INFORMATION TO USERS

This material 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.

.PLEASE NOTE: Some pages may have indistinct print. Filmed as

received.

Xerox University Microfilms

300 North Zeeb Road
Ann Arbor, Michigan 48108



7529, 262
KO, John Hsienwshyh, 1946

STATISTICAL AND ELASTOMERIC PROPERTIES OF
SOME SILICON=CONTAINING POLYMERS.

The University of Michigan, Ph.D., 1975
Chemistry, polymer

Xerox University Microfilms, ann aror, Michigen 48108

THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED.

S



STATISTICAL AND ELASTOMERIC PROPERTIES OF SOME
SILICON~-CONTAINING POLYMERS

by
John Hsien-shyh Ko

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Chemistry)
in The University of Michigan
1975

Doctoral Committee:

Professor James E, Mark, Chairman

Associate Professor Arthur J. Ashe

Professor Charles G. Overberger

Associate Professor Robert R. Sharp
- Professor Gregory S. Y. Yeh



To

Mei-You, my Wife

ii



ACKNOWLEDGEMENTS

I am greatly indebted to Dr. James E, Mark, who
suggested and directed this research., Dr. tark's invalu-
able guidance, criticism, nrofound knowledge and under-
standing on many occasions led to the succeséful completion
of this work, 1ilis encouragement, warm personality, and
infinite patience have been most sincerely anpreciated,

The suggestions made by the other members of the Doctoral
Comnittee are also appreciated.

Acknowledgements are particularly due to Drs. R. Y. S.
Chen, S§. C, Liao, and C. M. Venkatachalam for helpful
discussions in my graduate student career. It is also a
pleasure to thank Dr. M. Kato for some assistance in the
preparation of a network sample and the mecasurements of
its thermal cxpansion coefficient.

The typing of this final draft by Mrs. L. Myers is
also gratefully acknowledged.

Thanks also go to the Chemistry Dapartment and the
Macromolecular Rescarch Center of The University of Michi-

gan for financial support of this study.

idi



DEDICATION

TABLE OF CONTENTS

ACKNOWLE DGEME:NTS [ ] L] L] L] L] L] L] L] L] L] L ' . . L] L L

LIST OF TABIIES L ] L L[] L . L L] - L] . L] L] L] L]

LIST OF FI GURES * L] . . - L L] L] L L) L] L] - -

L] L *

I. RANDOM-COIL DIMENSIONS AND DIPOLE MOMENTS OF

POLY (DIMETHYLSILMETHYLENE) T

A,

B.

IntroduCtion L] L] . L] * L * L] . . L]

Experimental Details . . . ¢ . 4 & & . .

l.

Preparation of Materials . . . . . . .
a. Synthesis of the Monomer, 1,1,3,3-

Tetramethyl-1,3-disilacyclobutane .
b. Polymerization of the Monomer . . .
C. Fractionation of the Polymer, Poly-

(dimethylsilmethylene) . . .
Solution Properties . . . . . .
a. Viscosities . . . . ¢ . . . .
b. Osmotic Pressures . . . . . .
c. Dielectric Constants and Refractive

Indices & v v 4 v v v v e e e e .
Elastic Properties of Networks of the
POLYMEL & & & v & v ¢ v o o o o o 2
a. Preparation of Cross-Linked Samples

b. Elasticity and Thermoelasticity (Force-

Temperature) Measurements . . ., . .

Experimental Results and Discussion . . .

l.

Theoretical Calculations of <r2>

l.

The Mean-Square Unperturbed Dimensions
<r > L) - L] L] L[] - * L ] 1 L) -
The Yemperature Coefficient

of <r2 .

The Mean-Square Dipole Moments <u2>o and

Their Temperature Coefficient . . . .
Discussion L] . L] »> L ] . L ] L ] L] - * L] . L]

Rotational Isomeric State (RIS) Theory
a. Gencral Features of the lModel . . .
b. Statistical Wcight Matrices and the

Configurational Partition Function.
c. RIS Eyuations for <r2>O and <u“>, .

Application to Poly(dimethylsilmethylene)

a. Structural Features of the Polymer
Repecat Unit . o o 4 ¢ ¢« ¢ ¢ o o o &
b. Construction of Statistical Weight
Matrices . o & ¢« v v v ¢ 4« « o o .

iv

and <u2>

&b

(o) 30 -4

12
12
13
15

16
16

18
19

19
27

32
39

41
41
41
43
44
50
50

52



3. Calculated Results and Discussion . e o 55
E. Conclusions . . . & 4 ¢ v o o o o o . . s . 67

II. RANDOM-COIL DIMENSIONS OF POLY (METHY LPHENYLSIIL~-
OXANE) AND THEIR DEPENDENCE ON STEREQOCHEMICAL
STRUCTURE [ ] [ ] L ] [ ] [ ] L ] L] [ ] [ ] [ ] » . ] * - - L ) L] L ] 68
A, Introduction . . . . . ¢ « . .

