INFORMATION TO USERS

This dissertation was produced from a microfilm copy of the original document.
While the most advanced technological means to photograph and reproduce this
document have been used, the quality is heavily dependent upon the quality of
the original submitted.

The following explanation of techniques is provided to help you understand
markings or patterns which may appear on this reproduction.

1.

The sign or “‘target” for pages apparently lacking from the document
photographed is ‘“Missing Page(s)”. If it was possible to obtain the
missing page(s} or section, they are spliced into the film along with
adjacent pages. This may have necessitated cutting thru an image and
duplicating adjacent pages to insure you complete continuity.

When an image on the film is obliterated with a large round black
mark, it is an indication that the photographer suspected that the
copy may have moved during exposure and thus cause a blurred
image. You will find a good image of the page in the adjacent frame.

When a map, drawing or chart, etc., was part of the material being
photographed the photographer followed a definite method in
’sectioning’’ the material. It is customary to begin photoing at the
upper left hand corner of a large sheet and to continue photoing from
left to right in equal sections with a small overlap. If necessary,
sectioning is continued again — beginning below the first row and
continuing on until complete.

The majority of users indicate that the textual content is of greatest
value, however, a somewhat higher quality reproduction could be
made from ‘‘photographs’’ if essential to the understanding of the
dissertation. Silver prints of ‘photographs’” may be ordered at
additional charge by writing the Order Department, giving the catalog
number, title, author and specific pages you wish reproduced.

University Microfilms

300 North Zeeb Road
Ann Arbor, Michigan 48106

A Xerox Education Company



72-24,158
STELLMAN, Jeanne M., 19u47-
THEORETICAL AND EXPERIMENTAL INVESTIGATIONS
OF THE STRUCTURE AND PROPERTIES OF POLY-
(trans-1, 4-BUTADIENE).

The City University of New York, Ph.D., 1972
Chemistry, physical

~ University Microfilms, A XEROX Company , Ann Arbor, Michigan



THEORETICAL AND EXPERIMENTAL INVESTIGATIONS
OF THE

STRUCTURE AND PROPERTIES OF POLY-(trans-1,4-BUTADIENE)

by

JEANNE M. STELIMAN

A dissertation submitted to the Graduate
Faculty in Chemistry in partial fulfillment
of the requirements for the degree of Doctor
of Philosophy, The City University of New
York.

1972



This manuscript has been read and accepted for the Graduate
Faculty in Chemistry in satisfaction of the dissertation
requirement for the degree of Doctor of Philosophy.

M, 7, 17 7Z_ méwﬂ‘%ﬂ/

! Chairman of the Examining Committee

Executive Off

Professor A.E. Woodward

Professor D.J. Williams

Professor N. Yang

Supervisory Committee

The City University of New York

ii



PLEASE NOTE:

Some pages may have
indistinct print.

Filmed as received.

University Microfilms, A Xerox Education Company



ACKNOWLEDGEMENTS

I wish to thank Professor Arthur E. Woodward for
the support and guidance he has given me throughout the course
of both my undergraduate and graduate education. In addition
to extending to me his scientific skills, he and his family have
always given to my husband and myfelf friendship and hospital-
ity, which has always been very much appreciated.

I would like to acknowledge Professor Darrell:Morrow
of Rutgers University who opened his laboratory to me for the
use of equipment without which this work could not have been
done, and who also helped me with many enlightening discussions.

I also wish to acknowledge the appropriate granting
agencies for the following fellowships: an NDEA Title IV Fellow-
ship, a NASA Traineeship and a New York State Fellowship for
Advanced Graduate Study.

Finally, I wish to thank my husband, Dr. Stewven D.
Steliman, who has always been at my side when I needed him.
His excellent scientific skills and experience were of tremendous
aid, especially in the theoretical section of this work. He
has always put my needs first and tolerated with kindness the
many anxious times I have provided him over the years.

iii



TABLE OF CONTENTS

PART I
INTRODUCTION .evecccocscannssccaascsacns veesasseeaman AP §
Fold Surface MOAElS ceeereeccescesccssaacscncanesae 1
Thermal Properties and Crystal Structure .,........ 6
EXPERIMENTAL. s ceocsses Csccesscsscsassnasscsnnsea eescecasll
SaMPleSeccocccsansssssasscesassans cesssenssssasscasll
Growth Techniques....ccceeeeecneccaccacccses ceseaan 11
Chemical Assay TeChNiQUE....eceeceecsasncasscasaces 13
Differential Scanning Calorimetry...cceeeeeeesecceeso16
RESULTS . cssaenss teceeransenurane ceatssssseresssasne ceeea20
Titration ResultS....ceevecccecss Geccetcccacannse «ee26
Calorimetry ReSUltS...cceeccaccsocesccaaccaceccnsss 33
Specific Heat MeasurementS..c.ccceeecceroaccecnccsses 45
DISCUSSION.+eseoceccassssanea cetecacsccs seecasssscescsesdb
A Surface Model. .civeeeeiescacsncssssnssassananaessdd
Structure of the Crystal Interior......cceeceeecces 50
Effect of Growth Tamperature.....ccccceececeeccccaans 54
QONCLUSION. e ccccsvessrsacaasanssnccsscscessssssscccscsanans 57
PART II
INTRODUCTION. « c cseeecesnsassancssssassssccscsssasssncasse 59
The Energy FUNCtion ProbleM.....eeeececeesececceses 60
EXPERIMENTAL. « cacocccocnsss sesaccsesssse meeernessscansas 65
Geametry of a Chain.cccececcccass seessecsassass esee65
Generation of Initial CoordinateS.....ceeeeeeccenss 66
Generation of a Unit Cell....ceevevrcceccncaceocansns 70
Generation of a Lattice of Unit CellS....ccceeeenns 75
Camputer Experiments on Generated ChainS....... R E
Computer Experiments on Units Cells and Lattices...75
RESULTS..... g 81
Single Chain CalculationS...cceeecececccaceccccccss 81
Unit Cell and Lattice CalculationS..c.cceeaceccasse 81

Camparison of Experimental and Theoretical
I‘hat C@acity.'...l..'.........Q.l.........l.095

iv



TABLE OF CONTENTS (cont'd)

Single Chain CalculationS....cesevecees cecescscsncesad9
Unit Cell and Lattice Calculations..... P K0 [¢)
Implications for Many Existing ModelS..............103
The PTBD Nodel -- The Lattice Structure............105
The PTBD Model —— Transition and Lattice Energies..108
COONCIUSTION. e ceevveecsecceccccscsccncacsasncnnns ceseeessllO
REFERENCES. ¢ ¢ e ascesesesss ceescresscscencancessranes eeeellll




Table Nurber

1T

IIT

VII

VIII

IX

XII

XIII

TABLES

Caption ' Page
Growth Conditions for PTBD Single Crystals...... ceesl2
Relative Composition of Peroxidation reaction

MIXEULES eeeeeceececansccancccnaneeeald

Determination of Available Double bonds in
PTBD CrystalS..ccceeeeecessccccccscsseal?

Calorimetric Data for Crystals Grown fram
various solventS....ccceceeceacccaeseasa3B

Calorimetry Data for Crystals Grown from Various
Solvents. Averages of Runs Tabulated in Table IV...40

Thicknesses of PE Crystals Resulting from Various
PreparationS..c.ceceeecececacscescecansssd?

Relationship of Transition Enthalpies to Crystal-
lj.rlity..-......'.'.........'.....'53

Structural Parameters fOr PTBD..cceccceccsscesesenes 06
Calculated Energies of a Single PTBD Chain..sesees..85

Energy Surface of Monoclinic PTBD lattice around
minimum, calculated with Scott and Scheraga Function.86

Energy Surface of Monoclinic PTBD lattice around
Minimum, Calculated with Kitaigorodsky Function.....87

Camparison of the Value and Location of the Energy
Minima for the Monoclinic Lattice, the Hexagonal
Laktice and the Corresponding Unit CellSeceseceseeesa9d3

Calculated Energies of a Unit Cell and Four Single
dmnsll......l.l...‘.'....O'...94



Figure No .

8.

10.

11.

FIGURES

Caption Page
PTBD crystals grown from n-heptane....... coescans veesad2l
PI'BD cwstals gm fm tolllerle. ® 9 00080 OG0 90O S EE B eDP .22

PTBD crystals grown fram MIBK...eseeesescccaces ceassan .23
PI‘BD”B—“YStalS gm fm n‘heptare.. sév 0 0e0soscs 00-0-024

Selected area diffraction pattern for n-heptane grown
mcwsms.‘ ....... e a0 s e o &8 0o ase s ....‘....25

Percentage of double bonds in MIBK -g@rown crystals
reacted with metachloroperbenzoic acid versus time for
msemrammxtures....-....‘..‘...."I.C.‘..I.29

Percentage of double bonds in toluene-grown PTBD
crystals reacted with metachloroperbenzoic acid versus
time for two separate reaction mixtureS...e.ceeseeces«30

Percentage of douhle bonds in heptane-grown PTBD
crystals reacted with metachloroperbenzoic acid versus
time for three separate reaction MiXtureS.....s.ceeeeea31

Limiting curves of percentage double bonds in n-heptane
toluene and MIBK grown crystals reacted with meta-
chloroperbenzoic acid versus timE.cececsssessecscaseeeassl2

Typical calorimetry scan of heptane-grown PTBD crystals.
Peaks correspond tOo: ...... cestesns tteesscsascacanccen 34
A. transition to high tetrperature form of melt
recrystallized sample.
B. transition to low temperature form of melt
recrystallized sample
C. Heat of recrystallization
D. melting
E. single crystal mat: transition to high
temperature form
F. single crystal mat: transition to low
temperature form.

Typical calorimetric scan of benzene grown PTBD crystals.
Peaks correspond tO: .cececeeccccaccnss ceecenn "eeicecaca 35

melt recrystallized sample:

A. transition to high temperature form

B. transition to low temperature form

single crystal mat:

C. recrystallization

D. melting

E. transition to low temperature form

F. transition to high temperature form

vii



12.

13.

14.

15.

16.

17.

18.

19.

20.

21'

FIGURES (cont'd)

Typical calorimetric scan of toluene-grown PTBD crystals...36
melt recrystallized sample:
A, transition to high temperature form
B. transition to low temperature foim
single crystal mat:
C. recrystallization
D. melting
E. transition to high temperature form
F. transition to low temperature form

Specific heat scan of melt recrystallized PTBD between
45°C and 80°C, with sapphire standard and baseline curves
superimposed.. ce... O sessscesensasssnsasas «.42

Specific heat scan of melt recrystallized PTBD between
80°C and 110°C with sapphire standard and baseline curves
sumrjnm%d'l.'.IIIIIIIIII..O...‘..II'.‘II.Q‘ ............ 42

Specific heat versus temperature for melt recrystallized
PI‘BD-.-.--..-....-........- ........... ® 9 & 080 86885 800000 s as 43

Numerical integral of specific heat versus temperature for
melt recrystallized PTBD. Each temperature scale has an
arbitrary zero. The low temperature form is calculated
with respect to the 50°C energy and the high temperature
form with respect to the 84°C energy..cecececceccccscccasces 44

Crystallographic structure of PTBD taken fraom reference
31.....-..............IQOQ ........... & & & ® 000 020 v e ® o e 0o 72

a. Translation and rotation of PTBD chain to correspond...73
to z-axis of laboratory frame.

b. location of four chains in a monoclinic unit cell.

c. location of four chains in an hexagonal lattice

a. single PIBD chain in the high temperature fom......... 76
b. single PTBD cha#n in the low-temperature form,

looking down the c-axis.

c. single PTBD chain in the high temperature form,

looking  along the c-axis.

The effect of chain length on the intramolecular energy...83.
calculated as a function of dihedral angle.Curves correspond
to chain lengths of 5, 10 and 20 monomer units.

The energy of a single PTBD chain as a function of the....84
dihedral angle, calculated using the 8cott and Scheraga

(SS) potential function and the Kitaigorodsky (K) poten-—
tial function, with and without torsional temm.

viii



22.

23.

24.

25.

26.

27.

FIGURES (cont'd)

The energy of an hexagonal low-temperature PTBD....ceccsee. 89
lattice as a function of interchain distance, cal-
culated using the Kitaigorodsky potential function.

The energy of an hexagonal high-temperature PTBD.......... 90
lattice as a function of the interchain distance,
calculated using the Kitaigorodsky potential function.

Experimental interchain distance as a function of......... 91
temperature. Taken from Suehiro and Takayanagi (ref-
erence 32).

Calculated energy of a PTBD hexagonal lattice (based...... 96
on data in Figqures 22-24) as a function of temperature.

Experimental and theoretical energies plotted as a@........ 97
function of temperature for four arbitrary ranges.

Variation of energy of tetraphenyl tin as a function...... 107
of 8 and ¢. Taken from reference 66.



..‘-

PART I

INTRODUCTION

Many of the basic concepts of polymer science were
radically changed when it was reported that polyethylene (PE)
could be precipitated fram dilute solution in the form of small
lamellar single crystals.l Since this initial discovery, single
crystals fram many polymers have been grown and studied® in an
attempt to elucidate their morphology and the mechanisms of crys-
tallization. Polymer single crystals are generally platelets on
the order of 100 & thick and several microns on a side. X-ray and
electron diffraction reveal that the polymer chains preferentially
orient normal to the surface of the crystals, along the 100 :
direction. Since the chains are much longer than 100 R, they must,
therefore, traverse the thickness of the crystal several times,
samehow folding back on themselves at the surface. The nature of
this fold surface has been the subject of intensive study and
controversy.

