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ABSTRACT
Raman spectra were obtained for various preparations 

of crystalline poly 1,4 trans butadiene(PTBD) at temperatures 
ranging from 25° to 80°C. Several bands were found to disappear 
upon annealing at temperatures between 80° and 90°C, which 
suggests that they are associated with a metastable crystal­
line modification present in solution grown PTBD single.crys­
tals. The ratio was not found to be a satisfac­
tory crystallinity parameter. Nor were any amorphous/crystal­
line band pairs analogous to those present in the infrared 
spectrum found in the Raman spectrum. The spectrum above 
the phase transition temperature was interpreted in terms of 
a monoclinic lattice with conformationally mobile molecules.

Theoretical calculations of the lattice energy were car­
ried out on the PTBD form II hexagonal lattice proposed by 
Stellman, Woodward and Stellman(17), and on monoclinic form 
1 and II lattices of PTBD. The Scott-Scheraga empirical po­
tential energy function for hydrocarbons was used,and found«•
to yield satisfactory interchain spacings for the... monoclinic 
form i lattice at 20°C and for the form II lattice at 75°C 
when thermal expansion was taken into account.

A, H, and S, which are the Helmholtz free ener^, the



enthalpy and entropy changes for the transformation of form
I to form II were computed as functions of temperature. Only
50^ of the enthalpy of transtion was accounted for.

The method of generalized frequencies of Dobratz(47) was
adapted for calculating thermodynamic functions of crystalline
polymers, and was applied to computing the specific heats of

oseveral polymers at 25 C. The method was found to yield speci­
fic heats which agreed with experimental values to within 1 
cal/deg-mole. The specific heat of PTBD was also computed be­
tween 75° and 139°C and was found to be in substantial agree­
ment with the experimental value of C^. S was also computed 
by the above method, and was found to agree with the value ob­
tained experimentally by Stellman et al(l7).



TABUS OF CONTENTS
INTRODUCTION TO PART I 1
STATEMENT OP THE EtPKRlMMNTAL PROBT.TM 13
EXPERIMENTAL PROCEDURES 14

PTBD saaples 14
Slagle Crystal Preparatlea 14
H23» H43 aad H63 crystals 14
T23 crystals 15
Crystal Mats 15
H63A crystals(annealed crystals; 16
H63M crystalslaelt recrystallized crystals; 16
H63MQ1crystals^nelted then quenched crystals) 16
Raaaa Spectroscopy 16
Experimental Set-ups 17
Room Teaperature Spectra 17
High Teaperature Spectra 22

RESULTS 24
captions for Pigs. 5-12 29
captions for Pig. 14-16 47

DISCUSSION 52
CONCLUSIONS 57
INTRODUCTION TO PART II 58

The Crystal Lattice Model 58
The Calculation of the Specific Heat 60
Coaputatioaal Errors 60
The Pree Energy Punction 60
The Relationship Between Free Energy and 64
Crystal Structure
The Method of Generalized Frequencies 65



SABLE 0? CONTENTSfComt * 3 )
STATEMENT OP THE THEORETICAL PROBLEM 69
COMPUTATIONAL PROCEDURES 70

Description of PTBD Molecular and Lattice 70Geometries
PTBD Chain Geometry 7°
Cartesian Coordinate Generation 70
PTBD Chain Generation 73
PTBD Unit Cell and Lattice Generation .73
Units I - III 74
Unit IV 75
The Menoclinic Lattice 75
The 'Hexagonal' Lattice 75
The Empirical Potential Energy Functions 75
Computer Experiments 77
Calculation of Phase Transition Thermodynamic 77
Properties
Application of the Method of Generalized 78
Frequencies

RESULTS 80
Crystal Lattice Constants 80
Mean Lattice Vibrational Frequencies 80
Computed Thermodynamic Quantities 88
Results from the Method of Generalized 88
Frequencies

DISCUSSION 95
Crystal Structure and Phase Transition ~ 95
Properties
The Phase Transition Thermodynamic Properties 98
The Method of Generalized Frequencies 99

CONCLUSIONS 101
APPENDIX A 102



TABLE OF CONTENTS(Cent1d )
APPENDIX B 110
APPENDIX C 111
REFERENCES 113



LIST OF TABLES
NUMBER CAPTION PAGE

A The Irreducible factor group represents^ 7'
tlon of the PTBD unit cell.

I. Raman spectral frequencies for various pre- 26 
parations of PTBD

II. Same as above 27

III 331^13t1 ratios for various preparations 28'
of PTBD

IV Unit cell parameters for PTBD I 74

V Parameters for the Scott-Scheraga function 76

VIA Generalized frequencies for hydrocarbon bond 79

types
VIB Generalized frequencies for non-hydrocarbon 79

bond types
VII Lattice conformational energytexcluding tor«T8 l

sion terms) as a funcion of interchain spacing 
for forms I and II monoclinic lattices for the 
Stellman et al 'Hexagonal1lattice 

VIIIA Calculated and experimentally derived lattice 85
constants for various PTBD crystal lattices 

VIIIB PTBD lattice constants computed by Stellman -86

et'al'(17)
IX Calculated lattice vibrational frequencies 87

for various forms of PTED 
X Thermodynamic propertations as functions of : 89

temperature-for the transformation =»4.67A, 
0=109°) ( =4.92A, 0=80°)



NUMBER
XI

XII

XIII

LIST OF TABLES(CONT1D)
CAPTION

Thermodynamic properties of several pre­
parations of crystalline PTBD 
Phase transition thermodynamic properties of 
several preparations of crystalline PTBD 
Heat capacities of various polymers computed 
with eq(24)

PAGE
90

91 

93



LIST OF FIGURES

FIGURE CAPTION
1(a) Set up for annealing and melt recrystallizing 

a single crystal mat
1(b) Set up for melt quenching a crystal mat
1(c) Exploded view of sample holder for high tem­

perature treatment
2. Opaque sample holder for Raman spectrometer
3. Opaque sample holder for high temperature Raman 

spectrometry
4. Resistance vs. log(temperature) curve for the 

thermistor probe(see text)
Kaman spectra for various preparations of crys­
talline PTBD

5. H23 crystals
6 . H43 crystals
7. H63 crystals
8 . H53P-H63 crystals pressed under 2500Cpsi pres­

sure
9. H63A-H63 crystals
10. H63MQ-H63 crystals melted then quenched in 

liquid nitrogen
11. H63MR-melt recrystallized H63 crystals
12. H63 crystals at 77°C
13. 490-570 cm“  ̂ Raman spectral region of several 

preparation of PTBD crystals
14. Raman spectral scans between 50 and 30CT cm at 

temperatures between 25°and 78°C

PAGE
18

18
18

19
20

21

30-31
32-33
34-35
36-37

38-39
40-41

42-43
44-45
46

48



LIST OF FIGUREStCONT1D)
■b'IGUHE CAPTION
15(a)Raman scans of the 1300-1350 cm”^region for dif­

ferent PTBD preparations at.rr06ra temperature 
15(h)Raman scans of 1300-1350 cm”1region for H63 :

crystals at 45°, 65°, 71° and 75°C
16. Raman scans of the 2800-3050 cm”^region for H63 . 

crystals at 45°, 65°, 71°and 75°C
17. The definition of a 0 dihedral angle
18. no caption
19. no caption
2 0. no caption
21. u“Etor vs* i ^ e^chain spacing for the PTBD 1 hex­

agonal* lattice
22. ^“®tor vs* inl®rclaain spacing for the -̂ 'orm I 

PTBD lattice
23. Energy vs. interchain spacing for the form II 

PTBD lattice
24. Computed and experimentally derived PTBD spec­

ific heats

PAGE
50

“50

51

62
70
71 
73 

82

83

84 

92



INTRODUCTION TO PART I
The existence of dilute solution grown polymer single 

crystals has been known for twenty years(1). Since the initial 
discovery of polyethylene single crystals, single crystals 
of a variety of polymers have heen grown and studied in order 
that their morphology, internal structure and physicochemical 
properties could be determined(2). Generally, polymer single 
crystals grown from dilute solution are platelets of about 
50 to 200 A thick and several hundred microns wide, X-ray 
and electron diffractometry have shown that polymer chains 
tend to orient themselves perpendicular to the broad plane 
of the crystallite surface.

The techniques applied to the study of single crystals 
have included dynamic mechanical techniques, dilatometry, 
calorimetry, x-ray diffractometry, infrared spectroscopy,
Raman spectroscopy and NMR spectroscopy; all of the above 
are physical in nature. Single crystals have also been sub­
jected to chemical treatments which have includednitric acid 
etching, epoxidation and bromination.

Dynamic mechanical methods measure the variation of a 
material*s viscoelastic properties with temperature. One such 
technique measures the rate of decay of the amplitude of a 
vibrating system containing the subject material. The tech­
nique is sensitive to changes in inter- and intramolecular i 
interactions of the component molecules, and can therefore be 
used to detect the various phase transitions which occur in 
the material.

Dilatometry uses the principle that a small change in 
a large volume of liquid contained in a flask is detectable
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as a large change in the volume of the liquid contained in an 
attached capillary(3). This method is used to detect changes 
in the volumes of materials undergoing chemical reactions or 
phase transformations.

DSC or differential scanning calorimetry has been applied 
to the study of polymer single crystals. This well known tech­
nique measures the energy neededota maintain the sample at the 
same temperature as a reference material while both are heated 
at the same constant rate. From this data phase transformations 
can be detected and associated thermodynamic properties such
as Ttr, AS, AH, and ■ (Jp are computed.

Two -types of x-ray diffractometry have been applied to 
single crystals. These are wide angle and low angle x-ray 
diffractometry. The low angle technique detects ldng range 
periodicity; crystal thicknesses and molecular chain orien­
tation can be determined. The name low angle :x-ray diffrac­
tometry derives from the fact that the angle of incidence
of the x-ray beam is usually less than about 10?

Wide angle x-ray diffractometry gives diffraction pat­
terns which are characteristic of short range order. From 
these data the spatial distribution.6t the atoms in the lat­
tice can be determined.

The most widely used vibrational spectroscopic methods 
are infrared and Raman spqctroscopy. Although both methods 
are used to .*look' at molecular vibrations, they arise from 
different mechanisms. If the molecules of the crystals being 
examined possess any symmetry, these differing mechanisms can 
give rise to differences between the optically active bands
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in the .IR and Raman spectra. The energies of molecular vihra 
tions usually fall in the 200 to 3200 cm”1 range.

The derivation of IR and Raman selection rules can be 
accomplished via group theoretical methods. Discussions of 
these methods suitable for chemists can be found in works 
by Wilson, Decius and Cross(4) and Uotton(5) for fluids and 
by TurrelH6) and lately, Dollish, McDeVitt and Bentley(7) 
for solids. A good discussion fo Hainan and iR spectroscopy 
of solids can be found in reference'(6). The iR and Raman 
selection rules for solids differ from those of gases in 
that the symmetry of the crystal unit.cell>upon which the 
spectrum depends, may be different from the symmetries of 
the molecules composing it. Solids also tend to be optically 
anisotropic so that the spectrum of the solid can depend on 
the direction of the incident radiation, and in the case of 
Raman spectroscopy on the direction from which the scattered 
radiation is detected.

An additional difference between solid and gas phase 
vibrational spectra arises from the conversion of transla­
tions and rotations of gas phase molecules into transla- 
tory and rotatory lattice vibrations in the solid phase.
The selection rules of these vibrations are also derivable 
from group theory, as outlined in Fately(7).

The laws governing IR and Raman spectra of polymer crys 
tals are the same as those for other solids; however the 
spectra differ from those of other types of solids because 
strong covalent bonds link monomer units in adjacent unit 
cells(unlike the weaker dipole-dipole and Coulombic forces
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which occur in molecular and ionic solids, respectively).
The dynamics of molecular vibration have been formula­

ted by Wilson(4,8,9). This well known 'FG- matrix method’ 
was extended to helical polymers by Higgs(10). Miya2awa(.11) 
used these methods to demonstrate that certain skeletal 
vibration frequencies vary with molecular conformation*
It will be seen later that conformation dependent bands can 
be used to measure the quantity of amorphous material in 
polymer crystals.

The application of broad line NMR spectroscopy to the 
investigation of crystalline polymers was first made by 
Wilson and Paket12). In that study the traces of polyethylene 
and polytetrafluoroethylene absorption signals were decom­
posed into narrow and broad line components which were as­
sociated with mobile and static regions respectively. Since 
the signal intensity is directly proportional to the nura*» 
ber of absorbing nuclei, the broad and narrow line components 
provide a method of determing the composition of non^mobile 
and mobile regions in the polymer crystal. ‘J-’he value of NMR 
and other physical techniques as they apply to the study of 
crystalline poly 1 ,4 trans butadiene, will be discussed be­
low.

Among the polymers whose single, crystals can be preci­
pitated from a variety of solvents is high trans content
poly 1,4 butadiene, hereafter referred to as PTBD. crystal- 

*

line PTBD has been the subject of a number of investigations 
which have exploited the aforementioned physical techniques 
03-31).



These investigations.have also included chemical assay tech­
niques applied to the crystallites’ surfaces(22,31,32). These 
will "be described later.

