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'A Raman Spectiroscopic Investigation of Crystalline Poly(1,4
Trans Butadiene) and the Relationship ‘Between the Thermody-
namic Properties of Poly(1,4 Trans Butadiene) and its Crys-
talline Structure'

by Hilton F. Evans
Advisor: Prof. Arthur E., Woodward

ABSTRACT

Raman spectra waré obtained for various preparations
of crystalline poly 1,4 trans butadiene(PTBD) at temperatures
ranging from 25° to 80°C. Several bands were found %o 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 11331/11311 ratio was not found to be a satisfac-
tory crystallinity parameter. Nor were any amorphous/crystal-
line ban& pairs analogous to those present in the infrared
spectrum found in the Raman spectrunm. The-spectrum above
the phase transition temperature was interpreted in terms of
a monoclinic lattice with conformationally mobile molecules.

Theore tical calculafions of the lattice energy were car-
ried out on the PTRD form II hexagonal lattice proposed by
Stellman, Woodward and Stellman(17), and on monmoclinic form
I and II lattices of PTBD. The Scott-Scheraga empirical po-
tential energy function for hydrocarbons was used,and found
to yleld aatisracthryminterchain 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 energy, the
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enthalpy and entropy changes for the transformation of form
I to fqrm II were computed as functions of temperature. Only
50% of the enthalpy of tramstion waé 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 sypecific heats of
several polymers at 2500. The me thod was found to yield speci-
fic heata 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 EA substanfial agree-
ment with the experimental value of cp. S was also computed
by the above method, and was found to agree with the value ob-
Yained experimentally by Stellman et al(17).
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INTRODUCTION TO PART I
The existence of dilute solution grown polymer single
.crystals has bteen known for twenty years(1). Since the initial
discovery of polyethylene single crystals, single crystals
of a variety of polymers have been grown and studied in order
that their morphology, internal structure and physicochemical
properties could be determined(2). tenerally, polymer single
crjstals grown from dilute solution are platelets 6f about
50 to 200 A thick and several hundred microns widé. 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
hzve 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
materialt'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
interactions of the component molecules, and can therefore be
used to detect the varlous 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
rhase transformations.

DSC or differential scanning calorimetry has been applied
to the study of polymer single crystals, This well known tech-
nique measures the energy needed~ta 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 propertieé such

as Ty AS, AH, and - C_ are computed.

Two -types of x-rai 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 109

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

The most widely used vibrational spectroscopic methods
are infrared and Raman spectroscopy. 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 tp differences between the optically active bands



3

in the IR and Raman spectra. The energies of molecular vibra-
tions usually fall in the 200 to 3200 em™ ! 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 Lotton(5) for fluids and
by Turrell(6) and Fately, bDollish, McDevitt and Bentley(7)
for solids. A good discussion fo Raman and 1R spectroscopy
of solids can be found in reference’ (6). The iR and Raman
seiection rules for solids differ from those of gases in
that the.symmetry of the crystal unit.cellyupon 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 inecident 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 eand rotations of gas phase molecules into transla-
tory and rotatory lattice vibrations in the soclid 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), Miyazawa(11)
used these methods to demomstrate 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.

'he application of broad line NMR spectroscopy to the
investigzation of crystailine polymers was first made by
Wilson and Pake(12). ln that study the traces of polyethylene
and polyté%rafluoroeﬁhylene 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 nume-
ber of absorbing nuclei, the broed and narrow line components
provide a method of determing the composition of non=-mobile
and mobile regions in the polymer crystal., the 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 referréd to as PTBD. Crystal-
3ine PTBD has been the subject of a number of investigations
which have exploited the aforementioned physical techniques
(13=31).,




5

These investigations have also included chemical assay tech-
niques applied to the crystallites' surface§(22,31.32). These
will be described later.

X=-ray diffraction " studies have shown that PTBD
can exist in two crystalline modifications a2t atmospheric
pressure. Form I, which is stable at room temperature has
been assigned by Iwayanagi and coworkers(14) to a P21/a erys-
tallographic space group with a monoclinic lattice, Edch
unit cell contains four PPBD monomer units. Form II is stable
between 71° and 139°C, the melting temperature. X-ray dif-
fraction studies by K. Suehiro et al(16) have revealed the
molecular packing in form II to be pseudohexagonzal; however
na space group could be assignéd. Crystalline PTED under-
goes a first order solid-solid phase transitiom.at tempera-
tures ranging from 55° to 75°C depending upon the method
of sample preparation and its thermal history(15,17,27,30,
31,33,34,3%5). Entropies of transition derived from DSC meza-
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.ﬁStr to ASm suggests
that a considerable increase in conformational freedom oc-
curs ‘in the change from form I to form 1I. The diffuseness
of the X-ray diffractograms of form II(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
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Dy N. Neto et 21(18) and D, Morero et al(19). The IR spec-
trum of form II is almost identical to that of molten PTEL,
the space group of PTBD(viz. P2,/a) contains the inver-

sion operation. Molecules with inversion centers fall into

a special group whose IR and Raman active frequencies form
nonoverlapping sets. 'herefore in order to have the total
optically active vibrational spectrum of PTBD a Raman spec=
trum is necessary. The factor group representation of PTED
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 singile chain
normal coordinate ecalculation due to N. Neto and C. di Lauro
(1&) 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), Haman spectra of solution grown crystals of PTBD were
obtained by Hsu, Moore and xrimm(20). Iln 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 aﬁd discussion sections of this disser-
tation.

Much effort has gone into determining the distribution
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Table A

The irreducible factbr group representation of the PTBD
unit cell

Factor group = P2,/a(Cyy )
Number .of atoms = 40, Number of molecules = 4
Representation of total genuine vibrations

T"total = 304+ 30B,+ 294+ 288,

Representation of libratory lattice vibrations

r'rot,lat: 3A,+ 3B+ 34,4 3B,

Representation of translatory lattice vibrations

rkrans? 3Ag+ 3Bg+ 2Aut By

Totals: 60 Baman active and 57 IR active wibrations
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and gquantity of amorphous material in single crystals of
PTBD. An early investigation by Tatsumi 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(23), NMR spectrosopyl15,25) and

DSC. Stellman and Woodward have assayed the number of surface
double bonds by reacting them with chloroberbenzoic acid(22).
The fraction of the total number of bonds present which reac=
ted was 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 082 are capable of enhancing the motion in
amorphous associated mobile regions(38); 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~ | ®mnds were found
to disappear above the crystal .transition temperature(18)

1

while thé 1075 and 1350 cm  bands were enkanced ¥n inten-

sity. The results are interpreted as meaning that 1050,

1 are associated with crystalline material

1

1220 and 1335 cm’
while 1075 and 1350 cm” ' are associated with *amorphous
conformations.' In the investigation by Hendrix et 2l(23)

the ratio of the 1350 cm~' intensity to that of the 1335
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cm"1 band was used as a measure of the amorphous/crystalline

mole fraction ratio. Calorimetric measurements(DSC) were
carried out by Stellman et a2l 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 tewperdture. The chdins are coniiderdd *o
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 Tresults 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 investigétion two
crystal phase transitions were observed in untreated crystals
which suggesté the existence: of two different crystalline
forms below 75°C 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
'brominated, a 40 to 60% reduction in the enthalpy of transi=
tion was observed along with a reduced ability of the poly-
mer chains to reorganize themselves during annealing which
suggests that the bromlne groups, wﬁich readily add to the sur-
face double bonds, impede the ability of the chains to 'dif-
fuse' 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-1 bands had similar molar extinc-
tion coefficients so that the ratio of 11350/11335 represen-
ted the ratio of amorphous to crystalline mole fractions,

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

2P*
eq(1) I = 3¢?

where P =aE, E 18 the electric field of the incident radia-

tion. als the polarizability of the medium and ¢ is the speed
of light. P is known as the polarization. Lf Raman scattering
is present, P can be resolved into (40) the sum of a2 KHayleigh
component, a Stokes component and an anti-Stokes component as

follows:

ea(2) P Eoa, cosot + $Es 2 [0 (Costorapt sCosta-wnit]

In the above equation o, is the static polarizability, o)
18 the polarizability associated with the nth normal mode of

vibration, W and o are the circular frequencies of the ex-

citing radiation and the nth normal mode of vibration res-
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pectively, @ +@  and w 'wn represent Stokes and anti-Stokes
scattering respectively The intensity of an anti-Stokes

band, In {these are usually used in Raman spectroscopy) is
given by substituting the anti-Stokes component of P for

that line into eq(1). |

2
eq(3) I, = 2 oty E."cw—w,,)’cas (w-wyt

12¢*
1f ag is the total polarizability then In can be written in
terms on the average square polarizability per molecule ;?3
as q 2
F cog® -yl Lt
= :zéﬁi}“ E;Lfad ]
eq(4) = /2¢c*

where N is the number of molecules.
Let Ic and I, be the intensities of hypothetical crystalline

and amorphous bands respectively. the ratio of these two

intensitieIs is Na — w-We 4 (‘asz(a'-'wq)t
ea(s) e - Me s Cos?lto-to)t

If Ic and Ia are born of bands with similar frequencies and
-y
a ‘zc

normal modes of vibration then @ -@c '-"U-wa, and & "«
so that

Ta Nea
e T, ¥ N,

I

In terms.of mole fractions this may be written as

- eq(7) _—t=
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Thus if suitable bands can be found in the Raman spectrunm,
Ic/Ia provides a measure of the crystallinity of a material.
Comparisons between Haman spectra for different preparations
of PTBD single crystals and samples with different thermal
histories at room temperature and above the phase transition
temﬁerature 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.



