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For isotactic polypropylene, the enthalpy and entropy differences between a glass and a crystal, AH g~ and 
AS g~, and between a glass and a liquid, AH "g and AS as, were  discussed via conformational analysis. AH g~ 
and AS gc are mostly attributed to the difference in bending and torsional vibration modes between a glass 
and a crystal. AH ag and AS ag are nearly equal to the sum of h c°nf a n d  hint, and that of (s ¢°nf- s~ °"f) and s i~t, 
respectively. Here h e°nf and s ~°~f are the conformational enthalpy and entropy per molar structural unit, 
s~ °"f (=0.38 J mol-1 K-~) is s ~°"f at 0 K, and h int and s i"t are the intermolecular interaction enthalpy and 
entropy per molar structural unit. The value of AH ag at 0 K, 5.6 kJ mol-  x, is almost equal to the cohesive 
energy of a C H  3 residue, 5.7 kJ mol-  1. 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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I N T R O D U C T I O N  

Studies 1 5 on the heat  capaci ty  of po lymers  have 
concent ra ted  on the computa t iona l  predict ion of the 
t empera tu re  dependence of the heat  capaci ty  in the 
melt ing and  glass transitions. Already it has been 
clarified 1 3 that  the isochoric heat  capacity,  Cv, for a glass 
and a crystal  should be the sum of the contr ibut ions  f rom 
tors ional  and bending vibra t ion modes  and s ide-group 
vibrat ion modes,  which can be measured  by use 
of infra-red, R a m a n  and neu t ron  spectroscopies 6'7. 
According to the A T H A S  da tabase  8 on heat  capacity,  
the values of H a - H  c and S a - S  e for nylon-6 and 
nylon-6,6 are cons tan t  be low the glass t rans i t ion  
tempera ture ,  Tg, where H a and H e are the enthalpies and 
S a and S e are the entropies  per  mola r  s tructural  unit  for 
a m o r p h o u s  and crystalline states. F r o m  this result, it is 
predicted that  the a m o r p h o u s  states s for nylon-6 and 
nylon-6,6 are glassy liquids 9. Fo r  isotactic po lypropylene  
(iPP), H a - H  ~ and s a - - s  c increase with increasing 
tempera ture ,  a l though in the cryogenic range below 70 K, 
h c°~f is zero and s ~°"f is constant .  Here  h c°"f and s ¢°nf are 
the conformat iona l  enthalpy and  en t ropy  per mola r  
s t ructural  unit. This result suggests that  the heat  capaci ty  
for a glass is not  similar to that  for a crystal. 

In this paper ,  first, the origin of the heat -capaci ty  
difference between a glass and a crystal  is discussed 
thermodynamical ly .  Secondly, the entha lpy  for a liquid 
(hypothesized) is investigated. The remarkab le  difference 
between its en tha lpy  and the glass t ransi t ion enthalpy at 
Tg gives the possibili ty of ordered regions in a glass 9. 

* At the time of this work, the author was at the University of Tennessee, 
Knoxville. TN 37996-1600, USA 

T H E O R E T I C A L  T R E A T M E N T  

Heat  capacity  

The enthalpy and en t ropy  per mola r  s tructural  unit, 
Hq and SL for a crystal (q = c) and a glass (q = g) are given 
by1 3: 

H q = H~ + C q d T 

fo ;o fo q 
= H $  + Cqvib~t d T +  Cvibf l  d T +  Ceqxt d T  (1) 

and 

= S~ + f f  (C~/T)  S q d T  

fo ;o ;o = s~o + (C~vi~JT) dT+ (C~v,~/T) dT+ (C~exJT) dT 

(2) 

Here  H~ and S~ are H q and S q at 0 K, C q is the isobaric 
heat  capacity,  Cqib= is the heat  capaci ty  relating to the 
bending and  tors ional  v ibra t ion modes,  Cvqib~ is the heat 
capaci ty  due to the v ibra t ion modes  of side groups,  and 
C~xt ( =  C~,-  Cqv) is the external par t  of the heat  capacity.  
On  the r ight -hand sides of  equat ions  (1) and (2), the third 
terms are a lmost  not  influenced by the states of a 
po lymer  1°, i.e. CvCibp ~ Cvgiba, and the fourth terms are small 
in the t empera tu re  range below Tg. Therefore,  if 

C ~ g Cex t ~ Cext, the enthalpy and en t ropy  differences between 
a glass and  a crystal, AH ge ( = H g - H  c) and AS *c 
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Figure 1 The relationships between h ~°"f and Tfor 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 ¢°"r and T for an RIS model of 
iPP (broken curve), and between S~-S ~ and T for iPP (full curve, 
ATHAS data; chain curve, predicted curve for a liquid) 