The experimental studies to be described herein, involve
quantitative chemical assays of the fold surface of poly-trans-
1,4-butadiene (PTBD) as well as thermodynamic studies of the crys-
tals as a whole. The experiments, in caombination with theoretical
thermodynamic calculations, described in Part II, are part of an
ongoing study of the fold surface and crystal structure of PTBD
single crystals.

Fold Surface Models

Several contradictory models have been proposed for

the surface of PE single crystals. Same workers claim that the



-2 -

polymer chains are regularly re—entrant3_6 or enter the crystal

at adjacent sites, but with the chain lengths within the fold
varying slightly about same mean value.7 Others picture the

surface as loose and loopy and quite amorphous with the surface

11,12 Several recent studies by

Peterlin, Roe, Bair, Keller and othersla}_15 seem to favor models

rather like a switchboard.

in which there is a distribution of fold sizes, ranging from very
tight to very long. All these models are, of course, consistent
with transmission electron microscopy of the crystals, which is

a direct examination of the surface, but which is incapable of
disclosing details on molecular conformations.

The variety of models and the confusion that prevails
arises because the surface alone is mnot accessible to direct
experimental investigation. Rather, the experiments done are
generally physico-chemical investigations of the crystals as a
whole. The analysis of such quantities as mechanical data, heat
measurements and infra-red spectra for surface models ig uncertain
because it is difficult to differentiate. effects due to surface a-
morphousness or irregularity fram defects in the interior of the
crystals.

16,17

Krimm and co-workers have been carrying out infra-

red spectroscopy studies and theoretical analyses of the spectra
of various deuterated PE crystals and have shown them to be con-
sistent with a model of re-entrant folds on the surface. Koenig

18,19 have been subjecting various polymer crystals

ard co-workers
to different physical conditions and then searching the infra=red

spectra for changes in absorbance bands which correspond to changes
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in the surface morphology. If a band is found to change in a
consistent manner with the physical treatment, it is identified
as a band due to regular folding on the crystal surface. To date,
however, none of these studies have led to a quantitative deter-
mination of the length of the surface folds.

Attempts have been made to study the surface directly
by chemical assay but the degradative chemical reactions employed
have resulted in destruction of the crystals themselves, and again,
the results are difficult to interpret. The reagent generally

8-10,20 In

used for such studies has been fuming nitric acid.
these investigations PE crystals were exposed to fuming nitric
acid and the rates and extent of reaction followed. It was found
that there was first = rapid reaction rate, followed by a marked-
ly decreased rate. These kinetics were attributed to attack first
of an easily accessible amorphous surface, followed by penetration
into the crystalline interior, where because of steric hindrance,
the reaction rate diminished. The extent of degradation seemed
to indicate that the crystals were more than 50% amorphous, and
that this amorphousness was almost all located in a very loose and
loopy surface. Current work by Keller Priest and othersM’24
now indicates that the model is incorrect. Further study of the
method indicates that the diminished rate is actually due to
accumulation of degradation products blocking the reaction sites.
Apparently there is no reaction rate difference between amorphous

and crystalline PE with a reagent as powerful as fuming nitric

acid. They conclude that milder degradative techniques are necessary.

In another series of studies, degradation products fram
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nitric acid reacted PE crystals were analyzed by gel permeation
ch::cm:-;.tography20—22 (GPC) for molecular weight distributions. It
was found that two peaks in a 2:1 ratio dominated the chromatogram.
They were attributed to molecular weight fractions corresponding
to single chain and double chain traverse lengths that were scission—
ed by nitric acid. This work has also been re—interpretedl4 as
indicating that the surface consists of chains of various lengths,
buried at different depths in the crystals. As the chains are cut
at various locations, more are exposed, and the cut chains are con-
stantly being defraded. Thus the peaks corresponding to longer
chains diminish and shift to lower molecular weight regions. This
result has also been fourd in annealed PE single crystals.z3

Another oxidation technique, treatment with ozone gas,

25-27 Here too the reaction was

has been used on PE crystals.
followed by GPC as well as by the increase in weight and density,
quantitative chemical reaction of carboxyl groups with dilute NaOH,
and infrared spectroscopy of functional groups. The same shifts
in GPC peaks were observed, and the kinetics were consistent with
those fourd upon fuming nitric acid treatment. These experiments
have been inter.‘preted]'4 as confirming the model of adjacently re-
entrant foldsof various lengths, terminating at different depths
within the crystal.

Another feature of the surface of the crystals is the
presence of non-reentrant chain endsor cilia. Estimates have been
made that if the length of the chain end is less than a single
traverse of the lamella, the chain will remain on the surface as

26 28

a non-reentrant end. Infrared studies of these chain erds™ and
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chemical reaction with subsequent thermal treatment, also lead to
this conclusion. 27

Based on the preceding discussion, it is clear that the
exact nature of the surface folds is still undiscovered. Moreover,
the need for a nondegradative quantitative method of assaying the
surface morphology of polymer single crystals is apparent. For
this reason, poly-trans-1,4-butadiene (PTBD), an unsaturated
polymer, was selected for use in this study. The double bond in

the repeat unit reacts quantitatively with many reactants; and,

specifically, the peroxidation of the double bond in polybutadiene
is an extremely accurate and sensitive quantitative tecrmique.29'30
It can be used to disclose the number of double bonds that are
available for reaction , and thus the double bond in PTBD sexves

as a "chemical handle" on the surface folding phenamenon. More-
over, with this technique which doesn't damage the crystals in

the course of reacting, it is possible to assay the effects of
different growth corditions, sol\(ents and molecular weights on

the number of double bonds available. In cambination with accurate

31,32 and thickness measure—

data on the crystal structure of PTED
ments, knowledge of the mmber of bonds available for reaction can
lead to a good estimate of the tightness of folds on the surface

of various PIBD single crystal preparations. In cambination with

this, crystals grown from lower molecular weight polymer would
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have a different percentage of polymer present as non-reentrant
chains if previously discussed models are valid. Such differences
would be revealed in the chemical reaction of surface double bords
as well.

Single crystals of PTBD can be readily grown fram a

33 A minimm dissolution temperature growth

variety of solvents.
method was developed that readily produced preparations of regu-
larly shaped, uniform crystals. Hence, PTBD is most suitable for

a study of the fold-surface character of single crystals.

Thermal Properties and Crystal Structure

Since polymer single crystals are expected to have inter-
facial irregularities as well as internal defects, they should
exhibit deviation fram the thermodynamic behavior expected of
perfectly crystalline materials. Numerous papers have been pub—
lished on the thermodynamic properties of PE single crystals and
have led to various estimates for the surface free energy and en-
tropy. 13,34 These estimates, in turn, have been used to approxi-
mate the mmber of segments in the fold surfaces. Roe and Bairl>
have calculated that the awerage number of —CH,~ segments in the
PE single crystals fold is about 20, with some of the folds very
tight and others much larger than 20 segments long.

Other studies have been made to determine the relation-
ships between crystallite thickness, equilibrium dissolution temp-
erature, and the various measureable thermodynamic quantities.35’ 36
It is generally agreed that the crystallite thickness,p ; is

dependent on crystallization tempe.rature34’35’ 37-39 indepen—
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dent of storage time at the crystallization tamperature, as well
as independent of molecular weight.?® This is in contrast to bulk
crystallized samples which are found to have thermodynamic pro-

41,42

perties very dependent on molecular weight. By detailed com~

parison of the mechanical and thermodynamic properties, the infra-
red spectra, x-ray diffraction and density measurements of bulk
samples and single crystals, Mandelkern and co-workers have con-
cluded that the differences in behavior can be attributed solely
to an amorphous surface layer on the single c::ysta.ls.43

Finally, very general considerations led Mandelkern,

35,44

Sharma ard others to equate the measurei enthalpy of fusion,

*_
per repeat unit, AH , to the degree of crystallinity, 1-A, of

the crystals:
AH® 2
- & Rw 7-‘ +edhq (L)

where AHu is the theoretical enthalpy of fusion per repeat unit
for perfect crystals, AHe is the enthalpy deficiency per sequence
at the surface of the crystals, f is the crystallit;a thickness,
o the fraction of defective units per sequence in the interior of
the crystal, and AHd is the enthalpic contribution fram interior
defects.

Thermodynamic studies can be useful in elucidating
structural properties of materials. No such studies have been
reported for PTBD single crystals, although thermal data on bulk

26,27

crystallized PTBD are available. Thus the thermal proper-
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ties of PTBD single crystals and how they can be related to the
crystal structure would be of interest. In addition, PTBD under-
goes a reversible first-order solid-solid phase transition, for
which bulk studies show the entropy of transition to be almost
twice the entropy of melting. This makes calorimetric investiga-
tions of PTBD an even more interesting undertaking.

PTBD single crystals grown fram various solvents show

33,47 as well as dif-

different dynamical-mechanical behavior,
ferences in the infra-red speci-_ra.48 Tatsuri et al. have attri-
buted the larger dynamical relaxations of benzene—grown PTBD
crystals to a loose and loopy surface. The infra-red spectra
were found by Hendrix, Whiting and Woodward, to have a regularity
band (1335 an ') and an amorphous band (1350 an 1) whose ratio
varied with the solvent used for the preparation as well as with
the thermal history of the sample. Since calorimetry is a good
analytical method for determining crystallinity of polymer samples,
it was felt that differential scanning calorimetry might provide
further insight into differences in surface and internal struc-
ture of crystals grown fram various solvents or subjected to
thermal treatment.

The crystal structure of the low-temperature form of

PTBD has been reported.31 Data on the lattice packing of the high

32 although campletely unam-

temperature form is also available
biguous crystallographic data has not been obtained as yet. Since
the solid-solid phase transition takes place between two forms

of known geametries, theoretical calculations of the energies of

transition can be made without resorting to the typical approxi-
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mations made in such calculations (such as representing the energy

of the polymer in the melt with a single chain®/™>2

). These
calculations will be discussed in detail in Part II. However, in
order to maximize the amount of information obtainable from
theoretical considerations, it is necessary to obtain accurate
thermal measurements of the heat of the phase transition, as
well as accurate heat capacity measurements of PTBD, for cam~
parison with theoretically derived values.

Thus the experimental work to be described in Part I
involved both quantitative chemical assay of the surface of
PTBD single crystals and calorimetric studies of PTBD, and are
part of an attempt at providing more definitive understanding of

the structure of PTBD single crystals.
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Samples
Samples of PTED were obtained from two sources. The

majority of experimental work was done on PTBD obtained by Prof.
M. Takayanagi fram Ube-Kosan Co., Ltd., of Japan (PTBD-K). It
was found fram infrared analysis, using a Perkin-Elmer 621 Spec-
troscope and routine scanning conditions, that the trans content
of this sample was greater than 95%. The number average mole-
cular weight, %, of the sample as received was fourd to be
8670 (* 10%), which leads to a number average degree of poly-
merization, _D'lz , of 160. For a sample of PTBD-K crystals re-
ocovered fram n-heptane solution, as described below, % was found
to be 36,900 (+ 10%). The nTn' was obtained by DeBell and Rich~
ardson Co., Inc., using a Hitachi-Perkin-Elmer vapor phase os-
mometer. A second sample of the polymer, PTBD-U, was obtained
fram Dr. Robert Rinehart of Uniroyal, Inc., Infrared examina-
tion of this sample showed it also to be greater than 95% trans.
Viscosity-average molecular weights, ﬁv-' were deter-
mined for both samples, using the following relationship de-

rived by Fndo53 for PTED:

-2 __0.75
[nl = 2.9x10 M (2)

where [n] is the intrinsic viscosity. The intrinsic viscosi-
ties were determined with a Ubbelhode dilution viscameter, at
30° c. , using chloroform as a solvent. The intrinsic vis-

cosities and the ITV' were:
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PTBD-K  [n] = 1.53 dl/g 92,000

11,000

M
v
PTRD-U [n] = 0.32 d1/g9 H;‘

Growth Techniques

Single crystals of PTBD can br readily grown and a
growth technique was developed which produced well-formed
uniform crystal preparations fram several different solvents.
The dissolution temperature used for the bulk sample affected
the morphology of the crystals. When the minimm dissolution
tamperature was employed, very regular crystal preparations
were cobtained from n-heptane, methyl isobutyl ketone (MIBK),
and toluene solutions. This technique is similar to that con-
currently developed by Blundell and Keller54 for PE single
crystals. In their method for producing uniform growths, the
redissolution temperature of the sample was critical.

The following procedure was used to obtain the
crystals. Bulk polymer and solvent were added to a 25 ml
test tube to give 0.02% solutions. The tubes were then placed
in a constant temperature water bath at the minimum tempera-
ture needed for dissolution. After the samples were dis-
solved, the solutions were filtered throught a coarse sintered
glass filter, using a water aspirator, and then allowed to
precipitate quickly at roam temperature. Whenever toluene was
the solvent, rapid pre-precipitation was achieved by placing
the tube in an ice bath. Examination of these precipitates

under an optical microscope showed them to be rough, over-
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grown, and irregular. The pre-precipitates were then redis-
solved at the original dissolution temperature and immediately
placed in a thermostated oil bath, requlated to #0.1°C., un-
til precipitation was camplete. This technique, however, did
not produce crystals of PTBD-K when benzene was used as a sol-
vent. Crystals were grown from benzene using the technique of

Hendrix et al.48

which simply inwolved dissolution at 52°C
(not the minimum dissolution temperature), filtration, and iso-
thermal growth at 8°c. The growth conditions are summarized

in Table I.