X-ray diffraction studies have shown that PTBD
can exist in two crystalline modifications at atmospheric 
pressure. Form I, which is stable at room temperature has 
been assigned by Iwayanagi and coworkers(14) to a P21/a crys- 
tallographic space group with a monoclinic lattice. Each 
unit cell contains four PTBD monomer units. Form II is stable 
between 71° and 139°C, the melting temperature. X-ray dif­
fraction studies by K. Suehiro et al(l6) have revealed the 
molecular packing in form II to be pseudohexagonal; however 
no space group could be assigned. Crystalline PTBD under­
goes a first order solid-solid phase transition at tempera­
tures ranging from 55° to 75°C depending upon the method 
of sample preparation and its thermal history(1 5,1 7,2 7,3 0, 
31,33,34,35)# Entropies of transition derived from DSC mea­
surements by Ng, Stellman and Woodward(25), and by Bermudez 
and Fatou(35) for melt recrystallized and bulk crystallized 
samples are in a 2:1 ratio to the entropies of melting of 
the samples. The relative magnitude of to ASm suggests
that a considerable increase in conformational freedom oc­
curs in the change from form I to form II. The diffuseness 
of the X-ray diffractograms of form 11(16) tends to support 
this suggestion. Further evidence for high con­
formational freedom in form II is given by infrared spec­
tra secured for crystalline and amorphous samples of PTBD



by N. Neto et al(18) and D. Morero et alt, 19). The IR spec­
trum of form II is almost identical to that of molten PTBD.

The_ space group of PTBD(viz. P21/a) contains the inver­
sion operation. Molecules with inversion centers fall into 
a special group whose IR and Raman active frequencies form 
nonoverlapping sets. Therefore in order to have the total 
optically active vibrational spectrum of PTBD a Raman spec­
trum is necessary. The factor group representation of PTBD 
appears in Table A.

Prior to the completion of the present work, the only 
published Raman spectra of poly 1,4 butadienes were those of 
Cornall and koenig(36).for amorphous samples. A single chain 
normal coordinate calculation due to N. Neto and 0. di Lauro 
(18) was used to make group frequency assignments. The force 
field used in this calculation was derived from low molecu­
lar weight analogs. Concurrent with the work of this author 
(21), Raman spectra of solution grown crystals of PTBD were 
obtained by Hsu, Moore and krimm(20). in that study a normal 
vibration calculation for the entire unit cell which took 
into account inter- as well as Intramolecular force constants 
was used to make the most complete group frequency assign­
ments for form I to date. Hsu et al and this author have 
reported Raman spectra for PTBD in its high temperature phase 
(.21,37). The results of these investigations will be repor­
ted in the results and discussion sections of this disser­
tation.

Much effort has gone into determining the distribution



Table A’
The irreducible factbr group representation of the PTBD 
unit crell
Factor group ** P21/a(,C2jl)
Number of atoms = 40, Number of molecules = 4 
Representation of total genuine vibrations

Ttotal - 30V  3°V 29V  28Bu
Representation of libratory lattice vibrations

f’rot.lat" 3V  3V  3V  3Bu
Representation- of translatory lattice vibrations

- 3V  3V  2v  Bu

Totals: 60 Raman active and 57 IR active vibrations

trans
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and quantity of amorphous material in single crystals of 
PTBD. An early investigation by 1'atsumi and coworkers(29), 
which involved dynamic mechanical measurements concluded that 
the amorphous component of the PTBD single crystals manifests 
itself in the form of loose chain folds and cilia projec­
ting from the surfaces of the crystals. Woodward and coworkers 
have applied a number of different techniques to the problem; 
including IR spectroscopy(23J, RMR spectrosopyi.15,25) and 
DSC. Stellman and Woodward have assayed the number of surface 
double bonds by reacting them with chloroperbenzoic acid(2 2). 
The fraction of the total number of bonds present which reac-  ̂
ted fras used as a measure of the surface amorphous content.
Ng and Woodward used broad line NMR spectroscopy to measure 
what fraction of a single crystal could be wetted by carbon 
disulfide(15»25)« It has been shown that low molecular weight 
solvents such as CS2 are capable of enhancing the motion in 
amorphous associated mobile regionst3 8); therefore the amor­
phous-crystalline composition can be computed. Hendrix, Whit­
ing and Woodward(23) have applied infrared spectroscopy to 
the problem of determining the amorphous crystalline composi­
tion. Earlier the 1050, 1220 and 1335 cm" 1 bands were found
to disappear above the crystal .transition temperature(18)

_  *1while the 1075 and 1350 cm bands were enhanced in inten­
sity. The results are Interpreted as meaning that 1050,
1220 and 1335 cm"1 are associated with crystalline material 
while 1075 and 1350 cm"1 are associated with ’amorphous 
conformational' In the investigation by Hendrix et al(23) 
the ratio of the 1350 cm"1 intensity to that of the 1335



cm"^ band was used as a measure of the amorphous/crystalline 
mole fraction ratio. Caloriraetric measurements(DSC) were 
carried out by Stellman et al on different preparations of 
PTBD single crystals(15,17,22). The enthalpy of transition was 
assumed to be proportional to the crystallinity( the crystal­
line mole fraction) and was used as a parameter to fix the 
values of the crystallinities of PTBD samples relative to 
that of heptane grown singles crystals of PTBD.

Two important conclusionscould be drawn from the afore­
mentioned investigations. First the crystalline content was 
highest for crystals grown nearest to the crystal-crystal 
phase transition fcetflperdture. The chains are condiderdd .to 
be freer to take on different conformations at these tem­
peratures so that they can 'search for the most stable con­
formation which is that of the crystal. Second, for certain 
preparations IR, NMR and DSC results gave higher amorphous 
mole fractions than did the -results of epoxidation. These 
results suggest that in those preparations amorphous mater­
ial exists both in the crystal interior as well as on the 
surface.

In a more recent study, A. Marchetti and E. Martuscelli 
(30,31) subjected both PTBD crystals whose surfaces had been 
treated with bromine and untreated crystals to DSC, IR and 
X-ray diffraction measurements. In that investigation two 
crystal phase transitions were observed in untreated crystals 
which suggests the existence: of two different crystalline 
forms below 75°0 with different thermodynamic stabilities. 
Heating above 76°C resulted in the disappearance of the ex­
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tra DSC peak. In the case of crystals whose surfaces had been 
hrominated, a 40 to 60% reduction in the enthalpy of transit 
tion was observed along with a reduced ability of the poly­
mer chains to reorganize themselves during annealing which 
suggests that the bromine groups, which readily add to the sur­
face double bonds, impede the ability of the chains to 'dif­
fuse1 through the crystal.

The presence of crystalline and amorphous bands in the 
PTBD infrared spectrum suggests that such bands might exist 
in the Raman spectrum, in the infrared study(23) it was assumed 
that the 1335 and 1350 cm bands had similar molar extinc­
tion coefficients so that the ratio of 1  ̂350^1 335 represen­
ted the ratio of amorphous to crystalline mole fractions.

Classical electromagnetic theory tells us that the in­
tensity of scattered radiation is given by (39)

*• f

7 ?eq(1) X *

where P = otE, E is the electric field of the incident radia­
tion. atfis the polarizability of the medium and c is the speed 
of light. P is known as t&e polarization, if Raman scattering 
is present, P can be resolved into (40) the sum of a Rayleigh 
component, a Stokes component and an anti-Stokes component as 
follows:

e*(2) f  =

In the above equation otQ is the static polarizability, <Vn
is the polarizability associated with the nth normal mode of
vibration,to and to are the circular frequencies of the ex- ' n
citing radiation and the nth normal mode of vibration res-
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pectively. ** +<4,n an<* ̂  * w n represent Stokes and anti-Stokes 
scattering respectively The intensity of an anti-Stokes 
band, (these are usually used in Raman spectroscopy) is 
given by substituting the anti-Stokes component of P for 
that line into eq(1).

eq(3) —    .
12 C *

2If 0fQ is the total polarizability then IQ can be written in
— 3terms on the average square polarizability per molecule 0 

a s  r  -
eqU) * H O *

where N is the number of molecules.
Let I and I_ be the intensities of hypothetical crystalline C ft

and amorphous bands respectively. The ratio of these two
intensities is — . - z. ,edtto-Uff  C o i ' iu - u j t
69(5) "TT = We \to-taJ

If I and I are born of bands with similar frequencies andC ft — *, —-nnormal modes of vibration then to * 61 - 02 andfl£„4rfltic a1 a c
so that

l a  -
r t  ~  n 7

In terms.of mole fractions this may be written as 

eq(7) X . x« -  x *
I c * *  l-X'
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Thus if suitable bands can be found in the Raman spectrum,
I./l„ provides a measure of the crystallinity of a material.

v a

comparisons between Hainan spectra for different preparations 
of PTBD single crystals and samples with different thermal 
histories at room temperature and above the phase transition 
temperature should render these bands identifiable.

Part I of the present investigation involves the acqui­
sition of Raman spectra for PTBD crystals grown from dilute 
solution under differing conditions and which have been sub­
jected to different thermal and mechanical treatments. Com­
parisons are made between the spectra in order that amorphous 
and crystalline bands can be identified, and used to obtain 
further crystallinity data for PTBD.



STATEMENT OF THE EXPERIMENTAL PROBLEM
The experimental work to "be described had four objec- :

tives which are listed below.
1. To obtain Raman spectra for various preparations of crys­

talline PTBi) at room temperature, and to obtain Raman 
spectra for heptane grown PTBD crystals at various temper­
atures between room temperature and 80°C.

2. To determine if amorphous-crystalline band pairs analogous 
to the 1335, 1350 cm“1band pair exist in the Raman spec­
trum, and to use them to compute crystallinities or var­
ious PTBD crystal preparations.

3. To determine if relationships exist between crystallinity 
and the frequencies of skeletal and lattice vibration bands.

4. To interpret changes in the appearance of the spectrum 
in the neighborhood of the crystal transformation tem­
perature.

13
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EXPERIMENTAL PROCEDURES

PTBD samples
The samples of PTBD-K used in the present study were 

obtained by Prof. M. Takayanagi from Ube-Kasan Do., Ltd. of 
Japan. The physical characteristics of this polymer were 
reported earlier(22). The trans content of the sample was 
found by infrared analysis to be greater than 95%. The as 
received polymer was reported to have a number average mole­
cular weight of 867O(-10%). The number average molecular 
weight for a sample of PTBD crystals precipitated from 
n-heptane was found to be 36900(-10%). The number average 
molecular weight was measured by Debell and Richardson Co., 
Inc. with an Hitachi-Perkin-Elmer vapor phase osmometer.

Single Crystal Preparation
Single crystals of PTBD-K were precipitated from dilute 

solutions of n-heptane or toluene following procedures 
adapted from those given in references 22-25 and 32. The 
procedure for each type of preparation is given below.
H23. H43. and H63 crystals

0.06 gm of PTBD-K bulk material was dissolved in 500 ml 
of n-heptane by heating the mixture with constant stirring 
to 80°C. The solution was filtered hot through an all glass 
filter into a second flask, and the solution was then chilled 
to 0°C in an ice-water bath. After standing for one hour 
at 0°C the mixture was reheated to 73°C or the point at 
which the mixture just clears. This solution was then put 
in a constant temperature bath of 63? 43° or 23°C for H63, 
H43, or H23 crystals respectively. The crystals were allowed 
to precipitate for several hours.
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When the crystals have settled most of the supernatant 
solution was removed and fresh heptane was added. The crys­
tals were allowed to resettle, and the process of renewing 
the heptane was repeated. Single crystals examined under an 
optical microscope had the normal hexagonal appearence(22,32)

T23 crystals
0,1 gm of PTBD-K hulk material was dissolved at 50°C 

in 500 ml of reagent grade toluene. The mixture was main­
tained at 50°C in a water bath with constant stirring for 
one hour. The solution was then filtered hot brough a glass 
filter into a second flask. It was then cooled in an ice- 
water bath to about 0°C where it was allowed to sit for 
an hour while pre-precipitation occured. The mixture was 
then reheated to 50°C with stirring and immersed in a 21°G 
thermostatted bath. These crystals were examined using a 
Phillips 300 electron microscope and showed the normal hex­
agonal shapet22,23). Only the initial preparations were exa­
mined. When the precipitate had settled the toluene was 
renewed by the same procedure^ outlined in the section on H 
crystal preparation.

Crystal Mats
1 cm disk shaped mats of crystals were prepared by fil­

tering the ahoife preparations through Millipore Corp. fil­
ters held in plastic filter holders. Filtering was facili­
tated by aspiration. Enough precipitate was filtered to 
produce a mat approximately 0,2 ram thick.
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H63A crystals!annealed crystals)
The set-up for annealing a crystal mat is shown in 

fig. 1(a). A mat of H63 crystals was placed on the alumi­
num disk on the right., The temperature was maintained between 
80° and 90°C for up to 12 hours. The temperature was moni­
tored by a thermometer seated in the metal disk on the 
left. To minimize oxidation, reduced pressure was maintained 
throughout annealing.- After annealing the system was allowed 
to cool while reduced pressure was maintained*

H63M crystals(melt recrystallized crystals)
The set-up in fig. 1(a) was also used for this prepara­

tion. However the mat was heated to 140°u for about one 
hour. The sample was then allowed to cool slowly to room 
temperature.

H63MQ crystals(melted then quenched crystals)
The set-up in fig. 1(b) was used for this preparation. 

After heating to 140°0 for one hour under reduced pressure 
the sample holder was plunged into liquid nitrogen. Fig. 1(c) 
depicts an exploded view of the sample holder. The washer 
prevents the mat from sticking to the upper aluminum disk. 
Raman Spectroscopy

The instrument used to obtain all spectra was a Spex 
Ramalog 3 Raman spectrometer. The exciting radiation source 
was a Uoherant Radiation Inc. Model 52B argon laser equipped 
with an etalon, ihe useful frequencies were 5145 and 4880 A. 
The detector was an ITT model i‘M-130 photomultiplier tube, 
certified for photon counting. The PM tube was maintained 
at -20°0 in order that background shot noise could be
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minimized. The photocell output was converted to intensity 
vs. wavenumber traces by a photon counting accessory. 
Experimental Set-uus

The opaque sample holder depicted in fig. 2 was used 
for all crystal mat spectra. The metal disk was not part of 
the original equipment, but was added to hold the sample 
flush against the face of the sample holder and to give 
the mat added support. Since the sample diameter was approx­
imately 0.25 cm smaller than the opening of the sample hold­
er a washer with an outside diameter of 1 cm and an inside 
diameter of 1.5 cm was used to hold the specimen flat a- 
gainst the metal disk. The incident laser beam wa3 focussed 
onto the mat at an angle of 30?