STATEMENY OF THE EXPERIMENTAL PROBLEM

The experimental work to be desceribed had four objec- :

tives which are listed below.

1.

3

'o obtain Raman spectra for various preparations of crys-
talline PTBy at room temperature, and to obtain Raman
spectra for heptane grown PTBD crystals at various temper-
atures between room temperature and 8o°c,

To determine if amorphous-cryétalline 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.

Yo determine if relationships exist between crystallinity
and the frequencies of skeletal and lattice vibration bands.
o 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 Co., 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 8670(:10%). The number average molecular
weight for a sample of PTBD crystals precipitated from
n-heptane was found to be 36900(210%). The number average
fiolecular 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
Pilter into a2 second flask, and the solution was then chilled
to 09C 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 Jjust 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 bulk 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 constunt atirring for
one hour. The solution was then filtered hot .hrough a glass
filter into a second flask. It was thern cooled in an ice-
water bath to aboutlooc 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°9C
thermostatted bath.'These crystals were examined using a
Phillips 300 electron microscope and showed the normal hex-
agonal shape(22,23)., 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 above 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 mm 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 a2lumi-
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 thermométer seated in the metal disk on the
left. o 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°C for about one
hour, ‘‘he sample was then allowed to cool slowly to room

temperature.

H63MC crystals{melted then quenched crystals)
The set=up in fig. 1(b) was used for this preparation.

After heating to 140°C 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. LThe 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 toherant Radiation Inc, Model 52B argon laser equipped
with an etalon. ¥he wuseful frequencies were 5145 and 4880 A.
The detector was an ITT model ¥M=130 photomultiplier tube,
certified for photon counting. the PM tube was maintained

at =20°C 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=-ups

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 was focussed
onto the mat at an angle of 3Q%

The assembly for the high temperature experiments is
11lustrated in fig, 3. The metal disk was heated by 2 1 cm
heating tape obtained from the Brisco Mfg. tvo. of Columbus,
Ohio. 'Yhe temperature was regulated by a rheostat with 2
range of O to 120 volts, and monitored by a tenwal Elec=
tronlcs Inc. precision thermistor embedded in the metal
disk, The thermistor resistance was measured by an impe-
dencelbridge, and this quantity was converted to temperature
through the calibration curve depicted in fig, 4. The cali-
bration curve Was prepared by the author against a glass
bulb thermometer with a precision of 3 degree immersed

in a2 water bath.

Room 'emperature Specira

Raman spectra of the preparations decribed above were
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Fig.2
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obtained between 0 and 3200 cm:1 at room temperature. The
entrance and exit slits were usually set at 100 microns

1

(approximately 2 cm~ band width), and the central slit was

set at 120 microns, The scan rate was set such that
RATE & 60S/4Rc

as recommended by the operating manual where s 13 the slit
width in cm','1 RC is the time constant in seconds in the
Photon counting mode, The rate was in cm-1/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 31lit was set as narrow

1

as 1 em ' and the scan rate as slow as S cm'1/min.

High Temperature Spectra
High temperature spectra taken of PTBD samples fell
into two categories., he first vategory were survey spectra

L and 80°C which is 2bove the

taken between O and 3200 em
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'conéﬁan::Uaﬁd larger

slit widths. The temperature was controlled to within :1004
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 hydraulie

press
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L at different temperatures between 25° and

1

50 and 300 em”
80°C, Spectra were also obtained in the 1300 to 1350 cm™
and 2700 to 310C cm”' regions.
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RESULTS

Figs, 5 = 11 depict typical Raman spectra for differ-~
ent preparations of crystalline PTBD at room temperature.
No bands occur in the 1700 - 2700 em~' range so this
region has been omitted. The spectrum of HE3 crystals at
77°C is shown in fig. 12. The frequencies of the spectra
mentioned above as well as those of T23 and T23&A crystals
-and those given by Cornell and Kcenig for PTBD rubber are
tabulated in Tables I and II. The above crystalline spectra
are in substantial agreement with those given by Hsu et
al(20).

Generally for H63 crystals the bands at 238, 761, 1150
and 1437 cm™ ! are found to underge substantizl reduction
in height relative to the constant 1666 em™' band upon
annealing, melt recrystallization, melting and quenching
in liquid nitrogen and compression under 25000 psi pressure.

1

L 40% reduction in the height of the 238 em” ' band is ob-

served. Similar reductions in the intensities of the 238,

761, 1150 and 1437 cm'1 bands are also observed for crystals

precipitated from toluene at 23%¢,

The ratio of the 1331 cm™ .

cm"1 band, which has recently been used as a measure of or-

band height to that of 1311

der(20) is tabulated in Table III. The I,544/I;344 Tatio
is 1.2 for H63 crystals and ranges from 1.4 to 1,8 for

all of the previously mentioned preparations. Hsu et al(20)
have also reported that the 529 c:m'1 band sharpens upon
annealing. A high resolution scan of this band is shown
in"fig.13.

The 946 cm™

band which occurs in the H63, H43 K6 H23
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and T23 spectra as well as the bands in the 1050-1090 cem™

range of H63, H43, and H23 spectra disappear when these crystals

are annealed, compressed or recrystallized from the melt. The

lattice vibration band which occurs at 70 cm™

1

in the H63 apec~
trum shifts to 63 and 55 cm” in 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 temperature(viz. 71 -76°09. Figs., 14 - 16 show -
changes which occur in the 50 - 300, 1300 - 1350 and 2800 -

3050 cm™ regiomns as the sample is heated above the tramsition

temperature, The bands at 1437, 1311, 238 and 90 ~ 120 cm™ '
shift to lower frequencies at temperatures adbove 50 - 65%C
while bamds at 761 amd 529 cm™
The 2900, 2930 and 2946 cn'1 bands merge to form a broad band
at 2908 cm" with a higher frequency shoulder, Above the phase
transition temperature the bands at 946, 967, 1050 -« 1090, and

1150 cm™

shift to higher frequemcles.

disappear. The bands at 761 and 529 cm'1become 80
diffuse that their frequencies cannot be determimed. The 2738
and 90 = 120 cu'1 bands become merged with the ﬁackground
formiag a broad contimuum betweem O and 200 cm:' The band

heights of all the bamds tend to decrease above the transition

temperature with accompanying increases in bard width(see fig 11)



26

Table T

Rubber® H(63) H(43) H(23) H(63)A H(63)MR H(63)P" H(63)MQ

70 63 55 73 70 70 67
80 85 83 85 85 83 80
100 100 100 100 100 100 100
116 116 116 120 115 117 120
221 238 238 238 238 238 238 238
529 529 529 532 529 529 | 9529
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 340
1324 1331 1331 1331 1330 1330 1331 423
1431 1437 1437 1437 1436 1437 1437 yu3q
1640 1640 1640 1640
1664 1666 1666 1666 1666 1666 1666 4cee
2846 2839 2839 2837 2837 2838 2839 ,gag
2876 2879 2879 2878 2878 2878 2882  ,gg0
2898 2899 2900 2898 2898 2897 2899 5849
2908 _
2920 2920 2920 2918 2918 2920 4950
2932° 2947 2947 2944 2943 2843 2947 946
3003 2998 2999 2999 2997 2997 3000 ,90g

Raman SPectral frequencies for various preparations of

PTED. Frequencies are in cmy .

a2, taken from reference 36

b. H63 crystals compressed under 25000 psi pressure




£(23)

100

235
530
761
946
967
1018
1150
1270

1310
1330
1435
1640
1666
2838
2878
2898

2918
2944
2998

85
95
103
238
529
761

967
1017
1192
1270

1311
13351
1435
1640
1666
2859
2879
2899

2918
2946
3000
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Table ITI

0=300
continuum

1014

1270

1305
1338
1430

1666
2843
2879

2905
2999

Assignments
Rotational =translational

lattice vibrations

C-C torsion, C-C st.
CCC def., 0.P. CH bend

'CH rock, 0.P. def.

C-C Bto

C-C st.,CH rock, CCC def.
CH wag,CH bend,CC st,

CH, twist, CH2 wag, CH 1i,p,
beﬁd

CH2 bend

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

CH2 assym, st. overtones and
combinations

=CH Sto

Raman spectral frequencies for various preparations of

crystalline PTBD. Frequencies are in cm:1

*Based on single chain normal vibration calculations

by Neto and di Lauro{i18)




Table III

H63 H43 H25 He3A
1.19 1.62 1.52 1.73
H63P H63MQ H63MR T234
1.62 1.85 1.84 1455

I1‘331/I1311 ratios for various preparations of crystalline PTRBD

8¢



Captions for kigs, 5-12

Raman spectra for various preparations of crystalline PTBD
5. H23 crystals |

f. H43 crystals

T. H63 crystals

8. H63P - H63 crystals pressed under 25000 psi pressure

9, H63%A- - H63 crystals annealed at 80°¢

10.HA3MQ ,- H63 crystals melted then quenched in liquid ni-
trogen

11.H63MR - melt reérystallized H63 crystals
12.H63 crystals at 77°%¢

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

G = grating ghost
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FIG.5¢
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FIG.12a
. H63 at77°C
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Captions to Figs, 14-=16

* 14. Raman-spectral scans between 50 and 300 cm"1 at tempera-
tures between 25° and 78°C"
15. a. Raman scans of the 1300-1350 cm™ | region for different
crystalling PTBD preparations at room temperature
b. Raman scans of 1300-1350 cm™ . region for H63 crystals
at 457 657 719.and 75°%
' 16, Raman scans of the 2800-3050 cm™ region for HE3 érystals
at 459 659 719 and 75°%
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DISCUSSION

1'wo Haman 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
(20) have given the high frequency part of the 529 cm-1
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 1133.‘/11311 ratio.
In the present work the ratio does increase for preparations
which are expected to have high crystallinities(viz. H63A,
H63MR, H63MQ and H63P). However 11331/113i% is also higher.
for T23 crystals which have been found to have lower crys-
tallinities than H63 crystals(15,22,23,25,32), For H43,
and H23 crystals, which are expected to have lower crys-
tallinities than H63 crystals 11331/“11311 is also highér.
The failure of the 11331/11313 ratio to follow the expec-
ted trend in crystallinity implies that factors other than
crystallinity determine this ratio. Both the 1331 and 1311
c:m'1 bands were given crystalling assignments by the nor-

mal vibration analysis of Hsu and coworkers(20).so that

52
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eq(6) is not applicable, However the trends observéd in
this ratio can be discussed in terms of eq(5). For any
closely spaced bands the ratio of the intensities is I,/I, =
N1&?/Né&?. The ratio of I;43,/Iy544 is found to vary from
2.4 at 110°K(20) to less than  near the transition tem-
perature, This indicates that as the temperature increases

6{,1-2331 decreases at a faster rate than&?mr?