TABLE I. Growth conditions for PTBD Single Crystals.

Sample Solvent Dissolution Growth ppt
Temperature Temperature

PTBD-K MIBK 92°C. 73°C. —_—

heptane 76 63 75

toluene 50 23 40

benzene 52 8 35

PTBD-U heptane 69 50 25

Another effect of the dissolution temperature on PTBD
single crystals was noted in that the lateral-side dimensions
of PIBD-K crystals grown fram heptane or MIBK were a function of
dissolution teamperature.

Figures 1 through 4 show representative fields of
crystals grown and studied. The electron micrographs were taken
on a Phillips 300 electron microscope. Selected area diffrac-
tion patterns of the various types of crystals were also taken.

One preparation, PTBD-K crystals grown fram n-heptane, was fil-
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tered into a mat and the solvent was removed using a water

aspirator. This mat was then placed in a Debye-Scharrer pow-
der camera in such a way that the beam would penetrate the
thickness of the mat. The crystals were exposed to Cu Ko radia-
tion at 15 ma and 10 kv for one hour, and a fiber pattern

film was developed.

Chemical Assay Technique

The quantitative epoxidation reactions of the avail-
able double bonds were performed in the following manser.

29,30 with perbenzoic acid and rubb&rs con-

Previous studies
sisting of a mixture of polybutadienes had shown that the
reaction is an extremely sensitive quantitative technique that
can even be used to differentiate among the various geametric
isomers and the 1,2 and 1,4 linkages in butadiene. Perben-
zoic acid, however, is quite unstable and decamposes rapidly.
For the extended lengths of time necessary for camplete reac-—
tion with the single crystals, the decamposition rate of the
acid was as great or greater than the rate of the reaction
itself. Therefore, the procedure was modified and meta-chloro—
perbenzoic acid (m~C1COOOH) was used as the peroxidizing

agent in the following reaction

Su,c 'i"‘& A\ 0
>— c\cu-s- @ h’@ c—c\w{{

C 0ooM
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The presence of the electronegative chlorine group in the meta

position serves to stabilize the peracid group on the ring so
that decamposition is significantly decreased.

Sufficient tubes of PTBD were grown to give between
0.06 and 0.09 g of single crystals. The crystals were separa-
ted from the mother liquor by hot filtration and washed with
fresh, hot solvent. The crystals always remained in suspen-
sion and were not allowed to dry out or mat together. The mix-
ture was then resuspended in cold benzene, m—C1@COOOH added,
and the reaction mixture placed in a refrigerator at 0°C. The
amount of polymer present was determined in two ways. For
n-heptane grown crystals the amount of polymer left in the
mother liquor was found and the weight of polymer was deter-
mined by difference. For the other preparations, the samples
were made into mats and weighed after the reaction was cam-
plete. The amount of polymer and acid used varied in the
different reaction mixtures; these quantities are shown in
Table II.

A control solution of the same concentration of
m~C1@0000H was also refrigerated under the same conditions as
the reaction mixture to ascertain the effectiveness of the
peracid, as well as to follow its decamposition, if any,during
the course of the reaction. The extent of peroxidation was
detemined by standard iodametric titration of the peroxyacid
remaining. Aliquots of 0.5 ml were ramoved at various inter-

vals. The reaction was followed for at least 48 hours after
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TABLE II. Relative Camposition of Peroxidation Reaction Mixtures.

Sample Solvent Reaction # Ratio (-OCH/double bonds)
PTBD-K Heptane 7 20%
9 42%
12 18%
PTBD-K MIBK 1 26%
2 41%
3 26%
4 23%
PTBD-K Toluene 1 26%
2 23%
PTED-U Heptane 1 1358
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no further disappearance of acid was noted. Enough crystals

were also removed after each time interval for examination under
the electron microscope for both selected area diffraction and
transmission micrographs.

A benzene solution of bulk PTBD was also reacted with
m-C1@COOOH at 18°C. to test whether the reaction would go to
campletion if all double bonds were available for epaxidation.

Representative crystals of each type were shadowed
with Pt-Pd or Au-Pd and preliminary thickness measurements were
made by measurement of the shadpw lengths. More accurate
thickness measurements were carried out by Dr. Hrian Newman, at
Rutgers University, using a Rigaku-Derki small-angle goni-
ometer X-ray apparatus. The low angle scans were made on
filtered single crystal mats that remained under suction un-

til the solvent was ramoved.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) studies were
also made of PIBD single crystals grown from various solvents.
The scans were run on a Perkin-Elmer DSC-1B scanning calori-
meter and the specific heat measurements of heptane-grown crys-
tals and melt-recrystallized sample carried cut with the
specific heat kit attachment for the DSC-1B. All scans were
made using the maximum sensitivity that kept the peak on the
recorder paper, and at the fastest chart speed, in order to

maximize the size of the peak. The scan rate was generally
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20°C. per minute, but several runs were made at much slower
rates to ascertain whether thermal rearrangements were occur-
ring. All scans were made using the routine procedures des-
cribed in the Operating Manual.

Heptane crystal mats and toluene crystal mats were
sealed in evacuated glass ampules and subjected to electron
beam irradiation, in order to lightly cross-link the surface.
The toluene crystals were irradiated for three minutes and
the heptane for six minutes at 1. MeV and 0.44 uA/cmz. Ther-
mographs of these samples were taken as a second test for pos-
sible thermal rearrangement of the crystals.

All samples were weighed on a Cahn electrobalance and
several different experiments were performed. Some samples
were simply taken through the transition, melted, recrystal-
lized, and taken through the transition again. Other samples
were taken through the transition, amnealed for a length of
time that varied between 30-63 minutes, at a temperature a
few degrees above the transition, and then subjected to fur-
ther thermal study, of the kind described above. Representa-
tive thermmograms appear in Figs. 10-12.

The heat of fusion, AH., and the heat of transition,

AH were determined in the following manner. The area under

eyt
the transition curve was measured using a Keuffel and Esser
canpensating polar planimeter. This procedure was more pre-
cise than cutting out and weighing the peaks. Two standards,
indium and tin, whose AHf are accurately known, were also
melted on the DSC-1B, under the same operating conditions as
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the PTBD samples. The area under the standard curves was
measured and these areas were equated to the known AHf. Thus
a calibration of the number of calories per unit area was found.

Transition temperatures were all determined in the
following way. The baseline was drawn in for each curve. The
temperature of transition was read at the point where the curve
first departs from the baseline. The temperature .at which the
transition is proceeding at the maximum rate is that which cor-
respords to the maximum height of the curve. The temperature
scale was calibrated using tin and indium standards.

Unlike scanning calorimetry, specific heat measure-
ment is much more dependent on several experimental parame-
ters.55 Whereas the standard calorimetric run requires a sample
weight of only about 1 mg, at least 15 mg of crystals were
necessary to achieve a reproducible result. The specific heat
technique used is the standard one described in the Operating
Manual. First a sapphire (aluminum oxide) standard, whose spe-
cific heat is accurately known for the entire temperature
range studied, is run on the machine. The sapphire scan must
return to within 4% deflection of its starting position. The
sensitivity, slope, and scan speed are adjusted until this
criterion is met. Then, in the same sample pan, with the cover
aligned in the same direction for the same heat deflection, the
anpty sample pan is run to establish a baseline that is due to
the machine alone. Finally, the sample is run, again in the

same pan and in the same position. The sample was made up of
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many single crystal mats which were piled on top of one another
and punched into a circular shape with a standard hole punch.
The uniformity of shape is important for uniform heat conduc-
tion. The mats were almost the exact diameter of the sample
pan. Reproducible data on the single crystal mats was not
obtained because of machine operating difficulties. The
results presented are fram scans -of the melt-recrystallized
heptane grown crystal mats.

The temperature range was broken up into several
scans of about 30-40° each because there is too much base-
line shift over a wider range. The machine was recalibrated
for the sapphire and the baseline in each range. At the end
of each temperature interval, the calorimeter is stopped and
the pen allowed to re-establish a baseline at the upper tamp—
erature. For the calculations, the beginning and ending
baselines were connected. It was not possible to re-estab-
lish a baseline after melting of the sample because of the
extremely wide drift of the pen. Therefore, the heat capa-
city of the sample was measured only up to 110°C. The spe-
cific heat of the sample is calculated by camparison with
the known specific heat of the sapphire, at each temperature.
The deflection due to the baseline shift is subtracted from
the sample and sapphire. Thus at each temperature, a deflec-
tion is equated to a known specific heat and the value for
the crystals is then calculated.
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RESULTS

Figures 1 through 4 are representative transmission
electron micrographs of the PTBD single crystals grown from
various solvents, by the minimum dissolution temperature tech-—
nique. As can be seen, this growth technique produces crys-
tals of uniform size. Figure 5 is a typical selected area dif-
fraction pattern obtained fram heptane crystals. The same
patterns were obtained from all the crystals. These patterns
and the X-ray pattern taken on the single crystal mat were
all in agreement with previously published structural data.3l

The percentage of polymer precipitated during the
single crystal preparations from a solution of the bulk mater-
ial is similar for PTBD-K fram the three different solvents
used, but is much lower for the PITBD-U - heptane system (Table
I). The crystallization process for the PTBD-K leads to a
fractionation of the bulk material, as is evident from the
change in D'E reported in the previous section. The bulk
PTBD-U is believed to be less polydisperse than the bulk
PIBD-K, but it also has a lower E , which may acocount for
the fact that its minimm dissolution temperature in heptane
is 9°C. lower than the PTBD-K. It may alsc account for its
higher solubility in n-heptane at the precipitation tempera-
ture employed.

Many of the crystals obtained fram the MIBK solution
have holes and rough surfaces, as seen in Fig. 3. These
interesting effects were incurred during the crystal prepara-
tion and/or isolation, and are not due to subsequent thermal






FIGURE 2. PIBD crystals grown from toluene.



FIGURE 4. PTBD-U crystals grown from n-heptane.



FIGURE 5. Selected area diffraction pattern for
n~-heptane grown PIBD crystals.
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treatments (annealing) known to yield thicker hole-ridden
crystals.2 Other interesting size effects were observed;
the PTED-K crystals fram toluene were consistently smaller by
a factor of about 2 than those from n-heptane and MIBK. An
increase in dissolution temperature in the 92-103°C. range
for MIEK crystals grown at 73°C. resulted in an increase in
crystal size. Average diameters of 3, 8, and 48u were observed
when dissolution temperatures of 92°, 97°, and 103°C., res-~
pectively, were used. For PIBD-K heptane crystals, a change
in dissolution temperature from 78 to 88°C. resulted in a
change of crystal diameter fraom 4 to 20u, when the precipi-
tation temperature was 63.5°C. The same effect was repor-
ted54 previously for polyethylene crystals, although it was
the temperature at which the precipitate was redissolved which

was critical for this case.

Titration Results

Table IIT sumarizes the results of the titration
studies in temms of the number of runs and mean values of the
percentage of double bonds available. Although there were dif-
ferences in the rates of double bond disappearance at times
below 100 hours for the toluene and heptane crystals, and 150
hours for the MIBK crystals, a leveling off of the percentage of
double bonds reacted occurred at later times. The crystal
thickness cited for the PTBD-K heptane and toluene preparations
were determined by low angle X-ray. The value for heptane

crystals is not in ocomplete agreement with those previously



TABLE III

Determination of Available Double Bonds on PTBD Crystals

No. of
(Mininmum) epoxida-
dissolu- tion Double No. monamer
tion Precipitation Crystal deter- bonds units/fold
temperg- tempega- Precipi- thickness mina- reacted _
Sample Solvent ture, C ture, C tate, % 4 tions % Uncorr. Corr
PTBD-K Heptane 78 63.5 78 110+6 3 14 3.2 2.5
PIBD-K MIBK 92 73 68 13015 4 22 6 5
PTBD-K Toluene 50 23 76 10346 2 18 3.5-3.7 3
PTBD-U Heptane 69 53 13 95+10 1 28 5.5 3.5
a

Value corrected for double bonds in chain erds (see text)
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reported57 as estimated from shadow castings. This discrep~
ancy is probably due to the fact that the edges of the single
crystals fram heptane curl considerably, leading to enlarged
shadows. The PTBD-K-MIBK and PTBD-U-heptane crystal thick-
nesses were estimated fram the shadow castings.

Figures 6 to 8 are plots of the percentage double
bords reacted for each solvent system. The data for the PTBD-U
heptane were not plotted. Figure 9 shows all three systems
plotted on the same graph. Fram tranamission electron micro-
graphs of crystals removed after the reactions had levelled
off, all had an appearance similar to that of the unreacted
crystals. Selected area patterns were also unchanged. When
the PTBD solution was titrated to test for completeness of
reaction with all double bonds accessible, 70% of the double
bonds reacted within 5 minutes, and the reaction was complete
after 24 hours. All of this evidence, coupled with the fact
that the reactions levelled off, indicates that the reaction
was restricted to the surface.

In one case, however, the titer of PTBD-U-heptane crys-
tals began to rise after 100 hours. Subsequent electron

48 indicated that the reagent may

microscopy by Hendrix et al.
be penetrating the crystals in same runs for this particular
preparation. The mean value reported in Table III is that

found in the first 168 hours. Since titration values do not
rise steadily, but fluctuate randomly around this mean value,

the value was taken to be the correct one prior to penetration
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of solvent into the interior of the crystal. In addition,

electron microscopy revealed no penetration.