The assembly for the high temperature experiments is 
illustrated in fig, 3. The metal disk was heated by a 1 cm 
heating tape obtained from the Brisco Mfg. uo. of Uolumbus, 
Ohio. The temperature was regulated by a rheostat with a 
range of 0 to 120 volts, and monitored by a -t’enwal Elec­
tronics Inc. precision thermistor embedded in the metal 
disk. The thermistor resistance was measured by an impe- 
dence bridge, and this quantity was converted to temperature 
through the calibration curve depicted in fig. 4. The cali­
bration curve %/a.s prepared by the author against a glass 
bulb thermometer with a precision of - £ degree immersed 
in a water bath.

Room Temperature Spectra
Raman spectra of the preparations decribed above were
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obtained between 0 and 3200 cm71 at room temperature. The 
entrance and exit slits were usually set at 100 microns 
(approximately 2 cra”  ̂ band width), and the central slit was 
set at 120 microns. The scan rate was set such that

flAT* £ 60  S/̂ fRC
as recommended by the operating manual where s is the slit 
width in cm, RC is the time constant in seconds in the 
photon counting mode. The rate was in cm /min. For all 
spectra the 4880 A laser line was used. The exciting light 
intensity was usually set at about 400 milliwatts.

For high resolution spectra the slit was set as narrow
1 1 as 1 cm” and the scan rate as slow as 5 cm” /min.

High Temperature Spectra
High temperature spectra taken of PTBE samples fell

into two categories. The first category were survey spectra
A ^

taken between 0 and 3200 cm” and 80 0 which is above the 
crystal phase transformation temperature. The second cate­
gory were spectra of individual features in the spectrum at 
different temperatures near the phase transition tempera­
ture. High temperature spectra were usually more noisy
than their room temperature Counterparts so that these

-

were usually run with longer time'’constants and larger 
slit widths. The temperature was controlled to within £l°C, 
and enough time was given for the-sample to equilibrate 
with the disk between runs.

Spectra for H63 and H63P mats were obtained between

*H63 mat compressed under 25000 psi pressure in a hydraulic 
press
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50 and 300 cm” at different temperatures between 25 and 
80°C. Spectra were also obtained in the 1300 to 1350 cm”1 
and 2700 to 3100 cm”1 regions.
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RESULTS

Pigs. 5 - 1 1  depict typical Raman spectra for differ­
ent preparations of crystalline PTBD at room temperature.
No Lands occur in the 1700 - 2700 cm”1 range so this
region has been omitted. The spectrum of H63 crystals at 
77°0 is shown in fig. 12. The frequencies of the spectra 
mentioned above as well as those of T23 and T23A crystals 
and those given by Cornell and Koenig for PTBD rubber are 
tabulated in Tables I and II. The above crystalline spectra 
are in substantial agreement with those given J>y Hsu et 
al(20).

Generally for H63 crystals the bands at 238, 761, 1130 
and 1437 cm”1 are found to undergo substantial reduction 
in height relative to the constant 1666 cm”1 band upon 
annealing, melt recrystallization, melting and quenching 
in liquid nitrogen and compression under 2 5000 psi pressure 
A 40% reduction in the height of the 238 cm”1 band is ob­
served. Similar reductions in the intensities of the 238,

_ i761, 1150 and 1437 cm bands are also observed for crystal 
precipitated from toluene at 23°C.

The ratio of the 1331 cm”1 band height to that of’1311
cm”1 band, which has recently been used as a measure of or-
d.er(20) is tabulated in Table III. The I^^^/l^^ ratio
is 1.2 for R63 crystals and ranges from 1.4 to 1.8 for
all of the previously mentioned preparations, Hsu et all20)

-1have also reported that the 529 cm band sharpens upon 
annealing. A high resolution scan of this band is shown 
in fig.13.

The 94 6 cm”1 band which occurs in the H63, H43 , H23
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and T23 spectra as well as the bands In the 1050-1090 cm*1 
range of H63, H43, and H23 spectra disappear when these crystals 
are annealed, compressed or reerystallized from the melt. The 
lattice vibration band which occurs at 70 cm"1 in the H63 spec­
trum shifts to 63 and 55 cm"1in the H43 and H23 spectra respec­
tively.

Considerable changes occur in the PTBD Raman spectrum 
as the sample is heated from room temperature to above the 
transition te literature (viz. 71 -76°C). Pigs. 14 - 16 show': 
changes which occur in the 50 - 300, 1300 - 1350 and 2800 - 
3050 cm regions as the sample is heated above the transition 
temperature. The bands at 1437, 131t, 238 and 90 - 120 cm"1 
shift to lower frequencies at temperatures above 50 - 65°C 
while bands at 761 and 529 cm"1shift to higher frequencies.
The 2900, 2930 and 2946 cm"1 bands merge to form a broad band 
at 2908 cm"1 with a higher frequency shoulder. Above the phase 
transition temperature the bands at 946, 967, 1050 - 1090, and 
1150 cm disappear. The bands at 761 and 529 cm become so 
diffuse that their frequencies cannot be determined. The 238 
and 90 - 120 cm"1 bands become merged with the background 
forming a broad continuum between 0 and 200 cm?1 The band 
heights ef all the bands tend to decrease above the transition 
temperature with accompanying increases in band width(see fig 11)
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Table I

Rubber5 h (63) H(43)_ H(23i H(63)A H(63)WR H(63)Pb H(63)MQ
70 ' 63 55 73 70 70 67
80 85 83 85 85 83 80
100 100 100 100 100 100 100
116 116 116 1*20 115 117 120

221 238 238 238 238 238 238 238
529 529 529 532 529 529 i 529

•537 : 534
761 761 ( 761 761 761 761 761 761

946 946 946 \
969 968 967 967 967 967 967 965
1011 1016 1016 1016 1016 1016 1015 1015

1063 1050
1090 1090

1124 1150 1150 1150 1152 1150 1152 1150
1267 1270 1270 1270 1270 1269 1270 1267
1301 1311 1311 1311 1310 ,1310 1311 1310
1324 1331 1331 1331 1330 1330 1331 1330
1431 1437 1437 1437 1436 1437 1437 1437

1640 .1640 1640 1640
1664 1666 1666 1666 1666 1666 1666 1666
2846 2839 2839 2837 2837 2838 2839 2838
2876 2879 2879 2878 2878 2878 2882 2880
2898 2899 2900 2898 2898 2897 2899 2899

2908
2920 2920 2920 2918 2918 2920 2920

2932' 2947 2947 2944 2943 2843 2947 2946
3003 2998 2999 2999 2997 2997 3000 2999

Raraan spectral frequencies for various preparations of 
PTSD. Frequencies are in crn71
a. taken from reference 36
b. H63 crystals compressed under 25000 psi pressure
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Table II

*T(23). T(,??jA H(65Jat 7J°n Assignments'
n ,on Rotational -translationalu-juu lattice vibrations

85 conti
100 95

103
235 238
530 529
761 761
946
967 967
1018 1017 1014
1150 1152
1270 1270 1270
1310 1311 1305
1330 1331 1338
1435 1435 1430
1640 1640
1666 1666 1666
2838 2839 2843
2878 2879 2879
2898 2899

2918 2918
2944 2946 2905
2998 3000 2999

C-C torsion, G-G s±. 
CCC def., O.P. CH bend
CH rock, O.P. def.

GH rock, C-G st., CCC def 
C-C st.
C-C st.,CH rock, CCC def. 
CH wag,CH bend,CC st.
CH« twist, CH„ wag, CH i.p, bend c

CH^ bend

C=C st., CH i.p. def, CC st. 
CH2 sym. st.

CHg assym, st. overtones and
combinations
»CH st.

Raman spectral frequencies for various preparations of 
crystalline PTBD. Frequencies are in cm71 
♦Based on single chain normal vibration calculations 
by Neto and di Lauro<,18)



Table III
H63 H43 H23 H63A T23A
1.19 1.62 1.52 1.73 1.55

H63P H63MQ 1I63MR T23f
1.62 1.85 1.84 1.55

*1331^*1311 ra^*os for various preparations of crystalline PTBD



Captions for Figs. 5-12 
Raman spectra for various preparations of crystalline PTBD
5. H23 crystals
6. H43 crystals
7. 1163 crystals
8. H63P - H63 crystals pressed under 25000 psi pressure
9. R63A- - H63 crystals annealed at 80°C
10.H63MQi- H63 crystals melted then quenched in liquid ni­

trogen
11.JH63MK - melt recrystallized H63 crystals
12.H63 crystals at 77°C

In all cases the 1700-2700 cm-1 region is not shown because 
no bands occur in this region.
G = grating ghost

29



FIG.5a

H23

150250550
cra

. FIG.5b
450550

6507508509501050 cm



31

FIG.5c
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FIG.11 a 
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FIG.12a 
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Captions JLQ-Flgs. 14-16 
• 14. Raman-spectral scans between 50 and 300 cm"1 at tempera­

tures between 25° and 78°C‘
15. a. Raman scans^f the 1300-1350 cm"1 region for different

crystalline PTBD preparations at room temperature 
b. Raman scans of 1300-1350 cm"1 region for H63 crystals 

at 45? 65? 71?.and 75°C
16, Raman scans of the 2800—3050 cm 1 region for H63 crystals 

at 45? 65? 71? and 75°C
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DISCUSSION
t w o  Hainan band parameters are examined here to deter­

mine their relationship if any to the crystallinity; these 
are the band height and the frequency. Hsu, Moore and krimm 
(2 0) have given the high frequency part of the 529 cm 
band a noncrystalline assignment. This assignment is based 
in part on the sharpening of this band upon annealing at an 
unspecified temperature. In the present work this band was 
not found to sharpen upon annealing at 80°u(see fig. 13). 
Also, the shape of this band was not found to vary signifi­
cantly between preparations with two or three fold differ­
ences in amorphous content.

A second indication of increased crystallinity cited 
by Hsu et al(20) was an increase in the ra't*0.
In the present work the ratio does increase for preparations 
which are expected to have high crystallinitiest,viz. H63A, 
H63MR, n63MQ and h63P). However 11331 /1131  ̂ a -̂so higher, 
for T23 crystals which have been found to have lower crys- 
tallinities than H63 crystals^5»22,23,25,32). For H43, 
and H23 crystals, which are expected to have lower crys- 
tallinities than H63 crystals 331 311 is a^so higher.
The failure of the I1551/l1511 ratio to follow the expec­
ted trend in crystallinity implies that factors other than 
crystallinity determine this ratio. Both the 1331 and 1311 
cm bands were given crystalline assignments by the nor­
mal vibration analysis of Hsu and coworkers(20) 30 that

52
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eq(6) is not applicable. However the trends observed in 
this ratio can be discussed in terras of eq(5). For any 
closely spaced bands the ratio of the intensities is X1 " 

The ratio of is found to vary from
2.4 at 110°K(2 0) to less than I near the transition tem­
perature. This indicates that as the temperature increases
”2 — b
0t1531 decreases at a faster rate thanO£^1 1.Q' is aniso­
tropic so that it should be sensitive to changes in mole­
cular geometry. The increase in conformational motion-as
the temperature increases lowers the effective values of 
_ 2or which results in lowered scattering intensity. The more
radical changes in molecular geometry which accompany the
phase transition as well as the associated increases in
chain motion is evidenced by the change of the 113 3 1 1 3 1 1

ratio to a value below 1. This is further evidence that 
~~ 2331 decreases with increasing donformational motion fas- 

**2ter than QLj 311 *
If a relationship b e t w e e n / ( t y 311 and crystalli­

nity does exist it is probably not a simple one.
Hsu and coworkers(20) have reported the dlsappearence 

of bands at 1078 and 1202 cm" 1 upon annealing. In the pre­
sent work no band at 1202 cm“1was observed; however bands 
at 946, 1050, 1068 and 1090 cm" 1 in the H63, H43 and H23 
spectra are observed to disappear when these samples are 
annealed. If the PTBD spectrum at 77°0 is examined, none 
of the peaks which disappear upon annealing increase in 
height above the transition temperature. In addition, none
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of the hands in the 77°C spectrum were found to have higher

— Aratios when compared to the 1666 cm hand than in the 
spectra at room temperature* Therefore no bands analogous 
to the 1335 and 1350 cm" 1 crystalline PTBD are found in 
the Raman spectrum.

The transformation of form I to form II at 71°C brings 
about significant changes in the =CH-CH2- dihedral angle(14). 
This change is expected to cause shifts in some of the 
Raman bands. The single chain normal vibration calculations 
of Hsu et al(20) correctly predicts the shifts of the 1018,

mam A  A

761, and 529 cm 'bands, but not the 238 cm torsion band 
which decreases in frequency near 71°C. The torsion band 
is also lower in frequency in PTBD rubber which is considered 
to be amorphous(see Table I).

-The shift of the 238 cm"1band to lower frequencies 
with increasing temperature implies that this Shift canndt 
be explained solely in terms of changes in molecular geo­
metry. The torsion potential energy is sinusoidal. As the 
temperature increases the average amplitude of the vibration
increases. This:larger amplitude is accompanied by increased 
anharmonicity which lowers the frequency(90). The increase 
in interchain spacing brought about by thermal expansion 
also lowers the effective potential energy which contri­
butes to the lowering of the frequency of vibration.