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
E;é which results in lowered scattering intensity. The more
radical changes in molecular geometry which accompany the
prhase transition as well as the associated increases in
chain motion is evidenced by the change of the 11331/11311
ratio to a value below 1, This is further evidence that
2;3331 decreases with increasing'conformational motion fase
ter than 63311.

If a relationship between&?331/&.‘2311 and crystalli-
nity doeg exist it is protably not 2 simple one.

Hsu and coworkers(20) have reported the disappearence
of bands at 1078 and 1202 cm™’ upon annealing. In the pre-
gsent work no band at 1202 cm_1was observed; however bands
at 946, 1050, 1068 and 1090 cm~' in the H63, H43 and H23
spectra are observed to disappear when these samples are
annealed., If the PTBD spectrum at 77°C 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 bands in the 77°C spectrum were found to have higher

' band than in the

ratios when compared to the 1666 em™
spectra at room temperature. Therefore no bands analogous

to the 1335 and 1350 cm™ ! 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-CH,~ 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,
61, and 529 cm - bands, but not the 238 cm” torsion band
which decreases in fregquency near 7100. The torsion band
is also lower in frequency in PTBD rubber which is considered
to be amorphous(see Table I), -~

_The shift 5f the 238 cm™

band to lower frequencies
with increasing temperature implies that this alfft cannagt
be explained solely in terms of changes in molecular geo-

metry. The torsion potential energy is sinusoidal. Ais 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 brcught about by thermal expansion

also lowers the effective potential energy which contri-

butes to the lowerimg of the frequency of vibration.

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

band in H63 crystals as a function of preparation. This band

occurs at 73, 63, and 55 em™ )

in H63A, H43 and H23 prepara-
tions respectively which suggests that the frequency of this

tand is dependent on crystallinity. Unfortunately this




55
band is not observed in the T23 spectrum,
The diffuseness of the bands below 1000 cm'1and the

broadening of those above 1000 cm™

in the 77°C spectrum
comes about as a2 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 crn"1 in the analysis of Hsu et al

(20), form a degenerate band at 2999 em™

in the Raman spec-
trum, If this band is in fact degenerate, then one of the
gpher 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 en” bands are apparently coupled.-~This
coupling is disrupted above 75°C so that the bands merge

to form one broad band at 2905 em?)
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- The;disappearence of the.égsﬁcm'1band(seg figs..14a
and b) has two possible interpretations. (1) no equilibri
um 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 3cattering between O and 200 em™

suggests that
the second explanation is probably the case,

No new bandé appear in the spectrum above the tran-
sition temperature which suggests that the selection rules
of form 1 still apply in form II; therefore the average
crystal geometry of form II is still probably monoclinic
with the P2,/a factor group.

Finally the disappearence of bands at 946, 1050-1090,

1%and the failure of these bands to increase

and 1202 cm,
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 gtable predominent form
when the crystals are annesled 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 II of this dissertation.

. — —

%1202 CI-T band ebserved by Hsu et 2l(28)




(1)

(2)

(3)

(4)

CONCLUSIONS

No crystalline/amorphous band pairs analogous to those
observed in the infrared spectrum of crystalline PTBD

were found in its Raman spectrum.

The merging of bands in the hydrogenic stretching region
regults from decoupling of these modes brought about by
molecular conformational motion in the high temperature

form of PTBHD.

The failure of new bands to appear above the transition
temperature suggests that the crystal structure is still
monoclinic with the P21/a space group.

The disappearence of certain bands upon annealing, melt
recrystallization or compression of solution grown PTBp
under 25000 psi pressure indicates that a metastable modi-
fication of PTBD I exists below the transition tempera-
ture, but tfansforms into the more. stable predominant

form when subjected to the above thermal and mechanical

treatments.
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INTRODUCTION TO PART II

The availability of crystal structure data for both
the high and low temperature forms of crystalline PTBD(14,
16) 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 Jjust 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, @, for  form II in order to pre-
-dict the most stable érystal sfructures 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. lLattice Model
Phe lattices used in the calculations of Stellman et

al(17) were the monoclinic lattice given by Iwayanagl et
21(14) for form I 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(41) was
generated by a series of simple translations of a single
central PTBD chain in the XY plane(41). In a lattice gener-
ated in the ahove manner 'CHZ' groups could occupy planes
containing only other -CH2* croups. The same is true for the
~CH= ®roups, This author believes that unfavorable steric
interference between methylenes 'crow@ed' into common planes
would exist in this lattice. In the monoclinic lattice the
planes are occupied by a 5C:5C mixture of -CH,~ and -CH= groups.
This can best be seen in the XZ and YZ projections of Fig.20.
The A-ray diffraction experiments of Suehiro et al{16) and
Iwayanagi et al(14) have shown that the PTBD monomer unit
undergoes a change in fiver period corresponding to a change

in the CH,CH,CH=CH dihedral angle from 109° in form I to 80°

2
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 packins civen by the
X-ray diffraction studies(13,14,16) is pseudochexaronal; i.e.the
chains are arranged in a hexagonal array around a single cen-
tral chain. Congistent with this packing the conformational
energy can be minimized with respect to the interchain spacing.
This one-parameter calculation insures pseudohexagonal packing,
and is thus more constrained than that of Stellman et al(17).

However it should lead to lattice parameters which are con-

gistent with Those csiven by experiment,
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The Calculation of the Specific Heat

Stellman and coworkers(17) computed the specific heat
(Cp) from the slope of the U(conformational energy) vs
T = K§ curve where K is a constant whi.ch relates ¢ to T,
the temperature. Both U and @ are linear functions of
T over short intervals so that

7&.%%.:,:5%;: Ch

This formulation peglects the contribution of molecular
vibration to Ci so- that the value of Cp 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 Frequenciles.'
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 Pree Energy Function
The Gibbs free enérgy per mole is given by(42) . -

- L
ea(8) G=E+Pv-TS
where E, PV, and TS are the total energy, the pressure

volume product and the temperature entropy product. For

solids APV)is usually small so that the Helmholtz free

energy 1is used.
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eatsy A = E-TS

1f electronié and nuclear energies are excluded, since
they are not expected to change significantly with changes
in mqlecular geometry, then for crystalline hydrocarbons

A can be written as

e1(10) A = Eo+ Evg + Eron = TSus

The terms in the above expression warrant some
explanation. E0+Etor=U represents the total conformational
energy per monomer unit, Eo is the sum of 211 pairwise non-
bonded interactions between atoms of one unit and all of the

atoms in the lattice. Eo can be written

n N
ea(11) Eo = 2 X V(ry
lzv Juie

J runs from i+1 so that no pairs are counted twice and so
that i=]j terms are excluded. N and n are, respectively,

the number of atoms in the lattice and the number of atoms
in the monomer unit. V(rij? is an empirical potential ener-
gy function; usually chosgn as a Lennard-Jones or Bucking-
ham function and Tyj is the internuclear distance between

atoms 1 and j, E is the potential energy arising from

tor
threefold sinusoidal barriers present in the monomer unit,

and is of the form

E.. = Vo (1| +C0s(38))
eq(12) ToR 2

In the above expression, Vo is the height of the barrier
and # is the dihedral angle between planes formed by four
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atoms bonded in the manner depicted in fig. 17.

Fig., 17

%

The definition of a @ dihedral angle
Evib is the energy resulting from internal and lattice
vibrations.of the molecules, and can be calculated from
the vibrational partition functton of the crystal. To a
fair degree of approximation internal molecular vibrations
are independent of the molecular packing in the crystal(s),
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 B ype What is needed is an
approximation for Zvib’ the partition function.

A s0lid 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 temperature(44). If hV/kT
is less than about 4, A, E, and S become independent of
the exact nature of the frequency distribution(45) and
almost any distribution with the same mean frequency as
the true distribution should give satisfactory resulis.
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 functionuean be written([}j)
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- N
eq(13) Z = £,

where 27 is the molecular partition .functien amd N is the
of molecules in the lattice. For a system of harmonic eoscil-

lators Z can be writtea
W /kT

B e
wi Ea= T Fore]

where VY;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)

- Nhy: Nhv:
eq(15) Ews - ;["z— + exP(hv:/lﬁ'?-l]

hw/KT

hy; e
8q(16) Cus = > (kr)(eh\’:/k_f_ )

i

: ¢ - (1-¢
o - 2:— [g'_‘l:;_(ew./u: ;) - R n

_hw /yr )]

eq(17)

The frequencies of wvibration in the X, Y, and Z directions
and of libration around the molecular axis are likely to be
differant, but their mean value V, can’be used in place of'ﬂi
in equations 15, 16 and 17.