Calorimetry Results

Figures 10 to 12 are typical scans of PTBD crystals
grown fram heptane, toluene and benzene. Table IV contains the
measured heats of melting, recrystallization and transition. The
heats of transition of the crystals annealed below the crystalline
melting point were not tabulated because reproducible results were
not obtained. The peaks for these transitions were erratic for
all preparations in that same crystals never showed a transition
after annealing, whereas others had peaks that were split into
several smaller ones. For those runs with regular peaks, where
planimetry was possible, no pattern emerged. Same of the heats
were smaller than the original heat of transition, others were
larger. This may be due to the fact that the samples were cooled
down at the scan rate of 20°C/minute, which may not have allowed
the crystals to re-equilibrate.

Unlike PE39

, PIBD crystals do not seem to undergo thermal
rearrangements and lamellar thickening during the scans through

the transition. The evidence for this is that the peaks obtained
are regular and sharp, and similar in shape to the peaks obtained
fram the melt-recrystallized sample, whereas PE single crystals
exhibit multiple peaks of irregular shape. Additionally, the

first two values for the PTBD-benzene crystals listed in Table IV
correspond to scan rates of 20°C/minute and 40°C/minute, respective-

ly. If thermal rearrangements were occurring, one would expect
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the doubling of the scan rate to affect the themmal behavior of
the crystals. This did not happen. Finally, the scan of the
irradiated toluene crystals, where lamellar thickening is sup-
pressed, agreed well with the values obtained for the heat of
transition of the unirradiated crystals. The radiation-induced
cross-linking did, however, suppress the thickening of the melt
recrystallized sample, which shows a lower heat of transition
than all the other samples studied.

The heptane—grown single crystals all exhibited the
highest degree of crystallinity and the greatest reproducibility
of results. The transitional enthalpies of the melt-recrystal-
lized sample were only 10% greater than the corresponding enthal-
pies for solution-grown lamellae. The crystals grown fram ben-
zene ard toluene did not behave in this reqular fashion, as can
be seen from inspection of the error limits given in Table IV.
The greater degree of amorphousness of these crystals is apparent
both in the variability of their thermal behavior and in the
large differences in the heats of transition of the single crys-
tals and the melt recrystallized sample, 29% and 32% for benzene
and toluene, respectively. However, once the samples were recry-
stallized fram the melt, the enthalpy obtained was as reproducible
as that for the heptane sample.

Another result indicative of the great degree of
amorphousness of the toluene and benzene crystals is their temp-
erature behavior. In addition to the fact that the transition
tamperature of the heptane crystals was higher than those of the
toluene and benzene crystals, which average 55°C and 65°C, re-

spectively, it was also found that the transition temperature of
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TABLE IV. Calorimetric Data for Crystals Grown fram Various Solvents

Solvent AH transition AH melting AH AH transition
(cal/qg) (cal/qg) recrystall. (melt recrystal-
. (cal/g) lized)
(cal/g)
Heptane 27£1 15.3 15.7 26+1%
26+2 16.5 14.2 28+2%
2442 16.4 14.2 27+2
Toluene 174 —_— 13.6 27+1*
1743 16.2 13.6 27+2%
2243 15.1 12.5 29+, 5%
1843 14.5 14.5 272
Benzene 18#4 15.1 15.7 26+1%*
17+3 13.4 10.8 22+2
1945 13.1 13.7 30+4
Toluene 2116 11.0 6.5 20+3
(irradiated)

* Sample annealed near the transition temperature before the
heats of transition were measured
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the toluene and benzene crystals was not constant. The first
few times a given sample underwent the transition, there was a
rise in the transition temperature. The initial temperatures
for toluene was 45°C and for benzene about 55°C. The same be-
havior occurred with the irradiated toluene sample, which indi-
cates that the change was not due to thermal rearrangements. The
effect is not attributable to solvent loss either, because there
was no . weight loss in the sample after thermal treatment. In
addition, the transition peaks were all sharp and there was no
rise in the peak area accampanying the rise in temperature. The
areas all fluctuated around the mean values given in Table IV.

This behavior may be due to irreversible internal re-
arrangements which do not significantly contribute to the heats
of transition. This irreversible rearrangement probably accounts
for same of the non+reproducibility of the calorimetry results
for the benzene and toluene crystals.

Table V sumarizes the average enthalpies given in
Table IV, ard presents the entropies of the transitions and the
temperatures, as well. As can be seen, the entropy of tramsition
is greater than the entropy of melting, as was observed for the

45 The entropies of all the melt-recrystallized

bulk polymer.
samples are nearly identical. It also should be noted that for
all three samples, the enthalpy, entropy and temperatures of
melting and recrystallization, unlike those of the transition,

agree quite well.



TABLE V. Calorimetric Data on Crystals Grown from Various Solvents

Averages of Runs Tabulated in Table IV

Solvent Transition Melting Recrystatlization Transition

(melt recrystallized sample)

AH AS oT AH AS o T AH AS o T AH AS oT

(cal/g) e.u. C (cal/g) e.u. C (cal/g) e.u. C (cal/g) e.u. C

Heptane 2612 0.075 73 16.1+5 0.039 139 14.7+.6:- .037 120 27+l 0.078 71
1
Toluene 1943 0.058 55 15.3+.6 0.037 136 13.6+.5 .034 123 27+.3 0.078 71 S
|

Benzene 18+4 0.052 65 13.9+.8 0.034 135 13.4¢2 .034 120 26£3 0.075 74
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Numarical integral of specific heat versus temperature for melt
recrystallized PTBD, with arbitrary zero of 50°C and 84°C for the

low temperature and high temperature forms, respectively.
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Specific heat measurments

The results of the last set of calorimetric experi-
metns appear in Figure 13-16. Figure 15 is a plot of the speci-
fic heat of melt recrystallized heptane crystals as derived from
the expesimental data in the manner described previously. Although
several runs were made, only one set of results is plotted because
a good baseline was not obtained for the sample in the other runs.
The behavior of the peaks, however, was quite reproducible. In
addition, the run was terminated at 110°%¢ , again because the base-
line did not re—establish within a reasonable time for useful ex=
trapolation.

The heat capacity of the low temperature form rises
rapidly towards infinity, up # the transition- temperature, which
is the characteristic behavior for a first-order phase transition.
As the tamwperature increases beyond the transition, the heat capa-
city falls to a constant value until it approaches melting. Figure
15 is a plot of the numerical integral of the heat capacity curve.
This is a plot of the energy of the crystal as a function of temp-
erature. The reference temperature, to , for each form is the
minimum temperature measured of that form. The energy changes of
the low-temperature form are not linear, while the high temperature
form lies exactly on a straight line , which indieates a constant

heat capacity, Acp.
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DISCUSSION

The precdeding results lead to a model for the
structure of PTIBD single crystals which is markedly depen-
dent on the solvent and, therefore, the temperature of crys-
tallization. The percentage of double bords available for
reaction, as well as the heats and temperatures of transition,
indicate that heptane crystals grown near the transition temn
perature are more highly crystalline both in the interior
and on the surface, than the benzene and toluene crystals,
which are grown well below the transition temperature.

It is interesting to contrast the tamperature and
solvent behavior of PTBD to PE single crystals. Inspection
of Table III reveals that the crystallization temperatures
of benzene, toluene, and heptane crystals extend from 8°C.
to 23° and €3°, respectively; yet the crystal thicknesses
are essentially constant for all three preparations. Lamel-
lar thicknesses of PE crystals, on the other hand, seem to

be a more complex function of temperature and solv<-:ent.l3'34'69

13 for

Table VI shows the experimental results of Roe and Bair
PE single crystals. They obtained 111 1‘; thick lamellae from
both xylene and hexadecane with a temperature difference of
only 7°C. As the temperature difference increased, large
differences in lamellar thickness occurred.

Preliminary work with PTBD has indicated that crys-
tals grown fraom heptane at 68°C. appear to have the same thick-
ness as crystals grown at 63°C., indicating that PTBED lamel-
lar thickness may be indeperdent of crystallization temperature.

R. St. J. Manley has reported similar behavior for amylose c:rystals.69
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TABLE VI. Thicknesses of PE crystals Resulting fram
various preparations. [Data of Ref. 13]

-]

Sample No. T (°C.) Solvent 1, A
1 70 Xylene 104
2 77 Xylene 111
3 85 Xylene 126
4 90 Xylene 145
5 95 Xylene 178
7 84 Hexadecane 111
8 95 Hexadecane 125
9 100 Hexadecane 130
10 105 Hexadecane 154

The double bond titration results cambined with the
crystal thicknesses yield the average number of monomer units
per surface fold. Division of the crystal thickness by the
chain repeat distance of 4.83 l°\ 31 gives the number of mono-
mer units in one traverse of a chain between the two fold sur-
faces of the crystal. Multiplication of this mumber of mono-
mer units by the fractions of double bonds available yields the
muber of monomer units at all the surfaces per chain between
the fold surfaces. By assuming that these reactive monomer
units reside in folds, and that the amount in chain ends, tie
molecules, and on the sides of the crystals is negligible,
values of 3.2 to 6 monamer units per fold are obtained (Table
III).

A calculation of the surface area of a hexagonal crys-
tal 10010\1-_1'11ckand 2y on a side shows that the total area
of six sides is only 0.05% of that of the two large faces, and
indicates that the double bonds exposed on the crystal sides are
negligible as campared to those at the two surfaces. Therefore,
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for the n-heptane-grown crystals, and even for the smaller tolu-
ene-grown crystals, this area effect is negligible. For crys-
tals with holes, a larger number of double bonds would be ex-
posed, the amount depending on the number and size of the holes.

An estimate of the number of monamer units in non-
reentrant chains (cilia) is cbtained by dividing an average
mmber of total monamer units in two cilia by the number-aver-
age degree of polymerization. The average length of cilia is
taken as one-half the length of the chains in the body of the

crystal between the fold surfaces.26

For M < 11,000, the
nunber of monamer units in cilia is thereby calculated to be
greater than or equal to 10%, and for ﬁv-‘= 37,000 it is calc-
ulated to be 3%. Using the first valse to correct the number
of monamer units per fold for the PTBD-U crystals ard the sec-
ond to correct those for the PTBD-K crystals yields the values
for the corrected number of monomer units per fold given in
Table III. In making these corrections, in addition to the
assumptions above, it is further assumed that (1) the ﬂ of
the PTBD-U chains in the crystals is equal to the I\Tv' of the
bulk material and (2) that n‘a‘; of PTBD-K crystals grown fram
toluene and MIBK is the same as that for crystals fram n-heptane.

Thus, since a corrected value of 3 monamer units per
fold is obtained for PTBD-U crystals, the increase in the per-
centage of double bonds available can be attributed to an in-
crease in the number of cilia due to the decreased molecular
weight of the polymer.

It is apparent fram the experimental results that
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PTBD-K crystals fram MIBK have a greater number of available
double bonds than those grown from either n~heptane or toluene.
This greater number can be directly linked with the presence of
holes in these crystals ard the observed surface roughness

which suggests a prevailing surface disorder (see Fig. 4).

A Surface Model

A camparison of the values of the number of monamer
units per chain fold with the minimum number necessary to con-
nect two adjacent chains in a crystal with the structure given
for the low-temperature form of P'I'E)3l is of interest for deter-
mining the relative tightness of the folds. The unit cell for
the low-temperature form of PTBD is believed to contain four
repeat units with the distance between units I and IV being
larger than the other interchain distances by at least 50%

(see Fig.18 ). Excluding the distance between units I and

IV, the distance between units at the same elevation in the
cellranges fram 4.3 to 5.0 i, which at the lower extreme is
shorter than and the upper extreme is longer than the length
of a repeat unit. Also a given atam in the repeat unit is

not necessarily coplanar with the same atam in an adjacent
chain. (See Figs.l8a-c in Part 11, where the crystal struc-
ture is discussed in greater detail.) Of the twenty possible
connections between adjacent chains (ruling out I-IV) seven are
found to include only one double bond and 13 to include two
double bonds. It is therefore concluded that the average num-

ber of double bornds necessary for the tightest reentrant fold
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will be between 1.5 and 2. Camparison of these values with
those in Table III leads to the conclusion that reentrant fold-
ing for heptane—grown crystals is highly probable, although
same fold looseness does occur. The crystals from toluene sol-
ution are less reqular and titration results of Hendrix et al.48
show that benzene-grown crystals are still more amorphous on
the surface, with an average of 5 monamer units per fold.

Here again PTBD seems to be quite different fram poly-
ethylene. In their studies of the thermodynamic properties of
PE single crystals, Sharma and Mande]_kern35, among otheJ:s,34'7l
conclude that the only influence of solvent on structure is to
relate the crystallization temperatures to a cammon uncer-
coeling, which yields different crystallite thicknesses. For
the same crystallite size they find no direct solvent effect
on the internmal and interfacial structure. This is obviously
ot true for the interfacial structure of PTBD; as will be dis~
cussed shortly, the intermal structure of PTBD crystals is de-

pendent on the solvent.