Of interest is the variation in frequency of the 70 cm" 1

band in H63 crystals as a function of preparation. This band
—1occurs at 73» 63t and 55 cm in H63A, H43 and H23 prepara­

tions respectively which suggests that the frequency of this 
band is dependent on crystallinity. Unfortunately this
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band is not observed in the T23 spectrum.

The diffuseness of the bands below 1000 cm"1and the 
broadening of those above 1000 cm-1 in the 77°(J spectrum 
comes about as a result of increased conformational motions 
of the molecules above the transition temperature. This 
disorder is also evident in the C-H stretching region where 
splitting of bands in this region decreases.

The C-H stretching frequencies do not change signi­
ficantly between the single chain analysis of Neto and 
•Di Lauro(18) and the unit cell calculation of Hsu, Moore 
and Krimm(20) which suggests that the six bands in this - 
region can be attributed to the intramolecular vibrational 
coupling. Hsu and Krimm(28) have suggested that the fre­
quency assignments in this region are complete. However 
in the opinion of this author the =CH stretching bands, 
which are 3013 and 3030 cm"1 in the analysis of Hsu et al 
(20), form a degenerate band at 2999 cm"1 in the Hainan spec­
trum. If this band is in fact degenerate, then one of the 
other five bands in the C-H stretching region may be an 
overtone or combination band. This was suggested by Hsu 
and coworkers(20) earlier but later recanted(28). The 2946 
band almost vanishes above the transition temperature."
This behavior suggests that this band results from the 
combination of two bands whose ability to couple is dis­
rupted by the disorder above the tranition. temperature.
The 2899 and 2920 cm"1bands are apparently coupled.rThis 
coupling is disrupted above 75°C so that the kands merge 
to form one broad band at 2905 cm.



56
Tha,i disappearence : of the 238^cm”1tend(see figs. .-14a 

and b) has two possible interpretations. (1) no equilibri 
ura value exists for the dihedral angle so that the..motion 
is no longer a true vibration.(2) The vibration has become 
mixed with low frequency lattice vibrations which no longer 
exist as individual bands. The increase in the intensity 
of the Scattering between 0 and 200 cm”1 suggests that 
the second explanation is probably the case.

ho new bands appear in the spectrum above the tran­
sition temperature which suggests that the selection rules 
of form I still apply in form II; therefore the average 
crystal geometry of form II is still probably monoclinic 
with the P2,j/a factor group.

Finally the disappearence of bands at 946, 1050-1090, 
and 1202 cm, and the failure of these bands to increase 
in intensity above the phase transition temperature suggests 
that these bands are associated with a metastable modifi­
cation of PTBD I which exists in solution grown single crys­
tals, but transforms to the more’stable predominent form 
when the crystals are annealed above Ttr» Dilatometric mea­
surements by Takayanagi and coworkers, as early as 1967(29), 
suggested the presence of a metastable modification in 
PTBD single crystals. More recent favorable evidence is 
offered by DSC measurements by Marchetti and Martuscelli 
(30,31). The theoretical implications of these findings are 
discussed in part il of this dissertation.

*1202 band sbserved by Hsu et alt28)



COMCLUSIONS
(1) No ciystalline/amorphous hand pairs analogous to those 

observed in the infrared spectrum of crystalline PTBD 
were found in its Raman spectrum.

(2) The merging of bands in the hydrogenic stretching region 
results from decoupling of these modes brought about by 
molecular conformational motion in the high temperature 
form of PTBD.

(3) The failure of new bands to appear above the transition 
temperature suggests that the crystal structure is still 
monoclinic with the P2^/a space group.

(4)' The disappearence of certain bands upon annealing, melt 
recrystallization or compression of solution grown PTBD 
under 2 3000 psi pressure indicates that a metastable modi­
fication of PTBD I exists below the transition tempera­
ture, but transforms into the more- stable predominant 
form when subjected to the above thermal and mechanical 
treatments.

57



. 58
INTRODUCTION TO PART II 

The availability of crystal structure data for both 
the high and low temperature forms of crystalline PTBD(14, 
16J provides an opportunity for the theoretician to relate 
the macroscopie properties of.PTBD to its microcrystalline 
structure. Stellman, Woodward and Stellman(17) have attem- 
ted to do just this. In that investigation the conforma­
tional energy per monomer unit was minimized with respect 
to the a and b lattice parameters in form I and with respect 
to the interchain spacing, O', for' form II In order to pre­
dict the most stable crystal structures for these two forms. 
The procedure was fairly successful in predicting the con­
stants for form I, but was unsuccessful when applied to 
the proposed structure for form II. The enthalpy and en­
tropy of transition were computed as well as the specific 
heat of form II. These were found to differ significantly 
from the experimental values. Examination of the procedures., 
of Stellman_.and coworkers(17) by this author reveals that 
the differences between the computed and experimental re­
sults are due in part to computational errors as well as 
inadequate mathematical modelling. These flaws are discussed 
below along with changes introduced in the present work.

The Crystal. lattice Model
The lattices used in the calculations of Stellman et 

al(17) were the monoclinic lattice given by Iwayanagl et 
al(14) for form X and a ’hexagonal' lattice hypothesized by 
Stellman and coworkers(41) for form II. It is the 'hexa­
gonal’'lattice with which issue is taken here. The ’hexa­
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gonal' lattice proposed by Stellman and coworkers(4.1) was 
generated by a series of simple translations of a single 
central PTBD chain in the XY plane(41). I" a lattice gener­
ated in the above manner -CHg- groups could occupy planes 
containing only other -GHg" ^roups. The same is true for the 
-CH= groups. This author believes that unfavorable steric 
interference between methylenes 'crowded* into common planes 
would exist*in. this lattice. In the nidnoclinic lattice the 
planes are occupied by a 5C:50 mixture of -C^- and -CH= groups. 
This can best be seen in the XZ and YZ projections of Fig.20.
The X-ray diffraction experiments of Suehiro et alt 16) and 
Iwayanagi et alt 14) have shown that the PTBD monomer unit 
undergoes a chahge in fiber period corresponding to a change 
in the C^CHgCHsCH dihedral angle from 109° in form I to 80° 
in form II. Therefore this author proposes that monoclinic 
lattices with these dihedral angles be used for calculations 
of lattice geometries and energies for lattices of forms I 
and II of PTBD. Furthermore the molecular packing olven by the 
X-ray diffraction studies(13,14,16) is pseudohexa^onal; i.e.the 
chains are arranged in a hexagonal array around a single cen­
tral chain. Consistent with this packing the conformational 
energy can be minimized with respect to the interchain spacing. 
This one-parameter calculation insures pseudohe.xagonal packing, 
and is thus more constrained than that of Stellman et al(l7). 
However it should lead to lattice parameters which are con­
sistent with those given by experiment.
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The Calculation of the Specific Heat

Stellman and coworkers(17) computed the specific heat 
(C ) from the slope of the U(conformational energy) vs

r

T * K<T curve where K is a constant which relates <T to T,
*

the temperature. Both U and G" are linear functions of 
T over short intervals so that

This formulation, neglects the contribution of molecular 
vibration to C" so that the value of 0^ computed by Stellman 
et al fell short of the experimental value by 70%, In the 
present treatment, an adaptation of the method of general­
ized frequencies due to Dobratz(47) is used to compute the 
specific heat of crystalline PTBD form II. A description 
of the method is given in a later section entitled 'The 
Method of Generalized Frequencies.1 
Computational Errors

Computational errors were detected in the calculations 
of Stellman and coworkers(17) by this author. These will 
be discussed along with the results of the present work 
in the DISCUSSION section.

The Free Energy Function
The Gibbs free energy per mole is given by(42)

eq(8) G = E + P V - r S

where E, PV, and TS are the total energy, the pressure 
volume product and the temperature entropy product. For 
solids <$V)is usually small so that the Helmholtz free 
energy is used.
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eql9J A  " E  - T S

If electronic and nuclear energies are excluded, since 
they are not expected to change significantly with changes 
in molecular geometry, then for crystalline hydrocarbons 
A can be written as

eqOOJ A = Eo + E v .B  + E-rod “  TSvit,

The terms in the above expression warrant some
explanation. ^0+E.|.or=U represents the total conformational 
energy per monomer unit. EQ is the sura of all pairwise non­
bonded interactions between atoms of one unit and all of the
atoms in the.lattice. E_ can be written

n N
eq (11 ) Eo - iL i , ̂  *rij)is I
j runs from i+1 so that no pairs are counted twice and so 
that i=j terras are excluded. N and n are, respectively, 
the number of atoms in the lattice and the number of atoms 
in the monomer unit. V(r^) is an empirical potential ener­
gy function; usually chosen as a Lennard-Jones or Bucking­
ham function and is the internuclear distance between 
atoms i and j. Ê .or is the potential energy arising from 
threefold sinusoidal barriers present in the monomer unit,
and is of the form

C — Ififc ( I +* COS (30)) eq( 12) tron —  %

In the above expression, VQ is the height of the barrier 
and 0 is the dihedral angle between planes formed by four
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atoms 1501136(3 in the manner depicted in fig. 17,

Fig. 17

The definition of a 0 dihedral an gle 
Eyi-b is the energy resulting from internal and lattice 
vibrations,of the molecules, and can he calculated from 
the vibrational partition function of the crystal. To a 
fair degree of approximation internal molecular vibrations 
are independent of the molecular packing in the crystal^). 
Since internal vibrations are not expected to change sig­
nificantly in the transition from form I to form II, from 
here on, unless otherwise noted, they(the internal vibra­
tions) will be excluded from What is needed is an
approximation for the partition function.

A solid can be visualized as a giant molecule which 
vibrates with 3N-3 characteristic normal frequencies whose 
distribution and number determine the thermodynamic proper­
ties of the crystals at a given temperature44). If h\>/kT 
is less than about 4, A, E, and S become independent of 
the exact nature of the frequency distribution^?} and 
almost any distribution with the same mean frequency as 
the true distribution should give satisfactory results. 
Under these circumstances the Einstein approximation, which 
assumes that every molecule in the solid is oscillating 
with the same lattice frequencies can be used. The par­
tition functions can be written(45)
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eq(13)
— N

1  -  Z m

where Zm is the molecular partition .function and N.is the 
of molecules in the lattice.. For a system ©f harmonic oscil­
lators Z can he written

hVi/kT

ea(14)

where Vj is the vibrational frequency.
The lattice vibrational contributions to the energy, 

heat capacity and entropy can be obtained from eq(13), and 
are given by the well known expressions(45)

sq(15) c - i f  whv ;  +  £Lh¥i 7
c vi» -  T  L ~ l ~  KlO —I J

h^/KT
y  /hy<) g ---------

aq(16) C„, = {- ,)*■
h V. /w r  \  (

V  f  Khv‘ />V.'/XT .\~L R . ln O -e  J
.,H7) S « . - V l ' E r (/ ■ '

The frequencies of vibration in the X, Y, and Z directions 
and of libration around the molecular axis are likely to be 
differant, but their mean value v M can' be usod in place of 
in equations 13* 16 and 17.

By ignoring the effect of lattice vibrations Stellman 
and coworkers have equated U and A. For computing and
AStr this approximation is acceptable but if T^rtthe tran­
sition temperature)is to be predicted the vibrations must 
be included.



The Relationship Between Free Energy and Crystal Structure. 
If suitable potential energy functions are chosen. Eo

can be computed from a knowledge of the molecular and crys­
talline structure. The .expression for EQ was given earlier 
(viz. eq(11 )).

An approximation which relates the vibrational mean 
frequency to the crystal structure will now be derived.
If Eq is the energy per monomer unit at equilibrium then 
the force constant resulting from the displacement of this 
monomer unit as a rigid body in the X direction is given by

N
ra-vinai - U

eq(18)

The symbol xQ indicates that the above quantities are eval­
uated at the equilibrium x coordinates of the atoms compos­
ing the monomer unit. The summation in j is carried out 
from n+1 because the ij distances within the 'rigid' mono­
mer unit are invariant with respect to displacement of the 
unit. The summations above do not account for the fact that 
the entire chain is considered to undergo rigid displace­
ment in this approximation so that XxQ which is the 'force 
constant 'for the monomer unit being displaced relative 
to the rest of the chain# is.subtracted* This is the long wave 
approximation* can be negative or positive.-The terms in 
the summation can bn written
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In the above expression the derivatives are evaluated at

The libration torque constant for a rigid body oscilla­
ting about a principle axis is given by

where A0 is the angle by which the body is rotated from 
equilibrium. Application of the above expression to the 
present system was found to yield an unwieldy expression 
and physically meaningless negative force constants. An 
alternative procedure for obtaining the libration is to 
equate it to the mean frequency of the x, y and z trans­
lational lattice vibrations. The frequency of this vibra­
tion is expected to lie in the neighborhood of the mean fre­
quency of the.low frequency lattice vibrations so that 
this procedure is not unreasonable.

After the force constants are obtained from eqs. 18 
and'19 the frequencies are computed from

where M is the formula weight of the monomer unit.

The Method of Generalized Frequencies
At temperatures where no transitions are taking place 

and where the Einstein approximation applies sVib»
and Cp(vib) can be approximated by an adaptation of the 
method of generalized frequencies(43). This method was first 
introduced by K. Bennewitz and W. Rossner(46) for use with

the equilibrium value of

eq(20) He a [ ! e » L 0 *O
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gaseous organic compounds, and was later modified by l)o- 
bratz(47) to give more accurate results. The Dobratz equa­
tion is given below.

degree of freedom, a is the number of internal free rota­
tions in the molecule, and are generalized frequen­
cies of bond stretching and bending respectively associa­
ted with the ith bond type. These frequencies have been 
compiled, averaged and tabulated by Stull and Mayfield(48, 
49) and i>obratz(47) from spectroscopic data, n̂  is the num­
ber of times the ith bond type appears in the molecule.

and are t*1® Einstein contributions of frequencies 
Vi and respectively to the heat capacity. The term in 
brackets represents the ratio of the number of bending to 
the number of stretching vibrations, and is usually referred 
to as 0.