By ignoring the effect of lattice vibrations Stellman
and coworkers have equated U and A, For computingijﬂtr and
Dstr this approximation is acceptadble but if Ttr(the tran-
gsition temperature)is to be predicted the vibrations must

be included.,
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The Relationship Between Free Energy and Crystal Structure.

If suitable potential energy functions are chosen, Eo
can be conputed from a knowledge af the molecular and CrysS=
talline structure. The expression for Eo was given earlier
(viz. eq(11)).

An approximation which relates the vibrational mean
frequency to the crystal structure will now be derived.

If E° 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

2 - *vinj) - K
ea(18) Kx = (aa,f;) = g,%"[ 9%t ]'x, Z,

The symbol X, indicates that the above quantities are eval-
pated 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 K;o which is thet!force
constant 'for the monomer unit beéing displaced relative

to the rest of the chain, is.subtracted, This is the long wave
spproximation. Kx‘can be negative or positive, The terms in
the summation cam be written

eq“”[ ‘] [g‘rv i r':,‘)1 [ - I(a'\i"]
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In the above expression the derivatives are evaluated at
the equilibrium value of rij'
The libration torque constant for a rigid body oscilla-
ting about a principle axis is given by

a
caz0)  Hg = [%0;{“]@3.-0

where A8 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 libraztion is to
equate it to the mean frequency of the x, y and z transe
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 fron
| | Kx
eq(21) ‘%& = iq;";;
where M is the formula weight of the monomer unit.

The Method of Generalized Freguencies

At temperatures where no transitions are taking place
and where the Einstein approximation applies Evib' Svib'
cand Cp(vib) can be approximated by an adaptation of the
method of generalized frequencies(42). This method was first
introduced by K. Bennewitz and W. Rossner(46) for use with
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gaseous organic compounds, and was later modified by Do-
bratz(47) to give more accurate results. The Uobratz equa-

tion is given below,

eq(zz) Cp = 4R+ZR +2;.n;C'v; + 2:— [(gn'%;:‘ =y, C'{;)

For gases, the first term in the above includes the
rotational and translational contributions to Up; R per
dégree of freedom. a is the number of internal ffee rota=-
tions in the molecule. ‘Vi and 61 are generalized frequen-l
cles of bond stretching and bending respectivély associa-
ted with the ith bond type. These frequencies have been
compiled, averaged and tabulated by Stull and Mayfield(48,
49) and Lobratz(47) from spectroscopic data, ny is the num-
ber of times the ith bond type appears in the molecule.

Cy; and Cg are the Einstein contributions of frequencies
y; and 81 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 ¢.

To adapt eq(22) for use with crystalline polymers,
several assumptions are made, rirst Cp-= Cy» 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?1 This. frequen=-

cy was computed frem

]
eq(23) Ve = 292 UGF
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where G is the Wilson G matrix element(4) for torsional
vibration around a C=C bond. F is the force constant given
for hydrocarbon torsion barriers by Neto and di Dilauro(18),
Torsional motions in the backbone of the polymer are con-
sidered to be combined with the skeletal bending vibrations;
i.e., Uvi 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
Lb. Even if the lattice vibration frequencies, which are

1

usually less than 200 cm ' in energy, are not available,

1 -1

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 1is Z q,
(3N-4-0-1n;) 2NCs + QA
eq(24) CP '—"1’0')" +¥1‘£CV£ * In; ¢ ™

where a is the number of side-chain torsions and C’%or is
the contribution of a torsion vibration to C_. Cy, is
the contribution of one degree of lattice vibrational-
motion to-C/, hy, V4» 84 and N have the same meanings
as in the Dobratz equation. The Uobratz 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 1is expected

from eq(24) for hydrocarton solids.

rinally, although eq(24) is derived for specific heats,
equations of the same general form can be used to compute
Evib’and svib. In. such cases the right eide of eq(15) would
replace the Cy; and C§; terms when E;, 1s to be computed,

and eq(17) would replace these terms when Svib is desired.



STATEMENT OF THE THEQRETICAL PROBLEM

The computer .experimental work to be described had five

objectives which are listed hbelow,

1e

4.

5.

To predict the interchain spacing for crystalline PTED
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.

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

To compute H, S and G as functions of temperajpure for
the forms I and II lattices with the potential energies
and lattice mean fregquencies computed above,

To compute phase transition thermodynamic properties

for the above lattices.

To adapt the method of generalized frequencies 6f Dobratz
(47) for computing heat capacities of crystalline poly-

merse.
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COMFUTATIONAL PROCEDURES

Description of PTBD Molecular and lLattice Geometries

In this section a mathematical description of
the PTBD chain geometry will be presented, The procedures
for generating the initial atomic coordinates from this
geometry and the generation of the crystal iattice from
these coordinates will be described. ®“ubsequently 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

Fig. 18 Bond Lengths
) o~ C-H 1.08 A
120°( cﬁc C=C 1.32 A

(Jc 1o ;;ﬁzfg

The parameters in fig. 18 are the same: as those used by
Stellman et al(17) for form I. In form II the CH-CH, di-
hedral angle is changed from 109° to 80%

Cartesian Coordinate Generation T L

... 'hec:coordinates of a fourth atom can be constructed
from the coordinates of a chain of three to wh;ch 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, #nd 3 in two steps. First the coord-
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CASE 2

Fig.19(a) ‘ Fig.19(D)

inates of atom 4 in a coordinate system centered on atom

3 or 2 are computed. Second, these cobrdinates 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
»(25) 5= Wyexld T2 UuyxU
eqs J' = Ugxily, J'= =l xUn
I Uy 0L, { tlyg % Uyl
- -h n=—&.
eqs(26) k= Uz &
-l -, b
- -t = ’ Lt = J"k
L = dx

eas(27)

ﬁpq is a unit vector directed from atom p teo atom q.
The definitions of the cartesian coordinates of atom 4
relative to the local coordinate axes defined by i, j and

k are given helow,
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CASE 1 CASE 2
Xgy =V, 008 SING X2y = Wy Cote SO
Y3 = F,SiN@ Sivb Yay = Viq SING SING

2y = Yyy C0L O
6 = W-47229

P s (00200 - coclat23) eosfd.22v))
(S {a32v) S1v LA 12¢))

Zyg = M3, (080
& = 7.42%¢

@ = 123¢ Dikedral
Angle

=2

e - 3 [mﬂﬂ MON,"pl_
The transformation to laboratory fixed coordinates
can be accomplished via the following scheme taken from
Kreyzsig(50). Let Vi, be the vector directed from atom

L to atom 4. R -
\/,_,,a-'fwi: t Vb tZuk

VL4 can also be expressed in a coordinate system whose ori-
gin i1s centered on the atéom. L, and whose axes are parallel

to the laboratory fixed coordinates.
Vig = XL’ v Y57 + 2L R
The laboratory coordinates of atom 4 can be obtained by
'dotting"VL4 successively with'f','f',and,?', and adding
to the resultant terms Xrs Y1, and Zq.
Xg= %y 00 ¢ Y l-U 0 2y KT7 ¢+ X,
Vi = XgTJ" + Yl + T K7+ Yo
2 e XDk YTt 2 RR - 2,
note: Iq-i = 5'.-;]. = "E-'}'_c = 1
i etc, are the coasines of the angles between the local

and laboratory fixed coordinate axes.
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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. +the fiber period is the distance be=-
tween atom i of .a monomer unit and atom i in the immediate

neighboring4unit in the chain,

PTED Unit Cell and lattice Generation.
the x2z, yz and xy projections of the unit cell for

the monoclinic lattiée are depicted below in fig.20.

s

h.
z
5oy, m’uk__l Y
e
v
T !
rnmnr—f «

rig.20
1'he monomer units have been numbered I - IV . 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 Table 1V.
Table IV

2 = 8.63 £, b =9,11 A, c = 4,83 &
6

B

0 =2 4,60 A = the interchain spacing

setting angle = 150°

1142 = the inclination of the molecular axis.

Unit cell parameters for PTBD I(from ref. 16)
©. is defined for monomer unit I as the angle between the-
Xy projection of the CH2-CHé‘bond and 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. Transfarm the initial unit so that its symmetry axis
coincides with the z axis. At this stage & = 0°

2. Rotate the unit 150°around the z axis to give © =150?

3. Rotate the unit 24° countér clockwise around the Y or

b axis to give @ = 1149 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 2 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.
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Unit IV
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 'Hexagonal'”lattice

Following the dissertztion of J.M. Stellman a 5 unit
chain was sgbjected to a series of simple translations in
the XY plane to yield the 'hexagonal' lattice of chains.
(Yee APPENDIX C for definipig equations.)

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

the present work was that of R.4.Scott and H.A. Scheraga(51).
The function is a Lennard-Jones type function and has the

form

Etr) = =3¢ ¥ =

eq(_ 28) 'I; 5
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The parameters for this function are given in Table V.