Structure of the Crystal Interior

Many previous authors have associated amorphousness

in single crystals predominantly with chain fold loosenessll' 12

26

or with the presence of cilia. In their study of the dynamical

mechanical behavior and broad-line NMR of (1) PTBD mats grown
fram different solvents, and (2) mats undergoing the solid-

47

solid vphase transition, Tatsumi et al. ° obtained results which

could be attributed to (1) differences in the amorphous content
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of the crystals arising fram a change in growth solvent, or (2)
from structural changes during the phase transition. They hypo—
thesized that the solvent study results were due to differences
in fold-tightness of the surface of the crystals grown fram
"good" and "bad" solvents, and that the changes observed upon
the phase transition were due to fold-tightening which in-
creased crystallinity.

This interpretation is questionable when considered
in the light of results obtained in this study. When cambined
with the titration results, the data obtained fram the scan-
ning calorimetry experiments previously described indicate more
crystal amorphousness than is present on the surface of the
crystals alone, ard specifically, that benzene and toluene
crystals have significant amounts of internal defects in their
crystal structure. The infra-red analysis of PIBD crystals of

Hendrix et al.48

also point to this conclusion. As previously
discussed, techniques such as infra-red analysis and dynamical
mechanical behavior cannot differentiate interfacial fram inter-
ior defects. Therefore, care must be taken in the interpre-
tation of data obtained from such experiments so that phencamena
due to internal disorder in the crystals are not attributed
to disorder of the interfacial surface.

The heats of transition and melting can be useful
to further elucidate the crystal structure. Assuming that dif-
ferences in enthalpy are due to different relative crystallini-
ties of the samples, then the ratio of the measured heats to

the relative crystallinities should a constant value. If the
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heats are attributed to specific phenomena, such as fold-
tightening, then division of these heats by the crystallin-
ity changes resulting from these phenomena should lead to a
constant value which would confirm the postulated mechanism.
The relationship between the heats of transition, the surface
amorphousness found by titration and the crystal amorphous-

48 are shown

ness found fram infrared analysis of Hendrix et al.
in Table VII.

In Table VII, the amorphousness of the crystal sur-
face (line 1) is assumed to be equal to the fraction of double
bonds on the crystal surface as given in Table III and in Ref.
48. The amorphousness fournd by infra-red analysis (line 2) is
not limited to the surface, but appears to include interior
defects as well. The method of obtaining the amorphousness/crys-
talline ratio for PTBD is discussed in Ref. 48. The differ—
ence between the surface amorphousness and total crystal amor-
phousness should correspond to the amorphousness or intermal
defects in the crystalline interior of the crystals (line 3).

It can be seen that the interior of a heptane crystal is high-
ly crystalline, whereas the toluene and benzene crystals are
quite defective. For toluene the interior is more defective
than the surface, whereas the opposite is true for the ben-
zene crystals. Further, since the AHtr values of the ben-
zene and toluene crystals are quite close (see line 4), where-
as the surface amorphousness of these crystals is quite dif-
ferent, it is seen that the heat of transition canmot be at-

tributed to differences in surface structure alone. Wwhen the
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TABLE VII. RELATIONSHIP OF TRANSITION ENTHALPIES TO CRYSTALLINITY

Amorphousness in surface region,
fram surface eppmidation, d t

Amorphousness found by infra-red
analysis, Orp

Crystallinity in-interior of

AHtr (cal/gram)

M /Mt

Solvents of Crystallization

Benzene Heptane Toluene
C27% .14 .18
.5* 2% “5*

8 1 .7
18+4 26+2 19+3
2215 2612 27+4

* Taken fram Hendrix, Whiting and Woodward (reference 48)

&S
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heats of transition are divided by the interior crystal-

linities for the three samples, a relatively constant value
is obtained, within the limits cited (see line 5, Table VII).

These results indicate that the differences in the
calorimetric results observed during the transition are pro-
bably due more to differences in interior structure than dif-
ferences in the surface. While the AHtr for heptane and tolu-
ene differ markedly, the surface amorphousness does not. How-
ever, the interior of the heptane crystals is much more highly
crystalline than the toluene crystals. Therefore the differ-
ences in the observed enthalpies are probably more justi-
fiably attributed to these differences in the interior than
to the interfacial structural differences.

It is probably reasonable to extend this conclusion
to other techniques, such as dynamical mechanical properties.
If one considers the percentage of the total crystal that sur-
face defects represent, it is very reasonable to attribute the
results to defects of the crystals as a whole, rather than to

defects in their surfaces alone.

Effect of Growth Temperature

Finally, if we consider the specific heat data ob-
tained fram the melt recrystallized PIBD sample (Fig. 17), we
can begin to understand why the differences in interior struc-
ture of crystals grown fram various solvents arises. A rising
heat capacity indicates that the polymer can occupy higher energy

states corresponding to the higher eénemgy conformations of the
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chains. One sees that the high temperature form of PIBD has a
constant heat capacity. This constancy can be interpreted as
indicating that the polymer has so much conformational freedom
in its crystal structure that all available conformational
states are occupied and the heat capacity would therefore not
change

When one campares the measured entropy of transition
to the entropy of melting (see Table V), one sees that Astr is
much greater than ASm, which further verifies this hypothesis,
since increase in the structural randomess of the crystals
entering the high-temperature form is much greater than the in-
crease of randomness in going from the high-temperature form to
the melt. This means of course, that the high temperature form
is a highly disordered crystalline fomm. This is also the ex~
planation of the fact that X-ray studies of the high temperature
form yielded only average interchain distances rather than spe-

31 The motion of the chains is so

cific lattice constants.
great that a distinct pattern ggnnot be obtained:

In light of these arguments, if one looks at the growth
temperatures of the benzene and toluene crystals in comparison
to the growth temperature of the heptane crystals, one finds
that the heptane crystals are grown very close to the solid-
solid transition temperature, whereas the benzene and toluene
crystals are grown well below the transition temperature.

The results suggest that at the temperature at which
heptane crystals are grown considerable torsional motion is pre-

sent in the chains; either before or upon cooling down to
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roam temperature, considerable internal ordering can apparently
take place. However, for crystals grown well below the trans-
ition temperature, it appears that amorphous conformations are
included in the crystal interior. When these crystals are mel-
ted and recooled, the ordering can be improved, leading to clo~
ser agreement in the thermodynamic properties for all crystal
preparations.

The differences in interfacial structure may also par-
tially deperd on the precipitation temperature, but they could
al o be due to the differences in solvation. No experimental
work was conducted on the equilibrium dissolution temperature
of PTBD in each of the 'solvents used, so the relative amount
of undercooling for each of these systems is not really known.
Before one postulates a solvent effect of the surface, such
equilibrium temperature experiments must be perfomled.35 How-
ever, the experiments described here quantitatively indicate
that differences in internal and interfacial structure of PTED

crystals grown from various solvents at different temperatures

do exist.



CONCLUSION

By chemically reacting the exposed double bonds on
the surface of PTBD crystals, it is found that crystals grown
fraom different solvents, and crystals from different molecu—-
lar weight polymers, have various amounts of double bonds avail-
able for reaction. Calorimetric studies showed that the inter-
ior structure of the crystals is a function of solvent and
growth temperature as well.

Crystals grown fram n—-heptane at a tamperature near
the transition point were found to be highly crystalline (80-
90%) with a regularly re-entrant surface structure. This is
believed to be due to the large amount of conformational free-
dam available to the polymer at this growth temperature. Crys-
tals grown fram benzene and toluene well below the transition
temperature were fourd to be highly defective (50% crystalline),
probably due to the inclusion of amorphous conformations within
the crystal lamellae. The surface of the benzene crystals is
quite amorphous while the toluene crystals seem to have a sur-
face structure which is fairly regular but with some amorphous-
ness present.

Since the titrations, which are an experimental measure
of surface structure alone,show relative amorphousness which
differs fram the calorimetric result, it is seen that it would
have been erroneous to attribute all thermodynamic differences
to differences in interfacial structure. Conclusions about sur-

face structrure cannot be drawn fram techniques which measure
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the properites of the entire crystal, especially in light of
the experiments described here and those of Hendrix, Whiting,
and Woodwau:'d46 which indicate the presence of internal defects

as a function of growth temperature and solvent.



PART II

INTRODUCTION

One of the major problems encountered in performing
theoretical calculations is the difficulty of doing theoretical
"experiments" which can be campared to a laboratoxy»experixrent
without the use of drastic approximations. For example, consider
the apprcoximations necessary in the prediction of the heat of
melting of a polymer. Since the heat of melting requires compar-
ing the energy of the melt to the energy of the solid, one must
describe the geametrical structure of the melt. An exact mathe-
matical description is not possible at present. A popularly used
approximation is to postulate that the chain assumes an all-trans
conformation in the melt. Generally the energy of the melt is then
considered to be the energy of a single all-trans chain.

With PTBD, however, many of these approximations can be
awided. Since PTBD undergoes a solid-solid phase transition be-
tween two forms for which experimental and structural data are

31'32, theoretical calculations of transitional energies

available
can be made which are not based on assuming an all-trans or any
other hypothktical conformation for the polymer. PTBD thus pro-
vides a system for testing energy functions and single-chain approx-
imations commonly used by workers in the field.

There are several open questions concerning the fornulation
of theoretical energy functions. One is the form of the energy func-
tions used, and the representation of contributions to the energy

by chain motions and lattice vibrations. Torsional contributions
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are generally represented as a constant factor, the magnitude
of which is determined by the torsional angles of the molecule.
Since the lattice dimensions of PTBD as a function of tenmperatmre
are known32 , the potential energy can be calculated as a function
of distance and can be compared to the energy obtained from heat
capacity measurements. The difference between the two can be used
as an estimate of the torsional modes.

A second important question which can be studied with
PTBD is the use of single-chain energy calculations for describing
the energy of a crystalline system. The calculations to be described
here are based on a lattice of 125 contiguous, identiecal unit cells.
The energy minima and the lattice dimensions and chain orientation
at these minima can be compared for the single chain, the unit cell
and the entire lattice. Since the single-chain intramolecular
calculations occupy such a large part of the literature, this study

should provide a critical evaluation of those calculations.

The Energy Function Problem

In order to describe a physical system mathematically,
or to calculaté parameters of a system theoretically, one must
have an energy function which accurately describes the system.
However, since most real systems cannot be treated exactly, it
becomes necessary to derive equations based on reasonable approxi-
mations and simplifications. Specifically, in molecular energy
calculations, energy functions must be "parameterized" in same way

to fit experimental data. There are probably as many sets of para-
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meters as there are workers in this field. One reason for this is
that experimental data available do not, for the most part,describe
single molecules. Thermodynamics, for instance, is a scieneewhich
specifically seeks to represent extremely complicated systems in
terms of a few specific macroscopic parameters. Unless one is
working with small molecular systems where energies can be evaluated
by such techniques as infrared spectroscopy, one has to rely heavily
on thermodynamics for experimentally determined energies.

The problem of finding a suitable energy function can be
partially resolved, however, because precise experimental data on
molecular geametry is available. Since the potential energy is a
function of distance, r, the distance dependence of the energy
function need not be approximated. The form of the function will
depend on the nature of the interactions and the way they are

described.
1

There are two popular methods of approaching the problem
of describing the energetics of a polymeric system. The first is
based on mathematical representations of rotational isomeric states.
One can consider the ethamnemolecule, for example, as existing in
two or more conformational states, separated by energy barriers.
Each of these states or conformers can be thought of as in an energy

well which is mathematically representable as a cosine function.

56 7

This approach, developed predominantly by Volkenshtein™ and !E‘lo::'y5
is to assign Boltzmann weights to chosen configurations around
successive bonds. These are calculated as a function of the proba-
bility that the molecule will be in the particular conformation,

which is, of course, a function of the energy assignhed to each state.



- 62 -
Once these Boltzmann factors are specified, the partition function
of the system can be calculated by an evaluation of the configuration
integral of the system. This calculation is performed using matrix
methods. The mechanics of this particular method will not be dis=
cussed in great detail because it was not used in this study.
The aforedescribed method has been applied to PTBD by

49,50 and Abe and Florysz, as well as Corradini?®. The

Mark
rotational states chosen were based on studies of propylene and
the authors then attempted to campare solution properties of

PTBD obtained from single-chain calculations to experimentally
derived values. The conclusion reached by Mark was that a lattice
calculation was essential in order to estimate the validity of

the intramolecular calculations. The interpretation of the other
results obtained in those studies cannot be readily applied to

the solid crystalline state.

An alternative approach to the energy function problem
is the one largely developed by Scott and Scheraga in a-series of
paperssa_63 and is the approach utilized here. This pbint of view
is that when stereoregular polymers crystallize, they assume the
conformmation which achieves the minimum free energy of the system.

Scott and Scheraga postulated an intramolecular potential energy
function and used parameters obtained by fitting to the relative
energies of conformers obtained by spectroscopic studies. The
parameterized functionsvere then used in a "camputer seach" for
the particular conformations which achieve the minimum energy.

The conformational energy is camputed by a number of
schemes which have been predominantly associated with the work
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64 65

of Wibergsz, Herﬂrickson63, Allinger °, Westheimer -~ and their
various co-workers. The Scott and Scheraga technique is another
varitation of the basic scheme. 1In these methods, the total ocon-
formational energy, U, is considered to be a sum of the energy due
to non-bonded interactions (interactions among all the atams not
covalently bonded), U b and the torsional energy (energy due to

the ethane—-like rotational barriers in the molecule), Utors'

(3) U= U + U

The exact choice of the potential functions varies but the two most
popular forms for U b e the Buckingham potential (4) and the

Lennard-Jones f ,8) potential, (5), where 2, b and ¢ are adjustable

-6

(4) f£(r) =ar  + b exp (~cr)

(5) £(r) =ar” +br?

parameters andy and § are small positive integers, often 6 and 12.
Two functions were used in this study. One was the Scott
and Scheraga function and the second was the energy function derived

66’67, vhich was parameterized fram the

by Kitaigorodsky and others
Van der Waals radii oollected from crystal lattice data. The Kit-
aigorodsky function was used in the calculations of the heat capa-
city because it was found to reproduce the lattice dimensions ex-
tremely well at the energy minimumm of the low-temperature form.