To adapt eq(22) for use with crystalline polymers,
several assumptions are made. J?'irst Ĉ - = uv. This is a
common approximation made for condensed phases. Second,
all internal rotations are replaced with torsional vibra-

_ -)tions having an average frequency of 250 cm. This frequen­
cy was computed from

eq(22)

For gases, the first term in the above includes the 
rotational and translational contributions to JR per
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where G is the Wilson G matrix element(4J for torsional 
vibration around a C-C bond, F is the force constant given 
for hydrocarbon torsion barriers by Neto and di Dilaurot18). 
Torsional motions in the backbone of the polymer are con­
sidered to be combined with the skeletal bending vibrations;
i.e., is assumed to be the same for backbone torsions
as for bends. This approximation is reasonable since the . 
molecular packing restricts the ability of the chains to 
twist thus raising their effective vibrational frequency, 
and encouraging mixing of torsional and skeletal bending 
modes.

Third the mean lattice frequency can be used as pre­
viously described to compute the lattice contribution to 

. Even if the lattice vibration frequencies, which are 
usually less than 200 cm**̂  in energy, are not available, 
a contribution.of 1.9872 cal.mole .deg can be used for 
each of the four low frequency lattice vibrational degrees 
of freedom. The equation resulting from the above assump­
tions is

where a is the number of side-chain torsions and is
the contribution of a torsion vibration to Cy. Cvm is 
the contribution Of one degree of lattice vibrational- 
motion t o C v.'hi, y i? $*> and N have the same meanings 
as in the Dobratz equation. The Dobratz equation has been 
found to be valid for a wide variety of gaseous hydrocar­
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bons above 250K, so that similar performance is expected 
from eq(24) for hydrocarbon solids.

•finally, although eq(24) is derived for specific heats, 
equations of the same general form can be used to compute 
Evib'an<* ^vib *n' such cases right side of eq(15) would 
replace the and G ^  terms when is to be computed,
and eq(17) would replace these terms when Sv^  is desired.



STATEMENT OF THE THEORETICAL PROBLEM
The computer .experimental work to he described had fire

objectives which are listed below.
1. To predict the interchain spacing for crystalline PTBD 

forms I and II by finding the minimum potential energy 
as a function of interchain spacing. This has the simul­
taneous effect of testing the utility of the chosen 
empirical potential energy function for representing 
the potential energy of the system.

2. To compute the mean lattice vibration frequencies for 
the above lattices. These are the Einstein frequencies 
which are used in the approximate lattice partition 
function.

3. To compute H( S and G as functions of temperature for 
the forms I and II lattices with the potential energies 
and lattice mean frequencies computed above.

4. To compute phase transition thermodynamic properties 
for the above lattices.

5. To adapt the method of generalized frequencies df Dobratz 
(47) for computing heat capacities of crystalline poly­
mers.
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COMPUTATIONAL PROCEDURES

Description of PTBD Molecular and Lattice Geometries 
In this section a mathematical description of 

the PTBD chain geometry will he presented. The procedures 
for generating the initial atomic coordinates from this 
geometry and the generation of the crystal lattice from 
these coordinates will be described. Subsequently the com­
puter experiments performed on the crystal lattice will 
be described.

PTBD Chain Geometry
The structure of the PTBD repeat unit is depicted 

below in fig. 18

'(Of*
The parameters in fig. 18 are the same: as those used by
t

Stellman et al(17) for form I. In form II the CH-CH2 di-

Carteslan Coordinate Generation
The,coordinates of a fourth atom can be constructed 

from the coordinates of a chain of three to which it is 
connected. Two types of construction are possible(see fig. 
19.'a and b). The coordinates of atom 4 are computed from 
those of atoms 1, 2, and 3 in two steps. First the coord-

Fig. 18 Bond Lengths 
C-C 1.54 A 
C-H 1.08 A 
C=C A.32 A

hedral angle is changed from 109° to 80?

70
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CASE 1 CASE 2

*'ig.19U)

y

inates of atom 4 in a coordinate system centered on atom
3 or 2 are computed^ Second, these coordinates are trans­
formed to the laboratory fixed coordinate system. The math­
ematical procedures for cases 1 and 2 are summarized below.

The local cartesian coordinate system can be expressed 
in terms of the well known i, j and k unit vectors. The def­
initions of these unit vectors for the two cases are given, 
below.

CASE 1 CASE 2

eqs(25) J* a U„X U t, Uu*_U*f_
J Uu  x0.2l! I x Mul

eqs(26; *< =

eqsl27) * * J * **

4  = - u „

I 3 J * h

u is a unit vector directed from atom p to atom q. 
The definitions of the cartesian coordinates of atom 4 
relative to the local coordinate axes defined by i, 3 and 
k are given below.
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CASE 1

“ *StjCO&SlHG

z7f - f^CdSQ
0 = TT -
$ = /Z3V D M n t l

f w 3 (Mvm tUO*tflrtr}

The transformation to laboratory fixed coordinates
can he accomplished via the following scheme taken from
Kreyzsig(50). Let he the vector directed from atom 
L to atom 4. j*

W #  * L + k

can also he expressed‘in a coordinate system whose ori­
gin Is centered on the atom . L, and whose axes are parallel 
to the laboratory fixed coordinates.

V£y *  Ûf £ /  * Vt* T **

The laboratory coordinates of atom 4 can he obtained by
'dotting* • successively with 7*, 7 and k', and adding
to the resultant terms x^f y^ and ẑ .

» 'X'Ji t ?  + ym i *  + *i.V f * '  + VA
y»« Xmr-r * vtMi-i' + Hut f yt-

- K«tV + ymt-Y + Zut && + z*
J J a  ̂  _t _»note: isi = j *j = lc*k = 1

i.i* etc. are the cotsines of the angles between the local 
and laboratory fixed coordinate axes.

CASE 2

*** - >i*C0C^
Vav -
Z it/ *  Yin Cot &

*Pm (tosbiifl-ctidHvi
( S/nr £9.72.7; siiv£4./i<r7)

0 = Z
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PTBD Chain Generation
The equal and opposite dihedral angles of the PTBD 

chains give the molecule translational symmetry so that 
the polymer chain can be generated via a series of unit 
translations of the initial monomer unit along the mole­
cular symmetry axis. The unit of translation is the same 
as the molecule's fiber period, which is computed from the 
molecular geometry. *he fiber period is the distance be­
tween atom i of a monomer unit and atom i in the immediate 
neighboring‘unit in the chain.

PTBD Unit Uell and lattice Genera Hon'
The xz, yz and.xy projections of the unit cell for 

the monoclinic lattide are depicted below in fig.20.

❖IZ3 & J Vx
r 2 jl f

Vr
JL

J
Pig.20

The monomer units have been numbered I - 17 . notice that 
molecule I eclipses molecule II and molecule III eclipses 
molecule IV. The-relevant parameters for the unit cell of
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of form I are given in Tattle IV.

Table IV

a = 8.63 Af b = 9.11 A, c = 4.83 A
© = setting angle = 150°

= 114S 3 the inclination of the molecular axis
(Ta 4.60 A = the interchain spacing

Unit cell .parameters for PTBD I(from ref. 16)
©. is defined for monomer unit I as the angle between the
xy projection of the bond ^nd the,positive x axis.

The unit cell can be generated from an initial monomer 
unit through a series of operations which are summarized 
below.

Unit I
1. Transform the initial unit so that its symmetry axis

coincides with the z axis. At this stage 9 - 0 ?
2. Rotate the unit 150°around the z axis to give © =150?
3. Rotate the unit 24° counter'clockwise around the Y or 

b axis to give 0 = 114? and unit I.

Unit III
1. Duplicate unit I at a position a/2 angstroms along the 

positive X axis from unit I.
2. Reflect the duplicate through the y=b/8 plane to yield 

unit III.

Unit II
1. Duplicate unit I at a position b/2 angstroms along an 

axis parallel to the positive Y axis away from unit I,
2. Rotate the duplicate 180° around the above axis to yield 

unit II.



75
Unit IY
1. Duplicate unit II at a position a/2 angstroms along the 

positive X axis from the position of unit II,
2. Reflect the duplicate unit through the y=5b/8 plane 

to yield unit IV,
The coordinates of atoms in the unit cell projections de­
picted in fig. 20 were actually generated in the above man­
ner by the FORTRAN program in APPENDIX A,

The Monoclinic Lattice
To generate a lattice of 125 cells the above operations 

were applied to a five monomer unit PTBD chain yielding 
a stack of 5 unit cells. The lattice could then be genera­
ted by a series of simple translations of the unit cell stack. 
To simplify force and torque constant computations the lat­
tice was oriented . so that the. chains were perpendicular 
to the XY plane, (see APPENDIX C for defining equations)

The 'Hexagonal17lattice
Following the dissertation of J.M. Stellman a 5 unit 

chain was subjected to a series of simple translations in 
the XY plane to yield the ’hexagonal’ lattice of chains.
(iiee APPENDIX C for defining equations.)

The Empirical Potential Energy Functions
The nonbonded potential energy function chosen for 

the present work was that of R.A.Scott and H.A. Scheraga(51). 
The function is a Lennard-Jones type function and has the 
form

eq(28)



76

The parameters for this function are given in Table 7.
Table V

Atom Pair aCkcal-A^mole"1 ) b(kcal.A^mole"*1)
H...H “ 46.7 4460
C...H 128. 205000
C...C 370. 286000

Parameters for the Scott-Scheraga function 
The a and b parameters are derived by first computing the 
value of a from the Slater-Kirwood equation for disper­
sion interactions(84,85,86)

o'...
“ G f 7 | J

where a is the first Bohr-orbit, 0.5292 A, of: and Pf. are 0 * J
the atomic polarizabilities.of atoms i and j, and n̂  
are the effective number of electrons in the outer shells 
of these atoms, and e is the fundamental electronic charge. 
Eq. 28 is then minimized with respect to r.., and evalu-1 J
ated at the value of the Van der Waals distance between 
atoms i and j* and solved for the value of b(51). -

The Van der Waals radii were compiled from X-ray dif­
fraction data by A. Bondi(.87). At temperatures well below 
the transition temperature the Van der Waals radii are fair­
ly insensitive to changes in temperature, so that inter-

* 'w
chain spacings computed in.this study are- valid for 
room temperature( 2Q°) which is about 55°below the tran­
sition temperature. Near 75°C (the transition temperature) 
anharmonic effects become significant and thermal expan-
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sion must be taken into account, in the present study the 
experimental thermal expansion^coefficients for the inter­
chain spacing reported by Suehiro et al(16) are used to 
concert the interchain spacings at 20° to those at 75°C.

The three fold sinusoidal potential energy function 
used in this study is given below,

eq(29) **\£ { l V Q»1.98 kcal/mole
The value of V is taken from reference 52.o
Computer Experiments

A listing of the program used in these ’experiments' 
is given in APPENDIX A along with comments describing its
operations.

Calculations of the conformational energy, minus tor­
sion which is constant, vs.<T, the interchain spacing were 
carried out for the monoclinic lattices of forms 1 and II, 
and on the 'hexagonal' lattice with the form II dihedral 
angle, korce constants for the low frequency lattice vi­
brations were computed at the interchain spacings corres- 
sponding to the energy minima, and the experimentally 
derived interchain spacings. ^rom these data the lattice 
vibration mean frequencies were computed and used to com­
pute and along with U to compute A.

calculation of Phase Transition Thermodynamic Properties
To compute T^r, linear regression analysis is applied 

to A(form II)-Alform I) as a function of T. a» is the 
temperature at which A A is zero.

A Htr has two con‘tr4l3U'b;*-ons* These are ZiU which is the
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energy of crystal structure reorganization and which
is the change in the vibrational energy.

Application of the Method of Generalized Frequencies
The specific heat of crystalline PTBD was computed as 

a function of temperature between 75° and 139°S. S^gfS -715 

was also computed for PTBD. The mean lattice vibration fre­
quency computed from eqs. 18, 19, and 21 for-a form. II 
lattice with (T- 4.95 A was U3ed to compute the lattice 
vibrational contribution to the lattice partition function. 
For an example outlining the application of eq(23) to com­
puting C for PTBD at 80°C see appendix B. The generalized P
frequencies for each bond type are tabulated in Table VI.