( =  S g -  SO), are given by: 

fO " g c gc AH gc ~ (Cvib~ t - -  Cvib~t) d T+ AH o (3) 

f 0  p g c gc AS gc ~ (Cvib~/T- CvibJT) d T+ AS o (4) 

where AH~ c and AS~ c are AH gc and AS gc at 0 K. AH gc 
and AS g' are mostly attributed to the difference in bending 
and torsional vibration modes between a glass and a 
crystal. Figure 1 shows the plots of h ¢°nf and AH 
( =  H a -  H c) against T for iPP. Figure 2 shows the plots 
of s c°"f and AS ( = s a - s  c) against Tfor  iPP. Here: 

h c°ne = R T 2 ( ~  In Z/~ T)/x 

and 

s c°"e = [R In Z + RT(d In Z/OT)]/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 c°"f and s cone were calculated for a 
rotational isomeric state (RIS) model *~'12 with trans, 
gauche and gauche' isomers. In the cryogenic range below 
70 K, h c°nf is zero and S c°nf is constant (0.38 J m o l -  1 K -  1). 
With increasing temperature from 70 K, h ~°"f and S c°nf 

increased gradually. In the temperature range below T~, 
AH and AS quoted from the ATHAS databank 8 increased 
gradually with increasing temperature. Above Tg, AH 
and AS increased with larger slopes, reflecting that 
the amorphous  state below Tg was a glassy liquid 9. 

Considering that, in the cryogenic range below 70 K, h c°nf 
is zero and s c°nf 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 gc and AS ge. For  
a liquid (hypothesized) below Tg, H a and S a should 
c o n t a i n  4'9'~° h c°nf and s c°"e, respectively. Therefore, AH 
and AS between a liquid (hypothesized) and a crystal are 
given as follows: 

AH ~ (h c°"f - h~ °"f) + h int + (AH gc - AH~ c) (5) 

AK' ,.~/%cone e¢onf$ ..L t~int ..L ( A S  gc _ AS~C) (6) ~ 1 o  - - o  0 ) / o  r 

w h e r e  h int and S int a r e  the intermolecular interaction 
enthalpy and entropy per molar  structural unit for a 
glass, and h~ °nf and s~ °he are h c°"f and s c°nf at 0 K, 
respectively. At OK, hint=AHo and slnt=ASo . AH o 
and ASo are AH and AS at 0 K. From equations (5) and 
(6), AH ag ( =  H a -  H g) and AS ag ( =  S a -  S g) are derived: 

AH ag ~ h °°nf + h im (h~ °"f = 0 for iPP) (7) 

A S  ag ~,~ (S cone - -  S~ °nf) + S int (8) 

Equation (7) has already been predicted in ref. 9. The 
ATHAS data 8 value of AH o (~AH~g), 5.6 kJ mol-1,  is 
almost equal to the cohesive energy 13 of a CH 3 residue, 
5.7 kJ m o l -  1, where AH~ g is AH ag at 0 K. The chain curves 
in Figures I and 2 show the curves of AH and AS predicted 
by equations (5) and (6), where AH and AS are 
approximated to h c°nf + AH* and (s c°"f-s~ °ne)+AS*, 
respectively, and AH* and AS* are ATHAS data. Above 
Tg, AH* and AS* are approximated to those at Tg. 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 h im and 
S int a r e  almost constant above Tg. Next, the conformations 
for an isolated chain of iPP in the cryogenic range 
(~< 70 K) are investigated. Figure 3 shows the chemical 
structure o f iPP  with x = 100. Table I shows the i00 kinds 
of conformations that an RIS model of iPP with x = 100 
can take independently of temperature in the cryogenic 
range below 70 K. The conformations are composed 
of sequences with right- and/or left-handed helices. 
Accordingly, a chain is rod-like. From the number 
of conformations, sC°nf=0.38 J m o l - t  K - I  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 Cp and H a for 

a polymer in the vicinity of T~ (here the onset temperature 
of the C o jump, b 4 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 

HH ~H HH HH 
• ' , I  ' , , I  ' , , I  

I 2 ~ 3 4 "', 19 199 200 

;\ /\ ;\ ;L 1\ 
HH HR HR HR HH HH 

R=CH3 
Figure 3 The chemical structure of iPP (x = 100) 
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Table l 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 