The Kitaigorodsky function is of the Buckingham potential
type and does not consider the lattice energy separately. The Scott

and Scheraga function does treat the Uiors separately. They "chose"
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a sinusoidal potential function (6), where Vo is assumed to be a
constant for a given series, and w, are the dihedral angles (the

angles defining the planes between adjacent atams) of the mplecules.,

6)  Upps, *

i (l+cos(3wi) )

TR



EXPERIMENTAL

The "experimental" section will consist of a mathematical
description of the geametry of a chain, the generation of the initial
chain coordinates, and the geametric relationships and transform-
ations used to produce a unit cell and then a lattice of cells. This

will be followed by a description of the various computer experiments
performed on these generated systems.

Geametry of a Chain

The main geometrical parameters of PTBD are shown below.

w=i0]° .

Definition of structural parameters

The relevant parameters are defined as follows, where the values

of the angles are based on the experimentally detemmined structure:

9 = G51%C%n = P
! (1}
@ = My GHy = 109.28°
= ' = v = ' O
- Y = cos[(coss - cosdcosf,)/sin §sind,] = projection

of the angleSonto a plane through C; and perpendicular to

the bond C. 1%
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Table VIII. gives the other structural parameters used in this

study.

TABLE VIII. Structural Parameters for PTBD

-c-c- =1.548 =c- = 1.328
1.08 &

=1.08 % »C~H-

¢
T
|

Generation of Initial Coordinates

The initial coordinates are generated according to

68

the local-global transformation scheme first used by Eyring. In

this scheme we fix a local coordinate system on every backbone

atam, according to the conventions illustrated below. We let the

Local cooxdinate system of Ci

local x-axis of the g’._th atom coincide with the bond vector Ii'
connecting atams i and i+l. The local y-axis lies in the plane formed
by atoms i-1, i, and i+l, making an acute angle with the bond

vector Ii—l‘ The z-axis is chosen to make a right-handed coordi-
nate system with the x- and y- axes. A laboratory framof ref-

erence, O, is taken to coincide with the local coordinate system

of atom 1.
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Now, using the Scott and Scheraga transformation schvs;me58
for constructing a polymer with a given set of dihedral angles, we
do the following operations. Transform the coordinates of a given
carbon atom to the frame of reference of the previous backbone atom
and continue to do so until it is finally described in the labor-
atory frame of reference, the local coordinates of the first atom.
Specifically, the coordinates of the carbon atom and two hydrogen
atoms attached to a given carbon, Ci' in the frame of reference of

atom C; _,, are represented by the following 3 x 1 colum vectors:

e <& , Q;'
N 7“(:5(:""3 ol Yac.'(u.;)’ -

o )
o> » Q,;_'
%o (b k| o
¢ 0

Examination of the local coordinate system illustrated above will
show that since the origin is located at the Ci carbon atom, the
length of the vector separating the two atoms in the x direction
describes the location of thé atam in this coordinate system.

Scott and Scheraga developed a set of transformation
matrices and vectors which perform the necessary geometric maneu-
vers for this coordinate transfer. The mathematical operations
performed are given by:

> 3y e
Ic. ‘CI‘.-Q\) = IL-’ L~ Yac‘:<cih) N téélﬂ

L=l

(8)
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Y wiY=T! X (W) + T: -
y'c,c-‘ ' b=t G L=

(8) >
" ]
T ORS) . T (0’) « €.
C{.. ¢ ) 1_"-’('" C:' LDt
The ;I; 's are transformation matrices for the coordinate systems
-
located on adjacent atoms and the t 's are vectors for the corres-
ponding translations along the chain.
Equations (9a) are the transformation matrices for

sp3 hybridized carbon ataoms.

r -
= —ca & = A 6 (o]
NL.’L-\ . ' .
Om O Cos @,  ~ oo Blm - R, (‘?a)
S 6 gim W ~ e O; amw, G WL
L |
i o
/= -eom - amd :
ym y - \ ~oum (W;4
AL D am Sesolw@:+Y) wa(ubr) 3’
aom § oun(uKtY) ~emb Smlwesy) o lwr W)
~ 4
- ) . _
. - oo § SW\S .
«'a;.a-. em§ toalw; ..x) ~to § (o w.~¥) “amlw; -5)
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The corresponding matrics for sp2 hyrbridized carbon are:

[~ ’ . 0
: 1’:’ - Mll%
Coo 1 YN LY I N
T, = | - 1280w
A (3~ A 122° g w” Co1atamw, oW
L .
(ab)
— 0
To i '/;. ‘ﬁ/a
A ‘r;/.'c Con @ ¢ = ls eoa 10, Am W

“ﬁ/a AW, ~Yaoaww ~Ww(
L | -

The translations vectors are given by (10).

e L0
(10) t - o

o)
The generation of a complete chain now consists of incrementing the
chain index, i, and seeing what atom of the monamer unit it corres-
pords to. This defines the proper bond angles and distances to be
used in(9) and (10). Then, one by one, the coordinates of each
atam are calculated in the laboratory frame and computed as an
iterated matrix product. The laboratory frame coordinates of the

(1+1)st backbone ator are given by (11).
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> . ! »
¥ i) = -'?:7. I&ah-t ] LG +
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Generation of a Unit Cell

The first three atams of the generated chain, which de-
fine the laboratory coordinate system, lie in the x-y plane, with
H, at the origin. Rather than redefining the coordinate system
to match the geometry of the unit cell,. the chain was reoriented
in space to achieve this result. First, it is rotated up so that
the line bisécting the midpoint of each double bond coincides with
the z-axis of the laboratory frame of reference. Then, since the
crystal structure is monoclinic, the a-axis is not orthogonal to the
c-axis and therefore the chains must be tilted. Specifically, an
examination of a model of PTBD shows that this tilt is equivalent
to having the projection of the double bond bisector be at an
angle of 225° in the x-y plane.

Once the chain has . been rotated to this position, it is

then duplicated at the appropriate lattice sites or at specific
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interchain distances in a hexagonal lattice. Chains II and III are
not identical to I and II, howewver, as is illustrated in Figure 17,
beeause corresponding atams on the chain are not coplanar. There-
fore, before chain III is copied fmm’ chain I it must be trans-—
lated. The following transformations and equations were used in
the generation of the unit cell:

1. Rotating the initial chain so that the line bi-
secting the double bonds coincides with the z-axis of the labora-
tory frame:

(a) [Referring to Figure 18a)] translation to have mid-

point of first double bond at the origin by finding the
midpoint of the coordinate of the double bond and sub-~

tracting these coordinates fram every other coordinate.
(b) [Referring to Figure 18a] rotation of chain through
angle of the vector v, connecting the midpoint of the
double bonds.

2. Tilting the chain at the proper angle:

(2) Finding the current orientation of the double bond

_ 2 2
cosw = 1»<4/(x4 + Yy )

t2 sinw = y 4/ (x 42 +y 42) , wherew = current orientation angle
andx4andy4 aretl'1eoooxdj.natesofc4inthennmmerm1it
(b) Transforming to 225° orientation
all x'=.-x(cos 225° cosw + sin 225° sinw ) -y (sin 225°%c0sw
(13) -cos 225° sin w )

t
all y = y(cos 225° cosw + sin 225° sinw ) +x(sin 225°cosw
~cos 225° sin w )

all z'= z = unchanged
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Crystallographic structure of P'IBP, taken from reference 3l.



Translation and rotation of PTBD
chain to correspord to z-axis of laboratory
frame.
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location of four chains in a monoclinic unit cell
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location of four chains in an
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FIGURE 18
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3. Obtaining chain IIT from the coordinates of

reoriented chain I by inverting chain I:

[ ]
all x = =x

]

all y = y = unchanged
1

all z = -z

4. Generating the other two chains:
ocopy chain I into chain IV
copy chain III into chain II

5. Positioning chains in unit cell or lattice using

the following translations:

a. the unit cell: a, b are the lattice constants,B is the

monoclinic cell angle. Referring to Figure 18b, the follow-

ing translations are performed.

v X~translations ystranslations
x = x + (asin B)/4 y=y+ b/8
X = x+ (3asing)/4 y =y + (b/8+b/2)=y+5b/8
x'= x + (3asinB)/4 y'= y + 3b/8
X = x + (3asinB)/4 y = v +(3b/8+b/2)=y+Tb/8

b. the hexagonal lattice: A is the interchain distance.

Referring to Figure 18c, the following transformations

are performed to create the hexagonal lattice:

x‘=x+A unchanged
x'=x+A/2 y'=y+Asin60°
x'=x+l.5A y'=y+Asin60o
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Generation of a lattice of unit cells

Each cell or chain is then duplicated udil a central
unit cell is surrounded by 124 other unit cells., These algorithms
were tested by creating single chains, unit cells and lattices on the
camputer and plotting the resulting coordinates, using the same

31 in their crystallographic study.

axes as Iwayanagi, et al
Plots of a single PTBD chain in the high and low temperature form,

from two different perspectives, appear in Figures 19a-c.

Camputer experiments on generated chains, cells and lattices

The first set of experiments performed were energy cal-
culations of a single chain as a function of the dihedral angle
between two monomer units. Chair lengths of 5, 10 and 20 monomer
units were used. Two different energy functions were used, a 6-exp
function and a 6-12 Lennard-Jones function (equation 14) with

v(r) =a/r® + c/rt? (14)

parameters obtained from Scott and Scheraga’® (SS function)
and Kitaigorodsky®’ (K function), respectively. In equation 14,
A is given by equation 15, and C is a constant which minimizes the
energy at r=R, the sum of the Van der Waals radii. The origin
of the parameters used is described below. A complete review
of the rationale for selection of non-bonded potential parameters
has been given by Ramachandran. and Sasisekharan68.

The net non-bonded interaction between two atoms has
most often been represented as the sum of an attractive force plus
a repulsive force. Although camputational convenience is the main

reason for using this two-term idealization of an extremely compli-
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cated physical interattion, a weak analogy with well-known inter-
atomic forces serves as the basis for choosing the parameters. The
attractive term is taken to be a "Van der Waals attraction" or
"London dispersion force", arising from the transient dipole mo-
ments created by oscillation of nuclei and electrons within the
atams. The energy of interaction of these dipoles is:

v, = —A/r6 (14)

where A=3/2e Cﬁ//i) 0q Go

(a l/N1Y’1+ (u 2/1\12\ - (15)

In equation 15, oy and a, are the atomic polarizabilities of
the two interacting atoms, N, and N, are the effective number of
polarizable electrons on each, and e, m, and }{ are the usual funda—
mental constants. Values of these oconstants are presehted in the
review of Ramachandran and Sasisekharan.

The repulsive force is ordinarily taken as either

V. =Bexp (- ur) (16)
or
v, = c/rt? (17)

The steepness and short range of the repulsion are such that either
form is adequate within computaticnal limits. This fact was
adequately demonstrated by comparing results:using the K function
versus the SS function, shown below. The constant C in equation 17
is that number which minimizes (Va + Vr) at r=R, where R is the
sum of the van der Waals radii of the two atams in question.

The parameters used in Equation 18 are not the usual
6-exp ones (Ramachandran, page 363) but are taken from Kitaigorod-
sky's "universal function", upon the recammendation of Sasisekharan.

* personal cammnication to S.B. Stellman

t
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This form of the 6-exp potential was developed specifically for
lattice minimizations such as those performed here. Kitaigorod-
sky's equation is:

V. +V_ = 3.5 (8600 exp(-13z) - 0.04z %) (18
where z=r/R.

Calculations were made using these two functions
(equations 14 and 18) with and without the addition of a threefold

sinusoidal torsional texms, given in equation 19.

U

tors = iZ (1+ cos 3w i) , where Vo=2'00 kcal/mole. (19)

v
7

The next set of calculations was of the energy of a unit
cell and lattice of unit cells. Using the lattice dimensions ex-
perimentally derived, an energy was calculated using the Scott and
Scheraga (SS) function, equation 20, with the constants shown.

% accrlj + i%bmri%'z + i% aCH.r-i'g
. ' 13 6 12 (20)
14 Pafiys * 3& iy * & Patiy

= -3.70 kcal/mole:R°

.= 2.80 x 10° kcal/mole 812

where

= -1.28 keal/mole & ©
38000 kcal/fmole 8 12

~46.7 kcalfmole & ©

44.60 kcal/mole 8 12

i

- B
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The calculations were carried out on a lattice of 243 cells and a
lattice of 125 cells. The energies were found to be very close,
indicating that interactions beyond three nearest neighbors did
not appreciably affect the energy. All further calculations were
carried out on a lattice of 125 unit cells.

