kJ mol™*) of hy, h,, hy, hg, H*—H§ and H*—H°® at T, for iPP*

: T,

Polymer ®) H*—HS, H—H° h, h, ho he

iPP 270 15.94* 6.22* 6.44 6.78 1322 14.10-15.82
(9.29) (15.73)

“The values marked with an asterisk contain A% at T,, 0.75 kJ mol~'. The values of h, and h, in parentheses are those in the case that k™ is

2.85kJ mol~, the value of the cohesive energy of a CH, residue!?

Table 2 shows the values of h,, h,, hy and hg (reference
value!?), together with (H*— HS) and (H® — H°). As shown
in Table 2, though the value of h, is a little smaller than
the minimum value of Ay, the value of H* — H§ is almost
equal to the maximum value of hy. Taking the
molar cohesive energy of CH,, 2.85kJmol~!, for
", ho=1573kJmol™! is obtained. This value is
almost equal to the maximum value of hy and the value
of H*— H,. Therefore in iPP glasses, the existence of
localized ordered parts with h,=6.78 to 9.29 kJ mol ! is
predicted.
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