Table V
Atom Pair §(kca1-A?mole'1) b(kcal.A1gmole-1)
H...H 46,7 4460
CessH 128, 205000
CessC 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-~Kirwcod equation for disper-

sion interactions(84,85,86)

;.:= %%daaqﬂi;‘g%ap
Czq [72%?:;7§§Tf

where 2, is the first B'ohr,orbit, 0.5292 4, 0(31_ and qj are
the atomic polarizabilities _of atogs i and }J, ny and nj
are the effective number of electrans in the outer shells

of these atoms, and e is the fundamental electronic charge.
Eq. 28 is then minimized with respect to rij’ and evalu-
ated at the value of the Van der Waals distance between -
atoms 1 and }, 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-
chain spacings computeéd in:-this study are valid for "
room temperature( 20°) 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, ln the present study the

experimental thermal expansion.coefficients for the inter-
chain spacing reported by Suehiro et al(16) are used to
convert the interchain spacings at 20° to those at 75°C.

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

GQ(29) ETDA(¢’)= %’VQ (' +c°s czd)) Vo=1 .98 kéal/niole ‘

The value of Vo is taken from reference 52,

Computer Experiments

4 listing of the program used in these 'experiments!'
is given in APPENDIX 4 along with comments describing its

operations.

Calculations of the conformational energy, minus tor-
sion whiech is constant, vs.®, the interchain spacing were
carried out for the monoclinic lattices of forms L and 1II,
and on the 'hexagonal' lattice with the form II dihedral
angle. Yorce 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 spacinés. From these data the lattice
vibration mean frequencies were computed and used to com-

pute Evib' Svib and along with U to compute A,

valceulation of Phase Transition Thermodynamic Properties

To compute Ttr' linear regression analysis is applied

to A(form 1I)-A(form I) as a function of T, T__ is the

tr
temperature at which A4 is zero.

AHy,, has two contributions., These are 4U which is the

* PR VT VI T
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energy of crystal structure reorganization and,AEvib which

is the change in the vibrational energy.

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

a function of temperature between 75° and 13909. 81399375
was also computed for PTED, The mean lattice vibration fre-
quency computed from egs, 18, 19, and 21 for a form.II
lattice with 6= 4.95 A was used 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

frequencfes 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.molef1degf1was assumed for

each degree of lattice vibrational freedom.
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TABLE VIA
Generalized Frequencies for Hydrocarbon Bond Types*
Bond Type Yem™H em”]
C-H(arom., ) 3045 1318
C-H(aliph.) 2914 1247
¢=C(aliph.) 989 390
C=C(arom.) 989 390
C=C(aliph,assym) 1664 421
C=C(aliph,sym) 1618 599
C=C{arom.) 2215 333
C=C (arem,) 1618 844

* Taken from references 48. and 49

TARLE VIB
Generalized frequencies for Non-hydrocarbon Bond Types**
Bond Type )&gcm'1z 5;§cm"12
c-I, s-5 500 260
C-Br 560 280
C=C1,C=S 650 330
C~-N, N-KN 990 390
C-0, N-O 1030 205
C-F, C=S 1050 530
C=N 1620 845
c=0, N=0 1700 390
S-H 2570 1050
N-H 2920 1320
O-H 3420~ 1150
-’

%% Taken from reference 47



RESULTS

Crystal Lattice Constants

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 Table
VII. The torsion energy terms were excluded since thegy
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¢ =4,60 A which is the same as the
experimental value given by Suehiro et al(16) at 20°C. The
monoclinic form II lattice has its minimum at 4.85 4; however
if it is assumed that 4.85 A Gorresponds to the value at
20°C, and the coefficient of thermal expansion for & given
by Suehiro et al(16)(viz. 2.8x10 *aeg™") 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 ¢ value is éssumed to be -that cor-
responding to 20°C, a value of 5.18 A at 75°C is obtained.
The calculated and experimental lattice constants for var-
ious lattices at 20°C and 75°C are summarized in Table
VIIIA. The a, b and § lattice constants computed by Stellman
and coworkers(17) are summarized in Table VIII B. § is
computed from a and b via the formulae in APPENDIX C so

that two values of § are given.

Mean Lattice Vibrational Fregquencies

The values of‘?&,‘i , and ?z calculated using egs.

y

18, 19 and 21 and their mean value,;im are liated in Table

IX for the monoclinic lattices with the experimental and

computed § values., The expression for Hg y the libration

PR S
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Table VII ;
6(a) | E(FornI) E,(Form 11) - Ec(Hexaganol)

4,40 -10,105 0.611

4.45 =10,.855 =2,550

4,50  =11,330 -4.895

4.55 -11,599 -6.610

4.60 -11.692" -7.838

4.65 -11.667 -8.689

4.70 -11.546 -9,249 3,731
4.75 -11.355 -9,584 -0,995
4,80 -11,112 -9.747* ‘ -4,106
4.85 -10.831 -9.778 | 6,170
4,90 -10,524 -9.709 =7.498
4,95  =10.199 -9,511 -8.187
5,00 - 9,866 -9.367 -8.794
5,05 : - =9.023
5,10  =9,070
5.15 -9,025
5.20 | -8.888

5.40 _ . =T7.966

Lattice conformational emergylexcluding torsion terms) as a
fumction of interchain spacing form forms I and 11 memeclinic
lattices and for the Stellman et al "Hexagonal™ lattice(12)
Interchain spacing is expressed im angstrems,

Energy is im Kcal.mole™'

*Energy minimum
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Table VIIIA |

7(%) O(A)  a(d)  bia) ela) i 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 Ref(6) exp.
.75 4,67 8.85 9,34 4.83 Form I Ref(6) exp.
20™ 4.60  8.72  9.20  4.8% 'Form II calc

75 4.67 8.85  9.34  4.83  rorm L cale

20" 4.85  9.20  9.70 4,66 Femm II calc

757" 4.92  9.33  9.84  4.66 Forg II cale

75 4,88 - - 4,65 Form II Ref(1) exp.
75 4,95 - - 4.66  Form II Ref(6) exp,
75 5.18 - - . 4.66 Hex..Lattice-calc

|

Calculated and experimentally derived lattice constants for
various PTBD crystal lattices,

exp.~ experimental comstaats

cale.~ calculated comstants

'Calculated value at 20°C

**calcnlated from assumed value at 20°U with coefficient of

thermal expamsion for ¢, the interchain distance given by
Suehire et al(16)
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Table VIIIB

PTBD lattice constants computed by Stellman et al(17)

Lattice Form a!A!

I 8.70
I 8.65
II 2.8%
II 9.70

lHexagonal 1+ -

£

'Hexagonal 1I1° -

a.
b.
C.
d.
e.

f.

BA)
9. 60
9,50
8.50
8,50

G(4a)
4.59(4.80)2

4.56(4.75)2
5.20(4,25)2
5.12(4.25)2
4,80
4.67

Comment
SS function
X function®
S8 function
K function
K function

X function

values of & computed from a and b respectively

Scott Scheraga function

Kitaygorodski function

Value of bHH may have been in error

'Hexagonal' lattice with dihedral angle equal to 109°.

'Hexagonal' lattice with dihedral angle equal to 80°,

86
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Table IX

(%) g(a) ¥, i’_y X, _ﬂm Comment
20 4,60% 43 96 45 61 Form 1
75 . 4,67 31 85 46 54 Form 1
15 4,92%% 28 70 35 44 FormII
75 4,95% 26 65 32 41 FormII

calculated lattice vibrational frequehcies for various forms of
PTBD.

¥Experimental interchain distances{see Table VIIL)
*%*Calculated interchain distances(see TablevIII)

L8
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constant yielded physically meaningless negative values
so that 'Vin was substitutead for"'\?e. This procedure was dis-

cussed earlier(p.64).

Computed Thermodynamic Quantities

Evib’ TSvib'and A which 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 monoelinic lattices
having the theoretical and experimental § values, To sim=-
plify analysis, the conformational enefgy,'U,"was held con-
stant at the value corresponding to the 75°C interchain
spacings. AA is listed in the last column. Linear regres-
sion analysis was applied to the A4 vs, T data, For the
theoretical transition, viz,(@¢=4.67 &, # = 1090)-’(6=4.92A,
g. = 80°%) a 3lope of -1.802 c:::ll.deg'1 and an intercept of
192.8 cal were obtained. These give a Ttr of 1077 AA vs,
T data calculated from experimental lattice geometries,
viz. (G=4.67 A, $=109°)-» (¢=4.954, $#=80°) yielded 2 slope
of =2.182 cal.deg;1and an intercept of 175.5 cal,These
give a T, of 80.4°C. The transition thermodynamic proper-
ties of these two models are summarized in Table XII along

with experimentally derived properties,

Hesults from the Method of Generalized Freguencies

The specific heats of several crystalline hydrocarbon
polymers are listed for 29°C in Table XIII., The specific

heats of these polymers calculated from eq(24) are also
listed. Eq.(24) was also applied to one noncrystalline
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Table X

IL——) E‘ibL-l ~vibL——l- 2.4 br—l TsvibL——l A(L) - _A(I1) * A4

2382 2377 5560 6097 -14845 -14697 148
35 2461 2456 5827 - 6382 -15033% -14903-- 130
45 2540 2536 6096 6670 =-15223 =-15111 112
55 2619 2616 6368 6960 -15416 -15322 94
65 2699 2694 6643 7253 -15611 -15536 T5
TS 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 -1663%6 ~14
125 3174 3170 8337 9056 -16830 -16863 -33
135 3253 3250 8627 9364 ~17041 -17091 -50

case I

Thermodynamic properies as functions of Yemperature for the transfor-
mation (@=4.674, ¢=109°)+>@r=4.92A, $=80°)
E (I)= -11619 cal. mole™’ 9I= 54 cm