The high temperature and low temperature forms of PTBD
differ. in the c-spacing or dihedral angle defining the plane
betweeh monamer units. The low temperature form has a dihedral
angle of 109° and the high temperature form an angle of ‘800, which
shortens the c-spacing of the lattice. Two sets of calculations
were carried out using the SS energy function, as well as the
Kitaigorodsky (K) energy function. First a fixed dihedral angle
of 109° was used and the a and b lattice constants were varied
until an energy minimm was found. The lattice constants at the
energy minimum were then campared to the lattice spacings-. found
experimentally. The calculation was then repeated using a dihedral
angle of 80° for both the K function and the SS function, until
new minima were found. The lattice spacings of the high tempera-
ture form have not been reported as yet, so that no camparison
with experimental data could be made. Both the energy of the unit
cell arnd the lattice were calculated in this way, and the location
of minima for the single chain, unit cell and lattice structure were
also compared. No torsional term was added into the calculation
because torsional terms are a function of the dihedral angle (see
equation 19), which in these calculations, remained constant.

Thus torsional contributions would simply add a constant temm.
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The energy calculations were repeated on a hexagonal
lattice using the K function. The interchain distance of the
lattice was varied.and minima for the high and low temperature
forms were located. Using the experimentally determined tempera-
ture dependence of the interchain distance, the energy was con-
verted from a function of distance to a function of temperature
ard plotted. Finally, the theoretical heat capacity was found by
taking the numerical derivative of the energy curve. The resulting
Cp versus temperature curve, as well as the energy versus tempera-
ture curve, was analyzed by a standard linear regression analysis
and the experimental and theoretical curves campared.



RESULTS

Single Chain Calculations

The effect of chain length on intramolecular energy
calculations is shown in Figure 20. The energy was calculated
using a 6-exp function, including the torsional term (equation-6).
The results indicate that a 20 monamer unit chain length is
sufficient to overcome end effects on the chain energy. Lengths
of 20 monamer units were used throughout these calculations.

The results of the energy calculations of a single PTED
chain as a function of dihedral angle appear in Figure 21. The
graph shows that both the Scott and Scheraga (SS) function and
the Kitaigorodsky (K) function without the torsional term predict
that the chain has a poorly defined minimum energy at a dihedral
angle of 600 but that all angles above 60° are energetically
easily accessible to the chain. When the torsional temm is édded,
the energy curves then take on a sinusoidal character and energy
minima and maxima are clearly defined. The SS and K functions
predict minima at 60° and maxima at 120°.

Single chain calculations predict that the 109° dihe-
dral angle experimentally found for the low temperature form is
an energetically unfavorable angle. The single chain calculations
also predict that the high-temperature form with the 80° dihe-
dral angle is more stable than the low-temperature form. The

energy of a single chain at 109° and 80° for the two functions

appears. in Thable IX.*
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FIGURE 21, The energv.of.a single .PTBD chain as a
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TABLE IX. Calculated Energies of a PIBD Single Chain

Potential Function Dihedral Angle Energy (keal /mole)
SS (no torsional term) 109° -63.198
go® ~68:001
K (no torsional term) 109° ~37.726
80° -41.781
SS (with torsicnal term) 109° -13.454
80° -48.001
K (with torsional term) 109° -36.915
80° -21.781

It can be seen that a calculation of the enthalpy of
transition would yield a negative result, indicating that the
low-temperature form is less stable than the high-temperature

fom, according to this calculation.

Unit Cell and Iattice Calculations

The location and value of the snergy minima for the
unit cell and the lattice were found for both the low-temperature
and high-temperature forms using the SS and K functions. The
results of this minimum energy computer-search appear in Tables
X and XI. The Tables consist of that portion of the energy sur-
face that surrounds the minimum energy, which appears with an
asterisk. In this calculation , as in the single chain calcula-
tions, it is predicted that the high temperature form is energeti-

cally more stable than the low-temperature form.
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TABLE X . Energy Surface of Monoclinic PTBD Around Minimum
Calculated with Scott & Scheraga Function

LOW~-TEMPERATURE FORM

a> (R)
8.50 | 8.55 . 8.60 | 8.65 8.70 8.80
9.10 | | 68175 ~68.293 | -67.879
9.50 , ~69.293 -69.363  -69.091
&) | 5
" 9.60  -67.5u4 | -69.0k1 -69.577*i ~69.1459
1
9.70 i | _68.427 -69.201 -69.252
| | |
(Energy inkcal/mole)
* Energy minimum
HIGH TEMPERATURE FORM
a> (R)
9.70 9.75 9.80 | 9.85 ' 9.90 10.00
8.30 -Th.896 -T4.607
&)
b 8.k40 -75.508 " -75.584  -75.804 -75.649 -75.108
¥
8.50 , -75.861 | <76.014 -76.017* /-75.904
‘ |

(Energy in kcal/mole)
# Energy minimum
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TABLE XI, Fnergy Surface of Monoclinic PTBD Lattice Around Minimum
Calculated with Kitaigorodsky Function

0 ®) LOW=-TEMPERATURE FORM
8.60 \ 8.65  8.70 &8T5 8.8
9.45 -40.170 { -40.179 i -40.158 |, -=L40.0T2 =39.920
9 l |
4 9.50 ~40.182 ) _40.212% | -40.209 -40.126 -40.006
9.55 -40.115 ‘ -40.184 l -40.203 l -40.136 -kLo.020
9.60 -30.982 -40.087 ' -L0.109 -40.070 -39.982
i i i |
9.65 -39.820[ -39.957 -39.985 -39.965 ' -39.860
|
(Energy in kcal/mole)
* Energy minimum
HIGH-TEMPERATURE FORM
ar (R)
9.30 | 9.k0; 9.50| 9.60| 9 .70 | 9.80 | 9.90, 10.00
|
8.10|=37.230 - i-39.288: 1=39.1877 1-38.852] T
8.20 440.188 | _b1.332 -41.092 -40.323
(R) H \
b ; ’
+ 8.30 -39.h6é -hz.oosi =42,k -41.952
8.40 Jh1.501 | _42.959 —h2.957i -h2,281
8.50 |-39.k452 -h2.559| -h3.289* ~42.947
| | ‘
8.60 l-ho.gshl-hz.esl' \-h3.09hl -h2,524
1 |
8.70 }-37.886 |-h1.610: ~b2.691 | '-h2.53oi |
! i

(Energy in kcal/mole)
* Energy Minimum
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The observed lattice constants of the low-temperature

31'I‘he

form are given as a= 8.63R, b=9.11&, c=4.83A and B=114°.
coordinates of the calculated energy minima for both energy func-
tions are quite close to the experimental value. The lattice
constants found by the SS function deviate 0.07A for the a con-
stant and 0.49A for the b constant. The deviation of the a con-
stant is 0.07R and the b constant is 0.37A for the minimum energy
found with the K function. No lattice constants are available

for the high-temperature form.

Calculations of the energy of an hexagonal lattice as
a function of interchain distance were also performed using the
K function. The results of these calculations appear in Figures
22 and 23. It can be seen that there is a clearly defined mini-
mum at 4.60A and 4.67A for the low temperature and high tempera-
ture forms, respectively.

Although the structural studies of the high temperature
form did not define a space group or yield lattice constants,
Suehiro and Takayanagi hawve foum‘.l32 that in the high temperature
form each molecular chain is hexagonally surrounded by six other
chains which are equidistant from each other. At room temperature
the interchain distance observed is 4.60A, and the minimum inter-
chain distance for the high temperature form is 4.95A. A plot

of the interchain distance wversus temperature data appears in

Figure 24.
It is seen that the K function accurately predicts the

lattice constants at the energy minimum for the low temperature
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form, but predicts constants for the high-temperature form
which are far too small in comparison with the experimental
values.

It is interesting to camwpare the location and wvalue
of the energy minima found for the monoclinic and hexagonal
lattices with those found for the unit cell. These comparisons
are summarized in Table XTI. In each case the value of the energy
of the lattice represents a structure that is well over six
times as stable as the structure corresponding to the minimum
value calculated for the unit cell. When the energy of the unit
cell is campared with the energy calculated for four single
chains, it is seen that the unit cell is in turn far more stable
than the sum of the energies of the four chains. These results
appear in Table XIIT.

In the hexagonal lattice calculation (Table XITI) the
minimum energy of the single chain occurs at an J.nterchaln dis-
tance of 4.94A while the minimum of the lattice is at 4.67A.
Thus, unlike the lattice, the coordinates of the minimum for
the unit cell are very close to the experimentally observed
interchain distance.32 The heat of transition calculated fram
the hexagonal lattice data given in Table XII is in reasonable
agreament with experiment. The difference between the energy
minimum of the low temperature form and the energy of the lattice
at 4.90 R, the experimental interchain distance, is equal to 43.5
cal/gram. If one uses the energy of the lattice at the coordinates
of the calculated energy minimum for the unit cell (4.97R), the
heat of transition is found to be 59.8 cal/gram. The heat of
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TABLE XII lompariecon of the wvalue and location of the energy minima
a. monoclinic lattice and the unit cell

Potential  Temperature Lattice  Energy of Lattice Spacings
Function Form Energy Unit Cell a b
' (8) )

(kcal/mole) (kcal/mole)

Ss low temp. -69.577T* -11.1k46 8.70 9.60
-67.544  -11.592% 8.50 9.60
ss high temp. -76.017* -12.146 9.85 8.50
-75.654  -12.362% 9.85 8.60
K low temp. -ko.212% -~ 6.9h2 8.65 9.50
-39.449 - T.24TH 8.45 9.50
K high temp. -L43,289* -~ 7.548 9.70 8.50
-29.33 - 8.625 9.10 8.70

b. hexagonal lattice and the unit cell

interchain distance

K low temp. -41.761* - 7.090 .60 (X)
-k1.559 - T.111% L. 6L

K high temp. -Lo,788% - 4,192 k.67
-38.531 - 6.273% L.gh

K high temp. -39.411 - 6.225 L.90 t

* Energy minima

t The experimental data indicate that the high temperature form does
not exist below an interchain distance of 4.90 A. Thus only the
local minimum, not the absolute minimum makes senee experimentally.
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TABLE XIII. Calculated Energies of a Unit Cell and Four Single Chains

Function Minimum
Ener%zag7l§ Cell Energy of Four Chains
g (cal/g)
Low-temperature
S5 - 11.592 -4.618
K - T.247 -2.602
High-temperature
asg - 12.363 =5.0k1
K - 8.625 -2.887
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transition found experimentally for heptane grown melt-recrystal-
lized sample is 27 cal/gram (see Table V).

Comparison of Experimental and Theoretical Heat Capacity

By using the interchain distance versus temperature
data of Suehiro and Takayanagi>’ (see Figure 24) and the calcu-
lated energy versus interchain distance data shown in Figures 22
and 23, the energy as a function of temperature was derived. This
data is plotted in Figure 25. The energy for the high temperature
form was found to be a linear function of temperature. A linear
regression analysis showed a regression coefficient of 0.998. It
can be seen that the energy for the low temperature form is not
a linear function of temperature.

Using this energy versus temperature data in conjunc-
tion with the experimental data for the heat capacity and energy
presented in Figures 15 and 16, respectively, the following cam-
parisons were made. Choosing four arbitrary temperature ranges,
the experimental and theoretical energies were plotted as a func-
tion of temperature. Figure 2¢ shows the values of the AH for
each range. The heat capacity, Cyr is equal to the derivative of
an energy versus temperature curve. It can be seen that for each
of these ranges the experimental slope, or derivative curwve, is
always greater than the slope of the theoretical curve.

For the linear high temperature form a numerical differ-
ence for the entire range can be calculated. The slope of the cal-
culated energy versus temperature curve for the high temperature
form was 0.13 cal/gram-°C. This value was campared to the experi-
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mentally obtained heat capacity. It was found that the difference
between these two values was 0.28 cal/gram—°C.



DISCUSSION

The purpose of these calculations has been twofold. One
aim . has been to test many of the assumptions and theories that
are comonly encountered in the literature in this type of study.
As was discussed previously, PTBD lends itself very well to this
purpose because it undergoes a solid-solid phase transition. The
second aim of this study has been to further elucidate the observed
physical properties of PTBD. Since at the present state-of-the-
art, all theoretical results must be appreciated in temms of their
limitations, the order of discussion will first be to discuss
the limits of the theoretical approach and then, with these limits
in mind, to discuss the implications of the calculational results
on our understanding of the structure of PTRD.

Single Chain Calculations

Figure 21 is a plot of the enexrgy of a single PTBD
chain as a function of the dihedral angle. Because the monamer
unit is planar, containing a double bond which hinders other ro-
tation, the conformation of the entire chain is detemined by the
dihedral or settle angle,6 . Thus once the other bond angles
and distances are set, 8 is the only parameter used in an energy
calculation for a helical chain like PTRD. Inspect:.on of Figure
21 shows that it is essential to add in a torsional temm to the
potential function in order to predict any real selectivity in
chain orientation.

Without the torsional temrm there is a small energy well
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at 60° and then all dihedral angles are practically equipotential,
so that no preferred conformation above an angle of 60° is predicted.
Once the torsional term is added, a sinusoidal character is im—
posed upon the potential diagram. However, the conformation that
is predicted to be the most stable occurs at a dihedral angle of
60° As notedpreviously, the high temperature form is more stable
than the low temperature form, according to this calculation.

Inspection of the plots also reweals that the two po-
tential functions yield energy diagrams with the same owverall char—
acter. The only difference between the results is one of relative
energies. However, since experimentally derived energies are
really energy differences, the fact that the two functions pre-
dict different values for the energy is not significant.