To test the method's general utility, it was applied 
to the calculation of heat capacities of several other 
polymers at 25° or 0°C. Most of these were crystalline.
A contribution of 1.9872 cal.mole71deg“1was assumed for 
each degree of lattice vibrational freedom.
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TABLE VIA

•£Generalized Frequencies for Hydrocarbon Bond Types
Bond Type cm"1) &Ccm‘
C-H(arora.) 3045 1318
C-H(aliph.) 2914 1247
C-C(aliph.) 989 390
C-C(arom.) 989 390
C=C(aliphtassym) 1664 421
C=C(aliphfsyraj 1618 599
G«G \aro*. j 2215 333
C=C (aren*) 1618 844

* Taken from references 48.and 49

TABLE VIB
Generalized frequencies for Non-hydrocarbon Bond Types

Bond Type V/tcnf1) Sd cm"1)
C-I, S-S ' 500 260
C-Br 560 280
C-C1,C-S 650 330
C-N, N-N 990 390
C-0, N-0 1030 205
C-F, C=S 1050 530
C=N 1620 845
C=Of N=0 1700 390
S-H 2570 1050
N-H 2920 1320
0-H 3420- 1150

** Taken from reference 47



RESULTS

Crystal Lattice Constanta
The lattice conformational energies of the form I and 

II monoclinic and of the '.hexagonal* form II lattices are 
listed as functions of the interchain distance in Tattle 
VII. The torsion energy terms were excluded since th^y 
were held constant during the computations. The same data 
are displayed in graphic form in figs. 21, 22 and 23. The 
form I minimum occurs at<T=4.60 A which is the same as the 
experimental value given by Suehiro et al(l6) at 20°C, The 
monoclinic form II lattice has its minimum at 4.85 A; however 
if it is assumed that 4.85 A corresponds to the value at 
20°C, and the coefficient of thermal expansion for <T given

A 1by Suehiro et al(l6)(viz. 2.8x10 deg“ ) is applied, a 
value of 4.92 A for the interchain spacing at 75°C is ob­
tained. The minimum energy of the 'hexagonal' lattice oc­
curs at 5.10 A; if this Rvalue is assumed to be-that cor­
responding to 20°G, a value of 5.18 A at 75°C is obtained.
The calculated and experimental lattice constants for var­
ious lattices at 20°0 and 75°C are summarized in Table 
VIIIA. The a, b and G*lattice constants computed by Stellman 
and coworkers(17) are summarized in Table VIII B. C  is 
computed from a and b via the formulae in APPENDIX C so 
that two values of G  are given.

Mean Lattice Vibrational Frequencies
The values of 9X, Vy( and Vz calculated using eqs.

18, 19 and 21 and their mean value,vm are listed in Table 
IX for the monoclinic lattices with the experimental and 
computed values. The expression for Hq , the libration

80
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GlAl
4.40 
4.45 
4.50 
4.55 
4.60 
4.65 
4.70 
4.75 
4.80 
4.85 
4.90 
4.95 
*.O0
5.05
5.10
5.15
5.20
5.40

En(gprm II 
-10.105 
-10.855 
- 11 .3 3 0  

-11.599 
-11.692* 
-11.667 
-11.546 
-11.355 
- 1 1 . 1 1 2  

-10.831 
-10.524 
-10.199 
-  9.866

Table VII 
E Form II

0.611
-2.550
-4.895
-6.610
-7.838
-8.689
-9.249
-9.584
-9.747
-9.778
-9.709
-9.511
-9.367

E (Hexaganolj

3.731
-0.995
-4.106
-6.170
-7.498
-8.187
-8.794
-9.023
-9.070"
-9.025
- 8.888
-7.966

lattice conformational energy^excluding torsion terms; as a 
function of interchain spacing form forms I and XI monoclinic 
lattices and for the Stellman et al "Hexagonal" lattice(12; 
Interchain spacing is expressed in angstroms.
Energy is in &caiL.mole~1 
-"Energy minimum
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Energy vs. Interchain Spacing for Form I PTBDA
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Fig. 
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Tahle VIII A !
T(°C) CT(a ) a(A) b(A) ! Comment
20 4.55 8.63 9.11 4.83 ; Form I Ref(2) exp.
20 4.60 8.72 9.20 4.83 Form I Reft 6; exp.
.75 4.67 8.85 9.34 4.83 I Form I Reffc6) exp.
20* 4.60 8.72 9.20 4.83 'Form II calc
75** 4.67 8.85 9.34 4.83 JJorm I. calc
20* 4.85 9.20 9.70 4.66 Foam, II calc
75** 4.92 9.33 9.84 4.66 Forqi II calc
75 4.88 - - 4.65' Form II Ref(1) exp
75 4.95 - - 4.66 Form II Reft6) exp

i

75 5.18 — - ,4.66 Hsx.-lattice-calc

Calculated and experimentally derired lattice constants for
various PTBD crystal lattices,
exp,- experimental constants
calc*- calculated constants
^Calculated value at 20°C *# oCalculated from assumed value at 20 C with coefficient of

thermal expansion for C"i the interchain distance given hy
Suehiro et alt 16)

85



Table VIIIB

PTBD lattice constants computed by Stellman et alt 17}

Lattice Form 2l.A) 15(A) cr(A) Comment
I 8,70 9.60 4.59U.80)a SS function
I 8.65 9.50 4.56(4.75)a K function0

II 9.85 8.50 5.20^4.25)a SS function
II 9.70 8.50 5.12U.25)a K. function

iEexagonal 11 e - - 4.60 K. function
'Hexagonal ll’f — - 4.67 K function

a. Values of <5* computed from a and b respectively
b. Scott Scheraga function
c. Kitaygorodsli function
d. V&lue of bHH may have been in error
e. '•Hexagonal1 lattice with dihedral angle equal
f. 'Hexagonal' lattice with dihedral angle equal

to 109°. 
to 80°.

86



Table IX
H°cj <3*(A) * * 2-y -2m Comment
20 A, 60* 43 96 45 61 Form l
75 - A*61* 31 85 46 54 Form X
75 A.92** 28 70 35 44 Formll
75 4.95* 26 65 32 41 FormII

Calculated lattice vibrational frequehcies for various forms of 
PTBD.
♦Experimental interchain distanceB(see Table Vlli)
♦♦Calculated interchain distances(see TablevIII)
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constant yielded physically meaningless negative values 
so that was substituted forVq. This procedure was dis­
cussed earlierCp.6 4).

Computed Thermodynamic Quantities
Evib* TSvib and ^ wtlich are respectively the energy 

of vibration, the temperature entropy.product of vibration 
and the Helmholtz free energy are listed as functions of 
temperature in Tables X and XI for monoclinic lattices 
having the theoretical and experimental GT values. To sim­
plify analysis, the conformational energy,' U, was held con­
stant at the value corresponding to the 75°C interchain 
spacings. A A is listed in the last column. Linear regres­
sion analysis was applied to' the AA vs. T data. For the 
theoretical transition, viz. (0 =4. 67 A, 0 = 109°)-> ( «=4.92A, 
0. = 80°) a Slope of -1.802 cal.deg” 1 and an intercept of 
192.8 cal were obtained. These give a T̂ .r of 107? A A vs.
T data calculated from experimental lattice geometries, 
viz. (CT=4.67 A, 0*109°)-* (<T=4.95A, 0=80°) yielded a slope 
of -2.182 cal.deg“^and an intercept of 175.5 cal.These 
give a T̂,r of 80.4°C. The transition thermodynamic proper­
ties of these two models are summarized in Table XII along 
with experimentally derived properties.

h-esults from the Method of Generalized Frequencies
The specific heats of several crystalline hydrocarbon 

polymers are listed for 25°C in Table XIII. The specific 
heats of these polymers calculated from eq(24) are also 
listed. Eq.124) was also applied to one noncrystalline



Table X
Tl°c) S v i b i ^ ^ v i b ^ l TSvibilIi A(I) A(II) A a
25 2382 2377 5560 6097 -14845 -14697 148
35 2461 2456 5827 6382 -15033 -14903- 130
45 2540 2536 6096 6670 -15223 —J 5111 112
55 2619 2616 6368 6960 -15416 -15322 94
65 2699 2694 6643 7253 -15611 -15536 75
75 2778 2773 6920 7548 -15809 -15536 57
85 2859 2853 7199 7848 -16007 -15969 38
95 2936 2932 7480 8144 -16211 -16189 22
105 3015 3011 7764 8446 -16416 -16412 4
115 3094 3091 8049 8750 -16622 -16636 -14
125 3174 3170 8337 9056 -16830 -16863 -33
135 3253 3250 8627 9364 -17041 -17091 -50

Case I
Thermodynamic properles as functions of Temperature for the transfor­
mation (<r=4.67A, 0=1O9°)-»(O-=4.92A, 0=80°)
Eq (I)= -11619 cal.mole”1 Pj= 54 cm 1
E^(II)= -9652 cal.mole”1 ^II=44 cra”1
AE^or= -1525 cal.mole”1 

Energy units are in cal.mole 1



Table XX
T(°C) EvlbLLL Evib i i n TSv i h ^
25 2382 2376 5560
35 2461 2456 5827
45 2540 2532 6096
55 2619 2614 6368
65 2699 2694 6643
75 2778 2773 6920
85 2859 2852 7199
95 2936 2931 7480
105 3015 3011 7764

TSvibiI±l a (i ; a ( ii } A a
6209 -14796 -14669 121
6498 -14978 -14878 100
6790 -15168 -15091 77
7084 -153b1 -15306 55
7380 -15556 -15522 34
7679 -15754 -15742 12
7980 -15952 -15964 -12
8283 -16156 -16188 -32
8589 -16361 -16414 -52

Casell
Thermodynamic properties as functions of Temperature for the transfor­
mation (0”=4.67Af 0=1O9°)-^((r=t4.95A, 0=80°)
EoU)= -11619 cal.mole"1 Vj_ = 54 cm"1
E0(II)= -9511 cal.mole"1 $>i;[= 41 cm"1

AE~ =-1325 cal.mole"1 ’Vfltt _ A
Energy units are cal.mole



Table XII

Sample AH(cal.fi"1) AS(cal.g"1deg"1)
Case I 12.3 0.032 107*
Case II 14.4 0.041

**80.4
H60 27.5 - -
H43 19.5 - -

H18 • 23.0 - -

H63MR 27. 0.079 71
H63 26. 0.075 73
T23 19. 0.058 55
***B8 18. 0.053 65

deference
calculated
calculated

55
55
55
7,26
26
26
26

Phase transition thermodynamic properties of Several preparations 
of crystalline PTBD.
♦Predicted from A A vs. T data in Tahle X 
♦♦Predicted from Ak vs. T data in Table XI 
♦♦•♦Crystals precipitated from benzene at 8°C
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Table XIII
Polymer Monomer Unit
Polyeth- (-CH9CH9-) ylene 2

Poly-1-
butene(i,c)(CH2CH(CH2CH3)-)
Polysty- (CH9CH(C~H-)) 
rene(i,c) 2 b 5
Poly-4- (CH9CH(CH9CH(OH,;9)) 
methyl-1 * 2 5 2
pentene(i,c)
Polypropy- (CH9CH(CH,)) leme(i,c} 2 5
Polypropy- same as abore 
lenels,cJ
Poly-1,4 tCH«CHCH2CH2)
trano buta-
diene(,c)
Polyeth-  ̂OCH-CHrtOCOC^H.CO)
ylene 2 2  ® 4terephtha- 
late
Polyoxytri- (CH9CH9CH9o) 
methylemetc)*
Polyoxymeth- (CH?0) 
ylene(c)
Polyisobu- (CH9C(CH,)9) 
tylene 7

Cp(calc) Cp(exp) References
13.64 12.44 67,69,70

71,76,7778,81

24.10 23.91 68,83
30.41 30.37 66r68,72

34.55 34.70 73,74

18.87 18,00 66,72

18.87 18.15 66,75,82

22.66 23. 17

43.97 50.66 79,80

20.53 25.58 88

12.32 8.71 37,65

24.10 26.12 89

heat capacities of various polymers computed with equation 
24* i ■ isotactic, c » cyetalllne, 1 « linear, s ■ syndlo- 
tactic. — 1 — 1Heat capacity units are cal.mole* deg 
♦Measured at 0°C
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and to three polymers containing oxygen with considerably
less success, .The specific heat of PTED computed tfith eql24)
as £ function of temperature is plotted in fig. 24 along
with experimental data derived by Stellman et al(17).

S139-S73 ^or I’TBD was also computed by the method
of generalized frequencies and was found to be 0.077 cal.deg- 
- 1g. The mean specific heat of PTBD-II measured by Stellman

- 1 - 1and coworkerst 17) was 0 .4 5 cal.deg .g. derived
from this value works out to be 0.079 cal.deg7 1g”  ̂ which 
compares quite favorably with the value computed with eq(24).
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DISCUSSION

Crystal Structure and Phaae Transition Properties
In the Introduction it was stated that certain com­

putational errors existed in the work of Stellman, Wood­
ward and Stellmanl17J. Before discussing the results of 
the present work, these flaws will he discussed.

First,the bHH constant for the Scott-Scheraga function
was listed in the dissertation of J.M. Stellman as 44.60 

12 ** 1kcal.A. mole“ instead of the correct value of 4460 kcal.
12 - 1A. mole given in reference 51. Single chain energy cal­

culations carried out by this author with the erroneous 
value gave the same values as those reported by Stellman 
et alt 17)»which indicates that the erroneous value might . 
have been used throughout the work.

Stellman and coworkers(17) computed the enthalpy of 
transition by taking the energy difference between two'hex­
agonal1 lattices with interchain spacings corresponding 
to the experimental form I value and to to the'hexagonal1 
unit cell energy minimum in form II. For form II the hex­
agonal lattice is questionable,and for formal it is defi- 
nately incorrect since it is known from experimental work 
to be monoclinic.
In the present work the minimum energy for the 'hex­
agonal1 lattice of Stellman et al(17) occurs at 5.104 which 
is assumed by this author to be valid at 20°C. At 75°C the 
coefficient of thermal expansion of Ogives 5.18 A which 
exceeds the experimental value given by Suehiro and cowork- 
ers(14) by 0.23A. In contrast the monoclinic form II lattice 
has a minimum at 4.85 A, assumed to be the value at 20°U* 
this changes to 4.92 A at 75°C which is in excellent agree-
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merit with the value given by Suehiro et al at 20°C, hut ex­
ceeds that given by Natta and ^orradinit, 13) by 0.05A. In 
any case the Scott-Scheraga function does give good agree­
ment between calculated and experimental interchain spacings 
if it is assumed that the Van der Waals radii from which 
the potential energy functions are parametrized are valid 
for 20°G.