1 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 

CL 
C) 

q- 

T~b T e 
/ 

Tgb T e 
T 

Figure 4 Schematic curves of Cp and H" in the vicinity of Tg b for a 
polymer. The broken line is Cgp for a polymer glass (hypothesized) 

melt, the localized solid parts with ordered regions are 
generated from a temperature T ~ (>Tgb). The glass 
formation at T~ locks these into a glass and leads to a 
heterogenous glass. In the heating process from a 
temperature below Tg b, the melting of solid parts is 
initiated at T b and has disappeared at T ~, though in the 
temperature range between T~ 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 v jump at Tg for many 
polymers does not occur vertically. The enthalpy per 
molar structural unit, h ,  for solid parts generated near 
Tg b is given by4: 

hs'~ hg + Ah (9) 

and 

L ; Ah ~ Cp d T -  C~ dT 

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. Cp is the observed isobaric heat 

P capacity, Cg 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 
Tg, Cp coincides with that of a pure liquid. Recently it 
has been clarified that Ah in equation (9) is linked to 
the conformational free energy per molar structural unit, 
f conf: 

fconf  = hconf _ TsCOnf = _ (R T i n  Z)/x (1 O) 

f¢o.f is divided into two conformational free energies: (1) 
f]onf with a partition function Z~ as a function of 
temperature, and (2)f~onf with a partition function Zo 
regardless of temperature: 

fconf__ conf conf 
- f ,  + f2  

with 

For 

(11) 

f]o,r = _ (R T In Zt)/x j2{c°nf - - - -  - (R T in Z0)/x 

iPP, the value of Z~/~ is x (see Table 1). 
The conformational enthalpy and entropy in f~onf 
( =  hi  ° n f -  Ts]°nf), hi °"r and s~ °"f, are given by: 

hi °nf= [RTZ(8 In Zt/OT)]/x 
---[RT2(81nZ/t?T)]/x ( = h  ¢°nf) (12) 

s] °"f = R[ln Z t + T(8 In Zt/ST)]/x 

= R[ln Z t + T(8 In Z/OT)]/x (13) 

Therefore the transition from an amorphous state with 
Zo to a liquid state is accompanied by the absorption of 
the heat equivalent to _f]o.r, because h~ °nf is zero, and 
s~ °"f ( = R(ln Zo)/X = constant) is the common entropy for 
both an amorphous state with Z o 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 Tg b, and take _f~onf for 
Ah in equation (9). In this case, hs is given by: 

hs -- hsC°nf + his nt= hg _f]onf (14) 

where h~ °"f (=h¢°"f=h] °nf) and his nt ( = h i n t + h i n t ' )  a r e  

the conformational enthalpy and the intermolecular 
interaction enthalpy per molar structural unit for solid 
parts, respectively. The value of h i"t ( = h~ t) is approximated 
to the molar cohesive energy for a CH 3 residue 13, 
5.69 kJ mol-1; hg t  is h int for a glass. In this case, h int' is 
derived as: 

h int' = (R T In Zt)/x (15) 

The total cohesive enthalpy per molar structural unit, ho, 
for a glass containing solid parts is given by4: 

ho=hg+hs ( h s > h g )  (16) 
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Table 2 The numerical values (kJ tool-1) of hg, h,, ho, h~, H"-H~ and H a - H  e at Tg for iPP a 

r, 
Polymer (K) H" -  H~ H a -  H c hg h, ho h~- 

iPP 270 15.94" 6.22' 6.44 6.78 13.22 14.10--15.82 
(9.29) (15.73) 

"The values marked with an asterisk contain h ¢°"e at T~, 0.75 kJ mol- 1. The values of h s and h o in parentheses are those in the case that h int' is 
2.85 kJ tool-1, the value of the cohesive energy of a CH 2 residue 13 

Table 2 shows the values of  hg, h s, h 0 and  h~- (reference 
value 12), toge ther  with (H a -  H~) and  (H a - H e ) .  As shown 
in Table  2, t hough  the value  of  h0 is a l i t t le smal ler  than  
the m i n i m u m  value of  h~-, the value of  H a -  H~ is a lmos t  
equal  to the m a x i m u m  value of  h~-. Tak ing  the 
m o l a r  cohesive energy of  CH2,  2 . 8 5 k J m o 1 - 1 ,  for 
hint', h o = 1 5 . 7 3 k J m o 1 - 1  is ob ta ined .  This  value is 
a lmos t  equal  to the m a x i m u m  value of  h~- and  the value 
of H a - H ~ o  . Therefore  in i P P  glasses, the existence of  
local ized o rde red  par t s  with h~ = 6.78 to 9.29 kJ  m o l -  1 is 
predicted.  
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