E (I1)= -9652 cal.mole” V=44 cm

-1
-1

"AE, _= -1325 cal.mole

tor

knergy units are in cal.mole” !
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Lable XI

g C) E,ypL) B {I1) I5_., (1) DTS ., (I1) A(I) A(I1) A

2382 2376 5560 6209 -14796 ~14669 121
35 2461 2456 5827 6498 -14978 =-14878 100
45 2540 2532 6096 6790 -15168 =15091 77
55 2619 2614 6368 7084 -15361 ~15306 55
65 = 2699 2694 6643 7380 -15556 -15522 34
75 2778 2773 6920 7679 -15754 -15742 12
85 2859 2852 7199 7980 -15952 -15964 -12
95 2936 2931 7480 8283 -16156 -16188 -32

105 3015 3011 7764 8589 -16361 -16414 -52

Casell

Thermodynamic properties as functions of Temperature for the transfor-
mation (0=4.67A, $=109°)—>(G=4.954, $#=80°)

E (1)= =11619 cal.mole™" P, = 54 cm
EO(II)=7-9511 cal.mole” ! i)iI= 41 cm

1
-1

AE —-1325 cal.mole” 1,

Energy units are cal.mole” -1
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Table XII

Sample AH(cal.g™ ') _pS(cal.g 'deg™ ") gtrifgl_ Reference
Case I - 12,3 0,032 107" calculated
Case II 14.4 0.041 80.4""  calculated
H60 27.5 - - 55

H43 19.5 - - 55

H18 23,0 - - 55
H63MR 27. 0.079 71 7,26

H63 26, 0,Q75 13 26

T23 19, 0.058 55 26

B8 18. 0.053 65 26

Phase transition thermodynamic properties of Several preparations
of 6rystalline PTBD.

*Predicted from AA vs. T data in Table X

**Predicted from 4A vs. T data in Table XI

*%XCrystals precipitated from benzene at 89¢c
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Table XIII

Polymer Monemer Unit C (calc) C. (exp) References

Pelyeth" (‘CHaCHz") 130 64 12044 67. 69,70

Ylene 71,776,177
78,81

Poly=1=~

butene(i,c)(CHch(CH20H3)-) | 24.10 2}.91 68,8%

Pelysty- (CH,CH(C_.H 0.41 0.

rema(ilc) | 1oCHI 5~5)) 30.4 30.37 66,68,72

Poly~4- {CH,CH(CH,CH(CH 4. .

othyl-1 2! 2 ( 3)2)) 55 34,70 73,74

pentene(i,c)

Polypropy- (CH,CH(CH4)) 18,87 18,00 66,72

lene(i,c)

Polypropj- game as above 18.87 18,15 66,75,82

lene(a,c)

Poly-1,4  (CH=CHCH,CH,) 22,66 23, 17

trans buta-

diene(c)

Pelyeth- (OCH,CH,OCOC.H,CO) 43,97 50,66 79,80

1 2 2 64

Flene

terephtha-

late

Polyoxytri- (CH20320H20) 20,53 25.58 88

methylene(c)*®

Polyoxylethv.(CHZO) 12.32 8.7 37,65

Ylene(c)

Polyisobu- (CH20(0H3)2) 24.10 26,12 89

tylene

Heat capacities of varieus pelymers coemputed with equation
24, 1 = imotactic, ¢ = cystallime, 1 = linear, s = syndie-
tactic. ) g

1

Heat capacity units are cal.mole,
*Measured at 07C

deg”
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and to three polymers containing oxygen with considerably
less success, .The specific heat of PTED computed.with eq(24)
as @ function of temperature is plotted in fig. 24 along
with experimental data derived by Stellman et al{17).
8139-873 for PTBD was also computed by the method

of generalized frequencies and was found to be 0,077 ca.l.deg:1

1The mean specific heat of PTBD-1I measured by Stellman

-
and coworkers(17) was 0.45 cal.deg-lgf1 Sy39=5q3 derived
from this value works out to be 0,079 cal.deg71g-1 which

compares quite favorably with the value computed with eq(24).
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DISCUSSION

Crystal Structure and Phase Transition Properties

In the Introduction it was stated that certain com-

putational errors existed in the work of Stellman, Wood-
ward and Stellman(17). Before discussing the results of
the present work, these flaws will be discussed,

First, the byy constant for the Scott-Scheraga function
was listed in the dissertation of J.M. Stellman as 44,60
kcal.Al%mole™! instead of the correct value of 4460 kcal.
,fxzzmole"1 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 al(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-
agonal' lattices with interchain spacings corresponding
Yo the experimental form I value and to to the'hexagonal'
unit cell energy minimum in form II. For form II the hex-
agonal lattice is questionable,and for form:I 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-
agonal' lattice of Stellman et al(17) occurs at 5.104 which
is assumed by this author to be valid at 20°C, At 7508 the
coeffictent of thermal expansion of §gives 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 759C which is in excellent agree-
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ment with the value given by Suehiro et al at ZOOC, but ex-
ceeds that given by Natta and Corradini(13) by 0,054, 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°C. |

he 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 compariséns 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 parametérs 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 pseudohexagémal 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 bHH constant of the Scott-Scheraga
function may have been in error in the Stellman calculation
so that the lattice.conatants predicted by the Stellman
et al function are suspect. Tattice constants computed in
the present work will be compared with those derived by
Stellman et al with the Kitaygorodsky(X) function,

The values of @ 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 ¢ 'derived from the a and b values
in that table are divergent. The differencéssbétweenrvaluess
computed from a2 and b values in the lattices range from
0.19 to 0.95 A, These divergent values of ¢ 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 he-
tween §(II) and G(I), the interchain.spacings of forms
II and I,.respectively are given below. The values due to
Stellman et al are averages of the @'s computed from a
and b, All of the values are uncorrected for thermal ex-

pansién, and all are for monoclinic lattices.

O(11)-a1) Function. Reference
0.18 A SS 17
0.03 A K 17
0.25 A 58 Table VIIIA

The change in the PTBD molecular geometry decreases the
fiver period of the molecule resulting in an increase in
the effective radius of gyration 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 tne 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
¢ computed with the K function does not increase signifi-
cantly. O computed 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 @ . The largest increase in@, viz. 0.25 A is observed
in the present work. Bonstraining a2 and b to vary in a
constant ratio is somewhat artficial but is consistent
with the experimental results.

Dilatometric experiments by Takayanagi et al(29) and
DSC measurements by Marchetti et al(30,31) indicate that
solution grown PTBD crystals are éompdsed of two coexisting
metastable crystalline forms below 75%C. It is possible
that the parameters of these forms can be found in the form
of minima in the U vs. @ and @ surface where #f is the CH~CH,
dihedral angle. The Scott-Scheraga function would be a
good function to start with because of its success in predic=-

ting the lattice comstants of form I,

Phase Transition Thermodymamic Properties

As might be expected from the crudeness of the present
model the phase transition thermodynamic properties are

gsomewhat less than satisfactory. Comparison of AH with

calc
AHy. for H60 heptane crystals shows that only 50% of the

enthalpy of transitton has been accounted for by the model.
Depending on which case in Table XII is examined, the value

of T is more or less gratifying, afdd indicates that the

tr
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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, Fifst the internal
vibrations were treatéd 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 hydrocarbdns such as the Williams 6-exp(91)
might perform better.

The Method of Generalized Frequencies

Because the present metHod uses the Einstein harmonic
oscillator approximation to compute thermodynamic functions,
geveral limitations must be observed. First, the motions of
the molecules should approximate harmonic oscillations., Se=-
cond the substances in quesiion 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 Debye 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 énd experiment within this group

is good (viz.20.50 cal.mole-1). Agreement among the oxygen
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containing polymers is pobrer. 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 Up in these

cases. Amorphous polymers tend to have higher observed

up's than their crystalline counterparts. & notable excep-~
tion to this rule of thumb is polystyrene whose amorphous.

C. is 29,74 cal.mole”!

b
calcm'ole-1 L

deg'1(81,83,87) compared to 30.37
deg”' for the crystalline material. Another case
of interest is pplyoxymethylene whose computed Cp is sig-
nificantly higher than the experimental value, Such a dis-
crepency indicates that the contributions from low frequen-
cy modes, whiéh are not as well estztlished as their high
frequency counterparts, are:not as large a2s the calculated
result suggests. This may be particularly true for lattice
vibrations which have been assigned a contribution of 1.,9872

cal.molefﬁldeg"1 per degree of freedom,




(1)

(2)

(3)

(4)

CONCLUSIQONS

The Scott-Scheraga (SS) non-bonded potential energy
function predicts the correct interchain spacing‘for
PTBD I at 2060, and in conjuction with the coefficient
of thermal expansion given by Suehiro et al(16) only
slightly underestimates(4.924 compared to 4.95A(16))

the interchain spacing of form II at 75°C when mono-

clinic lattices are considered.

The 'hexagonal' lattice overestimates ¢ for form II

by 0.23A when the Scott-Scheraga function is used. This
discrepency is attributed to methylene crowding inher-

-ent in this lattice.

The SS fumctian acceunts for only 50% of the enthalpy
of transitiom of crystalline PTBD. Better results can
be expected from other functions and if the present
crude model for the free energy is improved.

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 Eo and the force constants,

(2) FUNCTION £ 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 NF+d.

(4) SHIFT ahifts X, Y, 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 z' on page 71.