The lattice constants given by Stellman et al(17) are 
listed in Table VIIIB. It is of interest to compare the 
values of these constants to the lattice constants given 
in the present calculation. However, before comparisons are 
made, two important differences between the present work 
and that of Stellman and coworkers(17) should be pointed 
out. First, the calculation of Stellman et al was carried 
out by freely varying the two lattice parameters a and b. 
while in the present work only the interchain distance was 
varied. This procedure guarantees a constant ratio of a 
and b. It also guarantees a pseudohexagocnal molecular pack­
ing which is consistent with references 13, 14 and 16.
A second difference is in the function used. Earlier it 
was pointed out that the b ^  constant of the Scott-Scheraga 
function may have been in error in the stellman calculation 
so that the lattice-constants predicted by the Stellman 
et al function are suspect. Lattice constants computed in 
the present work will be compared with those derived by 
Stellman et al with the KitaygorodskytK) function.

The values of (T in the fourth column of Table VIII 
are derived with the equations of APPENDIX C, As can be
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seen the values of the (J*derived from the a and b values 
in that table are divergent. The differencessbOtweennvaluess 
computed from a and b values in the'lattices range from 
0.19 to 0.95 A. These divergent values of <7 give rise to 
lattices which are substantially different from the pseudo- 
hexagonal molecular packing given by X-ray diffraction ex­
periments. It is note worthy that the relative magnitudes of 
a and b computed by Stellman and coworkers are reversed in 
form II relative to form I. The reversal of magnitudes can 
be interpreted in an interesting way. The differences be­
tween tf(II) andffCl), the Interchain, spacings of forms 
II and I,.:respectively are given below. The values due to 
Stellman et al are averages of the <5*' s computed from a 
and b. All of the values are uncorrected for thermal ex­
pansion, and all are for monoclinic lattices*

tfdP-qtl) Function. Reference 
0.18 A SS 17
0.03 A K 17
0.25 A SS Table VIIIA

The change in the PTBD molecular geometry decreases the 
fiber period of the molecule resulting in an increase in 
the effective radius of g^rration of the molecule about its 
symmetry axis. The repulsion between the different molecu­
lar chains Is not isotropic in the plane perpendicular to 
the molecular axes so that the increased repulsion in form 
II is accommodated by a shift 6f the molecules in the di­
rection which relieves the maximum stress. In the work of
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Stellman et al(17) the increased stress is relieved by 
a decrease in b and an increase in a. As can be seen above 
<T computed with the K function does not increase signifi­
cantly. <Tcomputed with the SS function is suspect. In the 
present work, a and b are constrained to change in the same 
ratio so that increased repulsion guarantees an increase 
in <T • The largest increase in viz. 0.25 A is observed 
in the present work. Constraining a and b to vary in a 
constant ratio is somewhat artficial bpt is consistent 
with the experimental results.

Dilatometric experiments by Takayanagi et al(29) and 
DSC measurements by Marchetti et al(3Q,’3l) indicate that 
solution grown PTBD crystals are composed of two coexisting 
metastable crystalline forms below 75°0. It is possible 
that the parameters of these forms can be found in the form
of minima in the D vs, O’ and 0 surface where 0 is the CH-CHg
dihedral angle. The Scott-Scheraga function would be a 
good function to start with because of its success in predic­
ting the lattice constants of form I,

Phase Transition Theraodraaaic Properties
As might be expected from the crudeness of the present 

model the phase transition thermodynamic properties are 
somewhat less than satisfactory. Comparison of AHcalc with 
AH^.r for H60 heptane crystals shows that only 50% of the 
enthalpy of transition has been accounted for by the model. 
Depending on which case in Table XII is examined, the value 
of T^r is more or less gratifying, add indicates that the
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model shows promise. Several factors contribute to the 
success or failure of the model,and these should be con­
sidered when the results are examined. First the internal 
vibrations were treated as invariant between forms I and II, 
Examination of the H63 Raman spectra at 25° and 77°C show 
that this is not the case. It should also be .poin­
ted out that the SS function was derived for saturated hy­
drocarbons. A function which is more specific to thecase 
of unsaturated hydrocarbons such as the Williams 6-exp(91) 
might perform better.
The Method of Generalized Frequencies

Because the present meth’od uses the Einstein harmonic 
oscillator approximation to compute thermodynamic functions, 
several limitations must be observed. First, the motions of 
the molecules should approximate harmonic oscillations. Se­
cond the substdnces in question should not be at tempera­
tures near phase transitions. The method is not expected 
to work for amorphous or glassy materials since they often 
undergo second order phase transformations which occur over 
wide ranges of temperature. The method should not be used 
below approximately 250 K where the Bebye method tends to 
be more accurate. Finally the method is limited by the a- 
vailability of generalized frequencies which can be applied 
to the system of interest.

All of the hydrocarbons in Table XIII are partly crys­
talline except polyisobutylene which is amorphous. The a- 
greement between theory and experiment within this group 
is good (viz.io.50 cal.mole"1). Agreement among the oxygen
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*containing polymers is poorer. This is expected since the 

generalized frequencies for this group are not as well es­
tablished as those of the hydrocarbons. However the large 
deviations observed in this group (see Table XIII) suggests 
that there are other factors contributing to in these 
cases. Amorphous polymers tend to have higher observed 
Up's than their crystalline counterparts. A notable excep­
tion to this rule of thumb is polystyrene whose amorphous
Cp is 29.74 cal.mole^deg”1 (81,83,87) compared to 30.37 

—  1 —  1caltraole deg for the crystalline material. Another case 
of interest is polyoxymethylene whose computed Op is sig­
nificantly higher than the experimental value. Such a dis­
crepancy indicates that the contributions from low frequen­
cy modes, which are not as well established as their high 
frequency counterparts, are; not as large as the calculated 
result suggests. This may be particularly true for lattice
vibrations which have been assigned a contribution of 1.9872 

—  1 ~  1cal.mole, deg per degree of freedom.



CONCLUSIONS
(1) The Scott-Scheraga (,SS) non-bonded potential energy 

function predicts the correct interchain spacing for 
PTBD I at 20°Cf and in conduction with the coefficient 
of thermal expansion given hy Suehiro et al(l6J only
slightly underestimates^.92A compared to 4.95A(16)) 
the interchain spacing of form II at 75°C when mono­
clinic lattices are considered.

(2) The 'hexagonal' lattice overestimates <pfor form II
"by 0.23A when the Scott-Scheraga function is used. This 
discrepency Is attributed to methylene crowding inher­
ent in this lattice.

(3) The SS function accounts for only 50*16 of the enthalpy 
of transition of crystalline PTBD. Better results can 
he expected from other functions and if the present 
crude model for the free energy is improved.

(4) The method of generalized frequencies provides a promis­
ing technique for estimating non-transition thermody­
namic properties of crystalline polymers.

101
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APPENDIX A

The following pages list the FORTRAN computer program
used to perform computer experiments in the present work.
A brief explanation of each segment is given below.
(1)MAIN PROGRAM- This segment computes the x, y, and z 

coordinates of a molecule and uses them to construct a 
unit cell. It also carries out the energy and force con­
stant computations. Most of this is done via the calling 
of the succeeding subroutines.
SUBROUTINES

(1) FUNCTION ENERGY carries out necessary summations to com­
pute the values of EQ and the force constants.

(2) FUNCTION E is the function being summed by FUNCTION ENERGY.
(3) ASSIGN-copies x* y, and z coordinates from registers NI. 

to NF to NI+J,to HF+J*
(4) SHIFT^ shifts X, Y f and Z from registers NI+DI to NF+DI 

and increments their values by DX, DY and DZ respectively.
(5) TRSFRM carries out the coordinate system transformation 

of x, y, and z to x', y ’, and z1 on page 71.
(6) REFLECT reflects xf y and z coordinates in registers 

NI;through NF into registers NI+DItto NF+DI through a 
plane parallel to the XY, XZ or YZ plane.

(.7) ROTATE rotates X,Y and Z coordinates around an axis paral­
lel to the X, Y or Z axis by angle PHI.

(8) SUBROUTINE TAB*prints out .X, Y and Z coordinates from
registers NI to NF.

(9) CROSS computes vector cross product.
(JO),UNIT generates a unit vector from coordinate input.
(11) CRTSN constructs cartesian coordinates of a molecule 

from molecular geometrical inpjit.
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n SJ3B JA3E,TINE-630
J I INTE3E1 riOlOStlB)---- 2------ 03- m .  l-Mt-533--3 *EAD(5,131M 31D54 ITE<7,132)i013S, I-5-- »3 -JjUTE(6,.n3-U3»S-I6 131 F3RMAT(23A4)7 132 F3RNAT(1844,191_a--13>.. - spann t-».laAA.iBi9 n STOP13 ENO

SDATA INTS3E3CH41.C4SE.DI-----33J8LS PAES-US13M A.AE»a46EtFSfDS3S»L,»...,— .,..~»...— - — ~im,,HY(2),ZEE(2),lEN,3X,0Y,3Z,Xl,YI,2I,XJ,YJ,ZJ,Xi<,Y<,ZK,:TH = rA,ITNETA ,PHI,3ABS,X,Y,2,»I2,3Z5E----- OOJ8L5 MES-ISION A»3»S.035TA------ ------------------------DOJBLE PRECISION JX.JY.J2C3HKOV/CA9T/XC233 ),Y1233 ),2(203 J/LEN3H / 1E ( 221 / AN3LE/F: I 43» /1 N3 1 e tx-m (23Ua*e 122) .ti==uLn.j=E[ 1 u  33— 1----C3NN3N/3/J(433 I.YI433 >.W<433 I Pt-DAROOSI-I.D3I----- a.».»A*a.i---------------------------------------------C INPUT N0LSCJL41 3E3NET1Y RE40»NRE»NF£.NAT3M----- PUJtT^t------------- LSMAW---- 1-----JJ----------------DO 1 1-1,NASaeadi5.2)re(n, ns< n, jist n1 - JU .T51 6.23>*EM  1 , U S I I) ■> J15I I»----------------------------PAINT.* AM3LE t J*DO 3 t-l.NFE-----2SAQt5.2>F£(.( UtFE( I t .  JF5J-U-----------------------------3 411TE(6.23) FEII WIFE! II .JFEI II2 F3RMATIF9.6.2121-20-- FOAM AT ( 1. * .30X»fi9■ 5.215)---------------------------------AEA0(5,bK:H4AC II.I-UXAT3NI 6 F3RNATI43I2I-C---- OQ.NST.aUCi INITIAL M3LSCJ1Al :33131NAi£S---------------------C**#*******«*********<i*********-AArESI3N 303131 NATE constructor 1EA0.NI.N2.N3
------2g.»a>M2»il3J---------------------------------------------------PHEE-PHI(NI.N3I *P12/363 XINII-3.D3----- Yt.M.LUO.03-------------------------------------------ZIN1J-3.D3X(N2)-l(iNl,N2)----- YLM2I«3.03-------------------------------------------ZIN2I-3.D3X(N3>«X<M2)+RP*DABSOC3S<PHE£>*0.30)----- Yt M31 »ap*as.tM( M E E »--------------------- ---------------Z(N3)-3,03IF(N4T0N.LT.4I 33 T3232----- 03-i6-l«ft.NAT.3M---------------------------------------READ!5,3 III.12,13,14,CASE,»HIP CALL CRTSN( 11, 12,13,14,CASE,RHIP,PI)_U-- C3MT1NJE---------------------------------------------5 F3ANAT( 412, I1.F6.3I232 PRINT,'INITIAL N3LECJLAR COORDINATES*----- SAIL tAauUNAT3)U--------------------------------------
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c
1

DEFINE M3LECJLAR AXtS REA0*H1.H2*M3,MA EXIl)»(XIM2)+XlMl))/2 i—
EX(2l>(X[M3l+X(HA>t/2 iHYIUMYIMD^Yl M2J)/2 <HY(2>»!YIM3I*YCMAII/2

. C
ZEEI1>«(ZIMI)+Z(M2J >/2 ZEE(2)«!ZIM3I+ZIM*)1/2 TRAMSF3RM MOLECULAR AXIS T3 Z AXISREMOS3RTI (EX12J-EXI 1) )**2*< XHY( 21-rfHY( 11) **2*- I ZEE (21 -2== 111 »**2)DX»-EX(lloy»-<hyi i >0Z>-2EE(1)CALL SHIFT* l*M4T3H'0X,3Vf0Z*3) 03 21 1-1.HAT3M

21
x m * j mYtn»YU)zm-rftt)CALL TABULATOR! X<»1EX!2»-EX(1>>/REM YX«MHY(2J-<iHYI Dl/REMZX>tZEE(Z)>ZEE( IN/REMDX*XtM2)-X(Ml)DY*yi'l2l-Y|'Itl <i0I«Z ( M2) -Z I N» 1 > sCALL AxaiOX.OYtOZ.XL.YXtZXtXUYI.ZI) REM«3S3RT(Xmi*YI*YI*ZI#ZI >

*»

xi-xi/rem *yi«yi/reh ■ iZ I»Z I/REM_____________________________________________  vCALL AXBIX<,Y<rZ<iXI*Yt*ZI,XJ*YJ.ZJ>primt.xi.y u z iPRIMT,XJ*YJ,ZJ_________________PRIMT,X<,Y<*Z<CALL rRSFRMIXI,YlfZI,XJ,YJ,ZJ,XK,Y<,ZX,l,MAT3M) PR I'IT* 'REORIENTED MOLECJLAR C33R0IM4TES'
C

CALL TAB (I * MATOM) DZ*2(11l-ZI9}SPECIAL IMSTRJCU3MS
'