Thus the conclusion that can be drawn is that single
chain calculations are apparently insensitive to the potential
function used. They also appear to be wholly unsatisfactory with-
out the addition of torsional terms. In addition, when the tor-
sicnal terms are included, the conformations that are predieted
to be the most stable are mot the conformations found experimentally,
and therefore, are not the true energy minima.

A discussion of the ramifications of these conclusions
an camonly accepted theories and practices will be deferred until

the lattice and unit cell have been discussed.

Unit Cell and Lattice Calculations

In assessing the success of a theoretical calculation

such as the minimization of the energy for the two forms of PIBD,\We
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seek camparison with available experimental data. In this case,
it would seem obvious to compare &he theoretical heat of transi-
tion with the experimentally observed enthalpy of transition. As
in the case of the single chain calculation, a calculation of the
energy difference for the hexagonal lattice, the unit cell or
four hexagonally oriented chains, all yield a negative heat of
transition. This, of course, indicates that according to these
calculations, the polymer is more stable with the lattice con-
stants predicted for the high temperature form than at the coor-
dinates that minimize the energy of the low temperature form.
This result is found for calculations done with both the K and SS
functions (see Tables X, XI and XII).

At this point the results seem to show that the cal-
culations are not realistic. Howewver, if one looks at the pre-
dicted ooordinates rather than just at the energy difference,
several points of interest became apparent. As discussed in the
previous section, although the structure of PIBD in the high temp-
erature form has not been assigned to a specific space group,
data on the interchain distance in an hexagonal arfay 1s avail-
able>? (see Figure 24). The minimm interchain distance found
in the high temperature fomm is 4.90 A. The calculations lo-
cate the minimum energy of the high temperature form at 4.67A
(see Figure 23), an experimentally determined unrealizable con-
figuration for the crystal. The predicted interchain distance
for the low temperature form was 4.60&, in exact agreement with
the experimentally observed valeve.

The significance of this observation is far—reaching.
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The very basis of this type of theoretical approach is the con-
cept that the conformation of the macramolecule at the minimum
potential enerqgy is also the conformation of the macramolecule

56=68

at the minimum free energy. But free energy,AG, has two

thermodynamic components, the enthalpy, AH, and the entropy,
TAS. Minimizing the potential energy only deals with the mini-
mization of the enthalpiic contribution to the free energy and
totally ignores the entropic contribution.

With this in mind, one must examine the observed
experimental calorimetric and heat capacity results discussed
in Part I. There the conclusion drawn was that the chains in
the high temperature form contain a great deal of torsional
freedom, and, in fact, that in essence, all realizable confor-
mations were accessible to the crystal. The calorimetric measure-
ments for the crystals concurred with those previously observed
for the bulk polymm.'45, and showed that the entropy of transition
from the low temperature formm to the high temperature form was
almost twice the entropy of melting. Thus the entropic contri-
bution to the free energy of the crystals is quite significant.

The agreement obtained between experinental and cal-
culated~values for the coordinates of the low temperature form
is excellent, however. Both the K and SS functions in the mono-
clinic lattice arrangement, as well as the K function in the
hexagonal array, predict the experimentally observed configura-
tion well. An inspection of the model of the low temperature form

shows that there is little room for torsional motion in the lattice.

The rising heat capacity as a function of increasing temperature
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that is observed experimentally indicates that there is a rapid
rise in the number of conformations accessible to the chains.

According to the x-ray studies32

this is accompanied by a linear
increase in the interchain distance within the lattice. Thus at
the lower temperatures, the enthalpiceontribution to the free
energy is the major one, nd minimization of the potential energy
is approximately equivalent to the minimization of the free energy.
A comparison of the values for the energy of the unit
cell and lattice of 125 unit cells (Table XII) shows that there
‘is a stabilizing effect of the lattice structure. This stabili-
zation is also observed for the unit cell which has an energy léss than is
calculated for four single chains (Table XIII). Thus the conclu-
sion previously drawn that single chain intramolecular energy
calculations cannot be used to estimate the energy of a crystalline
solid is further wverified. In fact, for such solids, it becames
apparent that ewn the energy calculated for a unit cell is not

an adequate measure of the energy of a lattice.

Ismplications for Many Existing Models

The implications of these results on the majority of
theoretical polymer calculations are far-reaching. The validity
of the use of Flory " and Volkenshtein ® calculational methods
for polymeric solids is called into question. In essence, as
discussed previously, this method concerns itself with assigning
statistical weights to the various ratational isavers of a single
chain. When possible these statistical weights are arrived at

fram experimental determination of the wvotational barriers of
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small molecules. Fram the statistical weights, the partition func-

tion can be calculated, and hence all the thermodynamic properties.

49,50

Using this method Mark calculated many of the

>2 carried out a study

solution properties of PTBD. Flory and Abe
of the conformational interactions of -1,4- butadiene structural
units (—CHZ-CHZ—CHZ-C.'H= ) and their effect on the properties of
polybutadiene. They also calculated solution properties. A
result obtained was that introduction of sBereoirregularity into
a single chain had a greater effect on predaminantly trans chains
than on predominantly cis chains.

In light of the results obtained here, questions can
be raised as to the real meaning of a study such as the Flory and

Abe investigation. It has been shown here that the contribution

of the intramolecular interactions of a single chain are not equi
valent to all the interactions occurring in a solid. Apparently,
the interactions that determine the minimum energy configurations
and conformations in a real system are not predaminantly intra-
molecular. Hence, intramolecular energy calculations are, in
essence, a mathematical study of the minima of the particular
function used, and not a study of a polymeric system. In his
work on PTBD, Mark??’>? concluded that a calculation of the
energy of a PTBD lattice was necessary to evaluate the validity
of his method. The calculations performed here verify his con-
clusion that such a study was necessary. The results of these
calculations indicate that single chain configurational statistics
are invalid models for real solid systems.

71

Oorr@dini, et al’™ have applied the Flory method to
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chain folding in PE single crystals in an effort to see the coop-
erative effect of bond angle deformation and rotational strain.
They minimize the energy of a single PE chain bent into various
geametries and conclude that the fold energy appears to be essen-
tially due to the sum of the torsional and bending contributions.
Again, in light of the data presented here, before the conclu-
sions of Corradini, et al, can be drawn, it is essential to
construct a surface consisting of many chains and then to mini-
mize the energy of this surface, in order to evaluate the contri-
bution of the lattice stabilization energy to the minimum free
energy confommations. Only then would it be possible to assess
the accuracy of 3ingle chain statistics in predicting the sur-
face structure of PE crystals.

In addition, given the fact that the surface is not
perfectly crystalline, the evaluation of the entropic contri-
bution to the free energy is also necessary. This is a more
difficult problem, probably involving a numerical evaluation of

the partition function.

The PTBD Model -— The Lattice Structure

The fact that the K function accurately predicts
the interchain distance of the low temperature form indicates
that £t is a good energy function for the system and that mo-
dels for PTBD can be inferred from these calculations with reason-
able confidence. Using the K function, minimum energies for a
monoclinic and an hexagonal lattice (see Table XII), it is found

that the difference in energy between these two structures is
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1.549 kcal/mole for the low temperature form and 0.501 kcal/mole
for the high temperature form. In the case of the high temperature
form, the difference in energy is less than kT, indicating that
both forms are energetically accessible to the crystal. In actual-
ity, the energy difference should be taken between the calculated
energy for an interchain distance of 4.90R for the hexagonal lat-
tice ard the energy at the corresponding experimenta} lattice
constants for the monoclinic form. However, since the lattice
constants are not known, this cannot be done. Since the behavior
of the two functions is quite similar, however, it is reasonable
to assume that the energy difference would be about the same for
the configurations corresponding to the actual experimental data.

An inspection of the energy surfaces (Table X and XI)
reveals that the energy minima for PTBD are quite shallow and
rather large changes in lattice dimensions produce small changes
in the energy. 'IhisbecmeémreapparentwhenthePI'BDdata
is compared to typical data found in the literature. In their
study of the energies of various tetraphenyl organo-metallic
compounds, Ahmed, Kitaigorodsky and Mirskaya®® calculated the
energies of various qrystals as a function of internal rotational
angles. Their results for tetraphenyl tin appear in Figure 27,
a surface contour of the variation of the energy (in kcal/mole)
with 6, the angle of rotation of the phenyl groups around the
tin bond, and ¢, the angle of rotation of the molecule about
the Cy (z) axis in the crystal. The 10 kcal/mole change in the
contour correspoan to a change of only 0.39A. Comparison with the
PTBD energy surface shows that the tin campound has a much deeper
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FIGURE 27

Variation of energy of tetraphenyltin as a function

of two conformational angles, taken from reference 66.
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energy well. This is typical of many molecules.

The shallowness of the energy well indicates that PTBD
has considerable freedam of motion, even at the configuration
corresponding to the potential minimum, because the energy barriers
between configurations are camparatively low. Thus even with an
energy difference of about 2kT for the low temperatwre form,
both the hexagonal and monoclinic lattice structure are energeti-
cally accessible and much interconversion between these forms and
the various configurations between thzse forms can be expected.
This could explain the "pseudo—hexagonal" crystal structure attri-

31

buted to PTBD in the x-ray investigation. It oould also ex-

plain the difficulty in obtaining a specific crystallographic

32 The interconversion

space Jroup for the high temperature fomm.
between the two forms could be so great as to make it extremely

difficult to obtain a clear pattern.

The PTBD Model -- Transition and Lattice Energies

The heat of transition that is predicted for PTBD

is 43.5 cal/gram. 'This value is arrived at by taking the differ-
ence between the minimum energy of the low temperature form and

the energy at an interchain distance of 4.90R for the high temp-
erature form (see Table XII). The enexrgy at 4.90A is used rather
than the calculated minimum energy because, as discussed previously,
the calculated minimum falls at an experimentally unrealizable dia-
tance. It is valid to use the energy at 4.90A even though it is
not a minimum because the interaction between the atoms is about

the same at 75°C, the temperature of the high temperature form,
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as & room temperature. Thus one would expect that the K function

would remain a good function for describing these interactions un-
til electronic transitionsbegin occurring in the crystal, which,
of course, would be at a much higher temperature. The calculated
value for the transition is a little less than double the experi-
nental heat of transition for melt recrystallized heptane crystals
(see Table IV). This is good agreement and as good as one could
expect between the actual solid and a model of a perfect, motion-
less crystalline lattice.

It is interesting to note that the configuration corres-
ponding to the minimm free energy of the unit cell for the high
tenperature form occurs at an interchain distance of 4.94A,
quite close to the experimental value. Thus it would seem that
lattice stabilization energy is not a determining factor in the
minimum free energy configuration of the crystals in the high
temperature form.

The difference of 0.28 cal/gram-°C or 60 cal/mole-°C,
between theoretical and experimental energy*temperature plots
indicates that about two-thirds of the heat capacity of the
high temperature fom is due to lattice motions. If, as a
first approximation, one uses the law of Dulong and Petit for
an estimate of the heat capacity due to lattice motions, about
54 cal/mole-°C are left for low-energy vibrations. The Dulong
and Petit value of 6 cal/mole-°C is an estimate for monatamic
crystals and probably underestimates the energy of the modes of
a polymer lattice. However, the approximate value of 54 cal/
mole-°C indicates the probability of finding several chain vi-

1

brations below 200 acm — in the far IR.



CONCLUSIONS

Intramolecular energy calculations of single chain
interactions alone were found to be an insufficient measure of
intermolecular interactions in a real solid. At low temperatures,
the lattice stabilization energy is a dominant factor in deter-
mining the minimm free energy configuration. Once there fe
torsional freedam and defects in the solid, the entropy effects
can no longer be neglected and therefore, minimization of the
potential energy is not equivalent to minimization of the free
energy.

In PTBD the energy barriers between the hexagonal
lattice and a lattice of monoclinic unit cells were found to be
low enough to allow interconversion between these structures.

At the larger interchain distances of the high temperature form,
lattice stabilization energy was found to have a smaller effect

on the minimumm free energy configuration. The heat capacity of

o

the high temperature form can be largely attributed to lattice

and torsional motions.
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THEORETICAL AND EXPERIMENTAL INVESTIGATIONS OF THE STRUCTURE AND
PROPERTIES OF POLY-(trans-1,4~BUTADIENE)
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ABSTRACT

The surface structure of poly-(trans-1,4-butadiene), PTBD,
single crystals was quantitatively assayed by chemical reaction of
the surface double bonds. The reqularity of the fold surface
was found to be a function of growth solvent and growth tempera-
ture. Estimates of the number of monomer units per surface
fold for various solvents are given. The heats and entropies
of the solid-solid transition and fusion of crystals and bulk
solid were measured. The interior structure of the crystals
was also found to be a function of solvent and growth tempera-
ture. .

Heat capacity measurements of melt-recrystallized sample
together with the entropy measurements indicated that the high-
temperature form is highly defective. The presence of interior
defects shows that conclusions about surface structure cannot
be drawn from techniqoes which assay the entire crystal rather
than just the surface.

Theoretical energy calculations of the solid-solid phase
transition of PIBD were carried out on a computer using empiri-
cal potential energy functions. Calculations were performed on
a single PTBD chain, unit cell, and lattice of cells, and the
resuits compared. Minimization of the lattice energy with respect
to the monoclinic cell constants gave results in good agreement
with x-ray diffraction data, while single chain and unit cell
calculations were discrepant. Large entropy effects for the
defective high-temperature lattice could explain the lack of
agreement of the minimization results for the high-temperature
form. The energy barrier between the monoclinic and hexagonal
lattices was found to be low.