(6) REFLECT feflects x, y and z coordinates in registers
NI.through NF into registers NI+DI,to NF+DI through a
plane parallel to the XY, XZ or YZ plane.

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

(8) SUBROUTINE TAB-printe out £, Y and Z coordinates from
registers NI to NF.

(9) CROSS computes vector cross product.

(10) . UNIT generates a unit vector from coordinate input.

(11) CRTSN constructs cartesian coordinates of a molecule
from molecular geometrical input.
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$JJ8 JAJE,TINE=630

INTESEY 43325{183)
031733 1x1.,52)

READI{S5, 121142305

133 A LIELS 111L‘|_11"IQ'I’

11 FIRMAT( 2044}

1

2

3

& WIITE(T,122)4230S,I
e

6

T 132 FIRMAT(1844,13)

——— 3133 _EJAMAT(® ¥ _1BAL,1BL

9 ~ sTae
12 END

SOATA
INTESERCHAR,CASE, DI
~D3J8LE-BRECLSIIN 20 AE s 2HEE+ES 40T IS4 I S N e AR CO5 A5 43R 0P Lo 2ALR L EK

LE2) g WAY12) 2 ZEEI2) s REMy DXy DY 0 Do X oY 02 o XJaYUoZJ o XK YKo ZKSTHZTA,
ITHETA ,PHI,DABRS,X,Y,2,212,]025E
DAJALE RRAESISION A3 et 3ETA

212=x24p]

DOJBLE PREZISION JX,J0Y,J02

CIMMIN/CART/X(29) )of(ZOO Jo,20200 J/LENSTH/RE(Z22)/ANSLE/FSLSII/IND
EELGI o NAELNESLELENT/24A (%20 )

CIMMIN/Q/I(&D) ).VIQBJ Yodd(620 )

P{=Da3205(~1.031}

C INPUT MILECULAR GEIMETY

READ, NRESNFE VAT I
2ALNE L LENSDH I e

D3 L I=1,VRE
READIS»2)RE(TI IXEC )4 JRELT)

—le ARLIE L6220 RE L I IR IR

3
¢ 2
1 6

~

PRINY,? ANGLE t 4!
03 3 I=]1,NFE
ELLY
ARITE(S592)) FE(1),IFELI)JFELL}
FIRMAT(FI.5, 2121}
[ . )

FSells)

READIS, S ({SHA( T}, =L, NATIH)

FIRMAT(4D12)
SINSTZULT INITIAL MILECILAL TIJADINALES

ConsassnnnsssdsdnssannensssesesAATESIIN 20IRIINATE ZINSTIUSTIR

READ,Vly¥2,V3

—~2R22 (N2 ,LMA)

PHEE=PHI(NL, N2} #P[2/38)

X(N1)=3.02
YINLLxD. D)

LiN1)=J.0)

X{N2)=R(N1,N2)
¥{N23x3.07

TiN2)=2.02
X{N3)sXINZ)+RP*OABS(DIZIS(PHES 1 +0.I0)

LiIN3}2),.0)

[F(NATOM.LT.4) 533 TJ232
03 LA-Txh NATIN

A e CINT INUE.
5
232

READISsS5)1 11,012,034 [4,2A%E,241IP
SALL ZRTSNII1,12,13,14,245E,341P,P1)

FIRMAT{%12,11,F6.3)

PRINT "INITIAL MILECJLAR CJJDINATES!
CALL TABCLL.NATIM)
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c DEFINE WILECJLAR AXIS
READ N1, N2, ¥, NG
EXC(LI=iXEN2yoXENLIYNA2

EX(2)n({X{NI)+xX (NG} }/2
AdY{LY=(¥{NLYeY(N2})/2
AV I2)s(YIN3IevY(NGD)/2

ZEE(L)=(ZINL)+Z(N2))/2
LEEL2)={Z(NI)+Z(NS)) /2
c TRANSFIIM MILELULAR AXIS T) 7 AXIS

REM=DSIITIIEXKTI2I=EXIL) ) o2 {AMY(2) =AY (L)) 002+ {2E2(2)-232(1]) )xa2)
DX==EX{1)
O¥s=-Ad4Y(1)

DZ=«2EEi 1)
CALL SHIFT{L1,VATI%,0X%,0¥,DZ,3)

D3 21 f=1,%ATIM
X(01=J0I) '
Y(I}=av(I)

21 Zil)=dil)

CALL TAB{1,NATD4)
X<o{EX{2)=EX{1))/3EM
YXs{AHY(2)=nHY (1)) /REY

LXslZEE(2V-ZEE(1))/REM
DX=Xt92)~X{N1}
JY=Y{N2) =¥ (N1}

OZ=ZiN2)=-Z1NL)
ALl AXBIOX DY e OZ X<y V2% XIs¥121)
REMRDSIAT(XTeXIerIeYIoZIeZ])

X{=Al/REM
Yi=sYI/REM
LI=L1/REM

CALL AXBUXK oV oZ <X oY1o2loeXJe¥deld)
PRINT X1 y¥L,21]
PRINT oy XJs Yy TJ

PAINT XK, V< 2¢
CALL TRSFAMIKT W YIoZIoXJgYJe2Ja XK Y<9ZXs1sNATOM)
PRIMF, "REJITENTED MILEZJLAY ZJJRDINATES!

wALL TABLL,NATOMW)
DIaZ(11)-2(3)
SPECIAL INSTRJCTIINS

o

¢ GET SEFTIVG ANGLE
SALL REFLCTILe2¢1+4NATIH,0.22,)
SALL 20TATE(152.02+341,NATIW)

v =H8IN AdIT+4 130 DEGREE SEETING ANSLE'
CALL TAB(L,\aTOM}) )
C CTHAIN ENERGY AND FORZE CINSTANTS

N A R T AXIS JILENTATION IF MOLEZULE
VI4AIN=),
NATOM»13

NL={
NQ=NCeNATIM
NIs(NZ-LIONATIN/ 241

WFa{NCeLToNATIN/Z 1
DO 25 Isl,NC
Ju{l=1)%NATIM

Ji=l%)L
25 CALL SHIFT(1,NATI%43.3349.00,UZ4d)
GALL ASSISNLL,NQ, 2}

2N S ENERLY
CALL RDTAFE(=32.22+351,9)
. READ) JReNA,NB

[ R TR TP TR TN T s

1K et

LAY NI TIET T
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I
T

SALL SHIFTIL1.ND +3+22,2.09,0.03,3)
S53aD20S159+PI/18))

il -

ssa.;sl“‘sa.n‘llsﬂ\

LA={NA=1)/2 »L
LB={VB~-1)/2 +1

Eo2Y¥SIx]

20 23 I=1l,NA
DO 23 J=l,NB

———Xallal A e S LRI RI2KCA] -

J¥=si{)=-LB)*®)I%55)
IF(JIXeEQedadANDJYLEQLD413D TI 3D
SALL—SHIETL L NATIM, UX e J¥ el 23, NG1

30

33 12 2%
ECAYSTsECAYST+ENESYIND s Lo NATIM, 1)

—_—2%  EZAYSTAGLAYSEAENERSY LN M1

PRINT,NQsJR
PRAUINT,* LATTICE ENERGY=?, Z0YST, " <ZAL/MILE?
SLIe

END

FINCTION ENERZY(NQ,LL,L2 LX)}

INTESER A2

SONMIN/Q /%040 17400 120400 J/SLEMT/ZAAR(40D )
ENERSY=).

221 L=l lel2

09 1) JsLX,N3
o SAATLINLII=XTINDeo24t V(L) =Y{J))ee24(Z([)=2(J))0e2)
MaTHAZLL)

r

N=ZHAR{ YD)
N2 %e=1

SoNLE =So4ERASA ENEITY DATKC

1

3 T (3,250 MY
IF{IABS{I=J) LT12) 53 TD 12

——  ENEGYaENEASYSEL37).,288333..3)

2

33 T2 1)
IFITA8SII=J).LT.8 ) 32 1] 13
EMEISYaFNEATY+EL]129 235333 .,.2)

3

30 T2 12
IFTIAQS{I=J).LT.% } 33 7] 19
EMERSYREMEISYAELAN. T hho5d Rl

12

CONTINJE
RETJRN
END

FUNCTION E(A,B,R)
Es=A/{Ree4 ) 4B/{REn]2)
ISy

END
SJBRIJTINE ASSIGNINI NF,J)
DOIRLE PRECTISIAN X,¥, 7

INTE3ER CHAR
SIMMIN/ELEMT/SHAR( 40D )

___________.JH!&ML.A&ILILZDQL+1LZQQL-ZLZDQlLJLJLAQﬂ.l;MLhﬁQ.L&AL&&&_L__________

DO 1 I=NI+VF
CHAR(I+J)=sZHAR(])
MIATSIENTAS

| §

Yti+li=vil)

Zllsvd)md(l}
IcT 42N

END
SJBRIJTINE CRTSN{ILs02+1351%,2ASE,P4IP,?I )
INIESER CASE
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AVsXE=-AGady=2]
292 XE4lfnXy=nil

IVa AB=288 AVEXD
TTOATOXTO2E4ARXRO2VIAYORY NCISIZ3Rd 37810C

(2 A X TR AR XC 2y Av XY )XY INIACCERPS

ON3
NEFL3Y
CC*Coiv]ix (J°37°({x)}SCVCI]