Aw SET SET TIMS AM5LECALL REFLCTll,2,l.MATOM.O.OO.OI CALL ROTATE! 153*03* 3* 1* MAYOR 1
C

PrImt,' Chaim uith iso decree seetimc amcle'CALL TAB!l» MATOMI CHAIM EMER5Y AMO FORCE C3MSTAMTSt IMSR^T AFTER t AXIS 3RIEMTATI3M OF MOLECULE MCHAIM-3.MAT3M-13|̂r ̂ j
* MQ-MCAMAT3MMt*IMC-l1*MAT3M/2+l■ffS7MC*U*MAT3M/2 , DO 25 T«1,MC 1 J»(I-ll*MAT3.M

25 Ji«I*32CALL SHIFT(l,MAT3M,0.33*0.Q0rJZ,J) CALL ASSI3MIl.NO.O)
■ C HE^aoomaL LTm tS £m£r5y CALL ROTATE!-30.30,3,1,M3) . READ*JR*MA,MB* \T TI I
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r -  CALL S H I F H l . ' O  , 3 . 3 3 ,  3 . 0 0 ,  3 . 0 3 ,  0)
- J C S 3 » 0 C 0 S ( S 3 * P I /1 8 3 I

---------------------s S3 »3S m  s 3 * * u x a M ----------------------------------------------------------------------------------
L A - m - l ) / 2  ♦ !
L B - ( > I B - n / 2  *1

--------- sciu sr o *.
93 29 1 * 1 , NA 
00  29 J - l f ' I B_________ 4aL»tUUt .> * j9»<  J w L B U  J9ACS3-----------------------------
J Y * t  J - L B ) * J 9 * S B 3
I F U X . E Q , 3 . 3 . 4 ' l 9 . J Y . E a . 3 ,  >33 T3 33

----------------------CALL SHtFrUr- ' *A. t .3M»UK>jy.»3.«33»^Q)-----------------------------------------------------
33 T3 29

33 £C 9YSr»SC9YSr*E 'lE93Yt't3 , l.N A T O 'l, 1)
 29 ECAYSr* g CaYS.t -t £-'4EA 3 Y ( 143,.M. U At g t- U -------------------------------------------------------

P 9 IN r ,M Q ,J R
P%I . • LATTICE E ' « E 9 3 Y « • , = C m T , • < C 4 L / ' ^ 3 L = ,

--------- t t o a --------------------------------------------------
£S0
FJ'JCriON EME«Y< S 3 , L I , L 2  .LX>

----------------------1MTES68 CHA8------------------------------------------------------------------------------------------------
CON'ON/O /X 143 3  l , Y ( 4 0 3  1 , 2 ( 4 3 3  >/SLE ' tT /Cr fAA<403 ) 
E ^E 93Y -3 .
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00 13 J - L X . ' i O
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N*CHA9( J I
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33 T3 < 3 , 2 , l > , > n

1 ( F ( I A B S ( I - J ) . L T . 1 3 1  33 T3 13
----------------------SMEX3Y.»EME9SY»Et3?3 . ,29S333. ,8 i ---------------------------------------------------------

33 T3 13
2 I F t I A 8 S I I - J I . L T . 8  ) 33 T3 13

_____________ 6ME93Y»E*ilE9 3Y»E 1129 .  , 2 3 5 3 3 3 * ,  9 >__________________________________
30 T3 13

I I F * I A B S ( I —J * . L T . 4  ) 33 T3 13
_____________ E.M693 YiEME93 Y»E t AS. 7 ,  kh*X3»-U-------------------------------------------------------------

13 CONTHdE
9ETJRN
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EJECTION Et A, B , 9 )
E > - A f ( * * * * ) + & / ( 9 * * 1 2 )
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E'lO
SJBR3JTIYE ASS I 3 ' t (  'Al i I F ,  J )

_____________ o a j f l i F  F a p r . t s i a v . x , Y,2_____________________________________________
tVTE3E8 CHAA
COMMON/BLEtt/CHAAt 403 )

00 1 I - N I t ' t F  
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n *H0■ J s j a i o - i n x e  s r t i F r m . ' t F . o x . o Y . o z . o n
-------------------- l.XI5SEitOI-----------------------------------------------------

i x t e s e r  cha*
03JBLE PREItSlOX X.Y.  I,OX,or, 32jK*3M/.a. uua.o uituja U4f̂a.i..i./=LE'iT/:-tft:iHiai i

1 /C 4 1 IV X (2 3 3 I ,Y (2 0 3 t ,Z (2 0 3 >  03 10 UMUXF 
: ha* (  u o i  u c H m  u j  .
J ( [ » O I ) > X ( t  t+ox 
y ( i * o n » v f  n * o v  -u m-oi.umuaz
retjtx
EXD..sjaaajx-ixe nsFtHixuv l ftt i
03JBLE PRE:iSI3X X ,Y , Z, X I , V I , 11, XJ, YJ, 2 J , XX,Y<,ZX 
OOH'XO'l/CA^r/XtZOO I.YtZOO >.£1203 )
03 la -U ttt-.M B ----------------------------------------------------------------------------
r x - x m * x i + y  a  > * / ! ♦ £ (  n * z i
T Y » X m * X J * Y I  I * *YJ*£ (  1>*£J 
rz«x( .u-*xx>y(  i n v x * n  t i n <
x( u - r x  
y i d - ty 

-w  z t t u r z .
r et j as  
EMO
pjxstijx tuu.t
03J8CE PRECISION A,P- l l ,R6tFE
: 3 ! i ' 1 3 N / L E ' l 3 M / A E l Z 2 ) / A X S l E / F  = ( ‘. O J / I X 3 E X m = l 2 2 l  , JR={22t , I F s ( X 3 )  ,

UF6tA.3t - .xa6.XF6--------------------------------------------------------------------------------------------------
33 £3 K « l ,X R £
XAY»<
IF t t.EQ.U E K .) .AX3.1.53. jaEt <1 .31.I.E3 U l S t<.t . AX3..i..=SUU S t  < U -

13 T311 
13 C3XT1XJEn a.astXAxa-

33 TO 1*
EXTRY P r t l l l . J I  
30 12 Xal .XFE
X AY*<
IF U . E 3 . I F E I < t . A ' O . J . E 3 . J F E ( < t  . 3 1 . I . £ 3 . JFE( < J . A X 3 .J .= 3 . I = = (< 1 J 3 

■ 13 T .313------------------------------------------------------------------------------------------------------------------------
12 03XTIXJE
13 PHI»PEI<AY >
-U---K U q -----EXO

SJB23jrtXE AEFLCnXAl,  X A 2 , X I , X F , 3 » 3 I I  
33JBLE-ggE31S.t3U.,X.Y.£,3--------------------------
fXTE3ER P , 31 .OHAA 
CQMX3X/CART/XI203 > .Y(233 ) . 2 ( 2 0 0  1 IQWXOX/ELEXr/̂ HA.K A03-1--------
P-XAH-XA2-2 
00 13 I»XI»XF  
C.-1A.1IU0I t«:^AK..L>
50 TO ( 1 . 2 . 3 I . F  
Z ( I * 0 T t » 2 * 3 - Z t  I )

■ i i u n r u i i  n ---------
Yt i « n * Y i  u  
33 T3 13

-Y .C .U 3.U x2*3-Y tll,
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x ( i * o n - K ( t i  
L j  z u o i j « z i d

 ___________30 TO 13_____________________________________________________________________________'
3 Z I U 3 l ) * Z * 9 - i ( l l

r ( i + D t ) - r m
_____________ z c i » a n » z m ______________________________________________________________________

13 : » n ^ j E  
XEr jXN

_________ E>|D___________________________________________________________
S J B f O j r i N E  X 3 r A r E ( P H l , N 4 X I S , N [ , N F )

‘ 03JBLE PXE3ISI3M X,I f  , I, PHI , P I  , C P H l , SPHI , 34XC3S , 333S, 3SI 'I
_____________ : 3 H H 3 V E L E H r / 3 H A * < 4 3 3  )________________________________________________________

C0HH3N/CAR.r/X( 233 > ,Y<233 > , £< 2 0 0  >
P I - D 4 X C 3 S ( - l . D 3 )

_____________ C P H I « 3 C 3 5 t P H I » P I / 1 8 3 )_______________________________________________________ ___
S P H I « D S I N ( P H I * P I / 1 8 3 )
00 13 I»>*I .

_____________ 33 fO < 1 , 2 ,  3 > , NAX IS____________________________________ ________________________
1 r r » r m * c p H i « - z <  t ) p s p h i  

t z — y i  n * s P H i « - z <  d o p h i
_____________ r x » x ( i )____________

33 r o  4
2 r x *  X< U * O P H I * Z t  I  *

_____________ TZ»-X< n * S P H I » Z <  t )» CP H l________________________________________________________
r y » r < i )

< 30 T3 4
3 r x »  x m » ; p 4 i » r c d »s p h i _______________________________________________________ __

r r « - x <  n * $ P H i + v <  d * c p h i
r z » z m4 x m » r x _____________________________________________________________________________
Y t n « r y
z m « r z

13 o o x r i N j E ______________________________ __________________________
xstjxn

<■ END
_____________ SJBaOjr t .ME T4S< M I . >___________________________________________________________

INTE3EB CHAX
OOJ8LE PPEOISIOV X ,Y ,Z

_____________ C3HH3N/CAXT/XI 233 ) , y < 2 3 0  ) . Z t 2 0 0  ) /ELEHT/OHAX<403)_____________________
r f X I T E I S , I )
03 13 I « N I , N F

13 X X l T E I & t 2 ) l , X H ) t Y l l ) , z n ) , : H 4 ^ t n  _______________________________________
1 FORMAT! *3 *  , 2 3 X , * X * , l 3 X , » y * , 1 3 X , ' Z * >
2 FORMAT!'  ' , I 1 0 , 7 X t 3 ( F 8 . 5 t 3 X > , 5 X , ! 2  )

DETOX'!pra :
SJBR3JHNE C X 3 S S < N l , N 2 , H l , H 2 , A X , 4 Y , 4 Z )

_____________ D3J8UE PBECIS13M BX,BY, 9 Z , 4X, 4 y , AZ ,O X ,3 Y,Zl_______________________________
tA LL  J N I T ! B X , B Y , 8 Z , N 1 , N 2 >

*- 3 4 l l  j i m i : x , : y , : z , M i , H 2)
AX»BY*CZ-BZ*CY
A V » - 9 ) t * C Z * i Z * £ x
a z » b x * c y - b y * cx
RETJXM

SJBR3JTINE OMIT! J X , J Y » J Z , ' I 1 , N 2 )
_____________ 33JBLE PXEHSrOM X , Y , Z , 4 , 4 X ,  4Y,AZ,3S3XTYUX,UY,UZ_________ ._______________

: 3 H k> 3 N /3 A 4 r / X < 2 3 j  ) , Y< 233 > , Z ( 2 3 3  )
*> A X « X ! N 2 ) - X ! N I )

_____________ AY« Y ( N 2 I - Y M 1  I____________________________________________________________________ I
*
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i________________________________________________________i
AZ-ZIN2I-ZINI) _

1 A-3S3RTI AX*AX«-AY*AY*AZ*AZ)------- jx*ax/a________________________________    .___
JY*AY/A
JZ*AZ/A

--------- AStJRN----------------------------------------------- ---------
END

***5RR3R*** END 3F FILE EN:3JNT5R=3 3N UNIT 5 I13N 333S HiZlTI
PR33RAM rfAS EXECJTIN3 LINE 3 IN O U T  INE N/PR33 <H£N TERN! NAT I 3N :

COR6-USA3E---------------3aJECT--£30E»-----------L a v .a x tS S . A31AY A.LEA*-------------I2 _ 9 X Z = S *1 0 I-lL

0IA3NQSTICS NJN9ER 3F E R O R S *  l» NUN9ER 3F <44RNIN3S* 3, N.
C3NPILE TINS* 3.13 SE2,SXESJTI3N TINS* 13.13 SS3. W A T = W  - JJL 1373 .
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APPENDIX B
The heat capacity of PTBD computed at 80°C by the method 
of generalized frequencies
Monomer formula (-CI^-CHg-CHsCH-)
N=10, n=10, a=0 0=(3x1O-1O-4)/lO=1.6

£i Tvne YjIcnT1) tcal.mole?1d ea
6 V C=H 2914 0.012
1 Vc=C 1664 0.104
3 V C-C 989 1.783

60 $ C-H 1247 3.095
<zf 8c=c 599 1.979
30 fic-c 390 7.760
4 V( lattice), *41 7.930

Cp(total)= 22.663 cal.mole.^deg”1 
= 0.419 cal.gT1deg“1

* Computed from the Scott-Scheraga function for a form II 
lattice with (T=4.95 1
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APPENDIX C
Translation Operations for Generating Monoclinic and ’Hex- 
agô nal'' lattices

L X

c^osu
Pig. 01 Pig. 02

L

Figures C1 and C2 depidt XZ and XY projections of the unit 
cells used to generate the raonoclinic lattices used in the 
computer experiments. The crosses in Pig. 02 show the posi­
tions of the four PTBD chains. The a and b parameters are 
related to by

a- 2 < r f H B F }  • *■ 2(r

o is the fiber period and is equal to the distance between 
atom 1 and atom n+1 for a monomer unit oriented with its 
symmetry axis coincident with the z axis. Atom n+1 is an 
auxiliary atom, n is the number of atoms per monomer unit. 
The translations applied to the unit cell are given below 
in terms of simple integers

’ Ux~ nxacoS(24°)V  nYbUz= n^c - nxasin(24°)

Pig. 03 difines the translations needed to generate the1hex­
agonal 'lattice.

Pig. C3

i



APPENDIX Cfcont»d)
The translations are applied to a chain of N monomer units 
whose symmetry axis coincides with the z axis. These trans­
lations are given in terms of G*below.

V  2nx<rcoSl60)+iyflrsm69) «= (nx+iny)a*

Uy* n-$'SIN(60)
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