CC°C=(o1)Ar (1°3T°1AL)SEVCIIL
OC*C=(41)2 (1*37°(21)S8v014]
2i=1%1)2

(7 12+41Ce23411Ga2€84]111002v=2)
- Alstol)a
3 1)+1CekC+]1)CarB+11J08AVRAL

XJs(s1)X
(7 IX4I1CaXS+IICoXG*1110nXV=X]
{91ZH1)N1SCe{rvI)ISCo0sde=]1110

{VISkIIN]ISC (VLI )INISCedl=]10
{V13H11S020sde=)C
X)e AG=ACa XE=2Y

st

2E8X54+7JeNE~xAY
AS#28=~708AB=XY

22-22C

As==AD
¥l=uxZ

I1d-1d=_¥i3k1

217
(rell1SC3ev0= rvy

((1=IN1SCw(%INISCI/H1TSISCICH{SSISCOC=(ESISCIO)=TYIZ

(41421 )t=dr
CS5E/21dniE] S11V1kdnbd
£sc/21ad0l%] ‘11)1kha=€d

CSE/Z]an (%] ‘€l)lre=1d
51 Cl1 C¢
XJwAE=AduXE=2Yy

sl

1B XS+ 208 xE-mAY
Adn26~258AG=XY
CSE/(2]1ded]Hd)nlVl)

Coe/(2lcwiy] 121)1kd)-1d=vidrl
(%14cliv=dy
28-s29

AG==Ag
xg-sxt
£1=7

61 C& CS{2°B2°35vC)d]
(E1*211e/7((21)2-(€3)2)=22
(E€1°21)2/74021)A-1E1)A)mad

CET¥ eI/ ({2 Ix=(CIIn) o2
¥e/29.26
¥Q/AB=AR

BE/x8=XE
(26¢7C+AEnAD+XDxXB} 1CSA=2E
(20°AQ XG*E1421°T1421)5S0%2 192

ldnéds2ld
G=3"1=}
( CO232*C CC2IA*( CCZIX/LEVI/NChIWES

21d*1d204Ad X111

CHIIC IC WIS I PUAC NV S e T eB e v 204 AT XS 20°204XA2V AV XYV]
S lFet JelSCASEVC SCIRVC NISCASCIC 1kc e 242X NCISIZS3Ed 318rCCO

901
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END

SJBRJITINE SHIFTlHI.‘=|DK-JYle oD
LNISSERDL

[NTESER CHAR

0JJBLE PREZISION X.levDXrOYoDZ
SIMNIAND LILGDD vl 31,4060 L SSLIMT/Z-4A2(%00 )

L/CART/X(233),¥1203),20200)

00 13 I=Nl.NF
“HARLE+OT basHARL L)

JiT+Dt)mx{L}+DX
vil+DLYaY{][)+DY
FIARLIRESARGR L b

RETJAN
END

—— S JBAJITINE-TRSEIMIX L L g T Lo R p S p I o X Y n T LN NE )

DOJBLE PRESISION Ry YeZyXIpYI, 2T XdeYdeZIsXKe¥K,2X

SOMMON/TART/X(20D 1,Y¥(200 ).21200 )
0313l NE -

TX=X(I)exXIev{LhoyY+ZiT)a2]
TYsx(L}exJev{I)evisZi1)s2y

PN 4 F 1 IR AR L FZL FERE L2 Ny ANAR F2 2NN

13

X{[)=TX

Y{llaTY
2411al2

RETJAN
Ev0 .
EINSTLIN LT, 0]

DJJBLE PREZISION R,P+4{+EHFE

SIMMIN/LENSTH/REL22)7ANGLE/FE140)/INJEX/IRE(221,J32{22121F3(%D),
LJEELA e NRELNEE

93 1) K=l,NRE

13 TI11
SINTINJE

2L L LAY

30 7O L&

ENTRY PHI(I,J)
a0 12 £al . NEE

KAY=4

IF {1eEQeIFE(C} AN IeEIIFELC]) oIl EJIFE(X) dANDL L2132 (C0) 5
13 1313

12

13
L

SINTINJE

PUISFE(AY)
AET I

END

SJBRIJTINE EFLLCTINAL,NAZy NI NF,3s 21
DAJBLE BPRESISIAN Xo¥elyd

INTESER PyDl,2HAR
COMMIN/CART/%(220 },¢(29) },2(200 )

- COMMJN/ELENL/ZHA214DD )

PENAL+NAZ~-2
DO 13 IsNI,NF
“4ALLa0TlatHARLL)

1

50 T3 (1:243)4P
TOIeDEIn2%Q=-20(1)
IS TTREY

Y(L+0[)=v(])
33 12 12
Yiledl}a2e=¥Y{])

[}

L TR T Y

RE 5t

re

RISL IR

e
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X([+Q0)=X{ 1)
IUI+D])=2(1)
50 73 13

3 T(I+D0)=2*Q=-2(11
YLI+DI)=Y{])
Z(1+01)a20 1)
12 <INTINJE ‘ —
RETURN
END
SJBRIJTINE AQTATE(PH],NAXISeNI¢NF)
DOJBLE PREZISIIV Xy¥yZyPHL,PLoSPHE,SPHE,043505,0238,281N
=IMMIN/ELEMT/ZHAR( 43 )
COMMIN/CART/XI22) 1Y1200 1,21209 )
P1=DALDSL~1.0D)
SPHI=0COS(PHI*PLI/18))
SP4I=DSINIPHI*P[/18D)
00 1) 1aNI NF
32 TJ (1,2,3),NAX15
i TYsY(l)eCPHIe2{l)eSP]
Tlas=Y{I}*SPHTI+Z(1)®sP4L
IXx=X(1) )
33 T &
2 X X(IVeIPHI+Z{ L) &S241
TZa=X{[)®SPHI+Z([)eCPH]
Teavyil)
3 1) &
3 TX= X({[}eZPHE+Y(T)6SPA4T
TYs=X({T)eSPAHI+Y([)*CP 4]
fr=z(ni
L3 X{[)sTX
Y([)=TY
LI =T
1) CINTINJE
RETJIN
END
SJBRIAITINE TAB{NI,NF)
INTESER CHAR
D0JBLE PREZISION X,¥Y,Z
SIMMIN/CARTZX{20D ), ¥ {200 ),2(200 }/ELEMT/ZHAR{40I)
ARITE(S, 1)
D3 13 I=NI,NF
1J AAITEISs2) Lo Xt D)o YIT) 21T ,24024 1)
L FIRMATE D" 20X TX0, LIX, YT, 10X, '2")
2 FIAMATLY 0, [1097X,3(FB.5+3X},5X,12 )

RAETUIN
END

SJBRJJTINE CRISSINL,N24M1sM2,AX,4Y,47)
DJJBLE PRECISIIN BXaAY,3ZsAXsAYLAZ,2X,2Y,52

CALL JNTTUBX,8Y,B8L,NL,N2)
SALL JNITICSK 2V, STy¥1,o42)
AX=BYSCZ-3ZelY

AV=-3sCZ+3TeCX
AZ=BXSCY-BY®CX

RETJ3N
EVD

SJBRIITINE JNITI{IX,JYedZsN1,N2)
D9JBLE PREZISION XeVoloAsAXeAYeAZ,DS53AT,UN VY U2

IMEINZTAIT7X(233 1, ¥ (230 V,L1200 )
Ax=X(N2)=X{N1}
AYsY(N2)-7(N1}

S v dtamag
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AZ=Z{NZ)=Z(NL) .
3 A=ISQATLAXEAX+AY#AY ¢AZSAZ) o
1XsAX A
JYmAY/A
JL=azsa
2ET 42N
END
SHRERRIASEE  END 3F FILE ENSIJNTERZD 3% UNIT 5 (18% 333E (42217}
, PRIZAAM AAS EXECITING LINE 3 IN RIUTINE W/PRI3 A4EY TEIMINATION °
o CORE-USASE—_ 3JBJECT ZI0Ea 624 BYTES,AAIAY ATEAs 72 IYIIS.EArY,
DLAZNGSTICS NJ4BER IF EIXINSs 1, YUMBER JF WAARNIN3Ss % V.
CIUPILE TIMEs 3013 SEZ,ZXESJTION TIWEs 13,19 S3=, 4AFZ1d - JJL 1373




APPENDIX B

The heat capacity of PTBD computed at 80%¢ by the method
of generalized frequencies

Monomer formula (-CH2-CH2-CH=CH-)
N=1Q, n=10, a=0 @=(3x10~-10-4)/10=1,6

n; Type SjSm'12 giscal.mole71deg'1)
6 Ve=H 2914 0,012
1 Ye¢=C 1664 0.104
3 Y- 989 1,783
60 S c-H 1247 3,095
¢ §C=C 599 1.979
3¢ §C-C 390 7.760
4 Y(lattice), Il 7.930

Cp(total)= 22.663 cal.mole.-1deg'1

= 0,419 cal.g>'deg™"

* Computed from the Scott~Scheraga functionm for a form II
lattice with G’=4,95 &
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APPENDIX C
Pranslation Operations for Generating Monoclinic and 'Hex-
agonal' lattices

-.Jain

k4

[

smitd s s 0 9

QALos & .
Fig. C1 Fig. ¢2

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

4]
a=20-2280305) = . 20

cos(247)

¢ 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 2z 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 integefs
, U= nxacos(24°)
Uy= n_ b

0
U,= n,c - nxasin(24 )

Fig. C3 difines the translations needed to generate the'hex-
agonal'lattice.
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APPENDIX C{cont'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.

Uy= 2n,G°COS(60)+ny ESINGE) = (n,+3n )C"

U= nio'sw(m)
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