B. Application of Rotational Isomeric State

Theory to Poly(methylphenylsiloxane) . . . . 73
l. Structural Features of the Polymer

Repeat Unit . . ., . . . . . . . . ¢ . . . 73
2, Calculation of Conformational Energies. . 74
3. Statistical Weight Factors . . . . . . . 78
4. The Statistical Weight Matrices . . . . . 87
5. The Configurational Partition Function

and the Characteristic Ratio . . . . . . 90

C. Calculated ReSultsS . . v v & & o o o o o . . 92

1. The Characteristic Ratio . .,

L L] L) L ] * L ] 92
2. The Temperature Coefficient of <r2>0. . . 100

D. Comparison of Theory and Experiment . . . . 100

E. ConCluSions L ] L L] L] L] L L] L] L] * L] L] L] L ] L] » 106

III. STRESS-STRAIN BEHAVIOR OF POLY(DIMETHYI-
SILOXANE) NETWORKS AT HIGH ELONGATION . ¢ o o 109

A, Introduction . . 4 v v ¢ ¢ & o « o o . e v e 109

B. Experimental Details . . v v @ v o o o . o . 115
C. Experimental Results . . . . . . 4+ o « « . . 116

D- COI‘lClUSiOnS . . » - . . L) . * - . . . o o - 120

APPENDI CES O . . . . . . . . - . ® 3 . . . - . . L3 . 121

Appendix A. Calculation of Dipole Moment
Ratio for PDMSM . , . . « . . . . o 121



Appendix B. Calculation of Nonbonded Inter-~

action Fnergy of an Atom Pair
Separated by 12 Bonds . . . . . . . 127

Appendix C. Computation of the Characteristic

RETERENCES

Ratio of Poly(methylphenylsiloxane). 130

. . . L] ] . . . . . . . . . . . . . 139

vi



Table ,

I.

II.

III.

IV,

VI,

VII.

VIII.

LIST OF TABLES

Viscosity and Osmometry Results for PDMSM
Fractions L L] L L] L] * L » [ [ ] L] L] . L] . L * L] 23

Thermoelastic Results from Direct Force-
Temperature Measurements on a PDMSM Network
over the Temperature Range 30-90°C . . ., . . . 32

Dielectric Results on PDMSM Fractions in
Cyclohexane at 30°C ¢ 4 v« ¢ « ¢ o « o o o o @ 37

The Temperature Dependence of the Mean-Square
Dipole Moment of PDMSM Fraction Fa in Cyclo-
hexane L] . L] . L L L] L] * L L] * L] L] L4 L ] L ] L] L] - 39

Summary of Statistical Properties of Poly-
(dimethylsilmethylene) and Some Structurally
Related POLYMErs . v v o o« ¢ o o o o o o o o & 40

Values of the Characteristic Ratio and

Dipole Moment Ratio for PDMSM Chains in the
Idealization of Free Rotation . . . « ¢ & + & 61
Values of <r2>o/nl2 and <u2> /nmz, and Their
Temperature Coeéfficients as 8 Function of
Parameter w for the PDMSM Chain .+ ¢ o o o o o 66

Values of the Lennard-Jones Constants for
Calculations of Intramolecular Interaction .
Energies in PMPSO . 4 & 4 & o o o o o o o o 76
Nonbonded Interaction Energies, in Kcal Mole-l,

for the PMPSO Chain . o s o e o = « o o = o @ 79

Summary of Interactions, Statistical Weight

Factors, and Associated Conformational
Energies for the PMPSO Chain « « ¢ v« ¢ o &« « & 87

vii



LIST OF FIGURES
Figure Page

l. ONMR Spectrum of 1,1,3,3-Tetramethyl-1, 3~
disilacyclobutane in Carbon Tetrachloride. . . . 7
2. NMR Spectrum of Poly(dimethylsilmethylene) in
Carbon Tetrachloride .« o v v ¢ ¢ « o « o o o « 9

3. Infrared Spectrum of Poly(dimethylsilmethylene). 10

4. Schematic Diagram of the Precipitation
Fractionation . . . & ¢ ¢ ¢ ¢ ¢ + ¢ ¢ v 0 o o 11

5. Measurement of the Undistorted Length L. of a
PDMSHM Network as a Function of Temperatire . . . 20

6. The Reduced Viscosity (n__/c) plotted against
Concentration for PDMSM PFaction F, in Cyclo-
hexane at Temperatures 25, 30, 40,%and 50°Cc . . 21

7. Valuecs of nSD/c Plotted Against Concentration
for PDMSM FTaction F4 in Cyclohexane at the
Specified Temperatures . « « « « o« o o« o o & o . 22
8. w/cT Plotted Against Concentration ¢ in g cm"3
for PDMSM Fraction F, in Cyclohexane at
Temperatures 32.2, 4274, and 50.5°C . . . . . . . 25

9. w/cT Plotted Against Concentration c in g e 3
for PDIMSM Fraction ', in Cyclohexane at
Temnperatures 32.2, 42.4, and 50.5°C . . . « . . . 26

10, Stress-Strain Isotherms for a PDMSM Network, at
the Three Specified Temperatures . . . .« « .« . . 29

11. vVvalues of the Reduced Force Shown as a Function
of Temperature for the Illustrative Values
Specified for the Elongation o o v o ¢ o o o o o 31

12, Values of 1n(£f/T) Plotted Against the Abhsolute
Temperature for a PDISM Network at the Specified
Values of the Elongation a = L (90°C)/Li(90°C) . 33

13. Dielectric Constants e 2 of PDUSM Fractions F
and F, in Cyclohexane %dlution Plotted Agains%
the Weight Fraction w, at 30°C . . . . . .. .. 35

14. Indices of Refraction n 2 of PDMSM FPFractions

F, and F, in CyclohexanZ”Solution Shown as a
Function of w, at 30°C . . . . . « & o ¢ o . . 36

viii



15,

16.
17.

18.

19.

20,
21,
22,

23.
24,
25,
26.

27.

28,

29,

A Spatial Configuration of a Polymer Chain . . .
The End-to-End Vector of a Two Dimensional
Polymer Chain . . . o & ¢ ¢ v v ¢ o v o o o o
The Cartesian Coordinate System Defined about
Skeletal Bond i‘ L ] L . L] L] L] L ] L L ] [ ] L] L] L ] L] L] L]
Schematic Representation of the Poly(dimethyl-
silmethylene) Chain in the All-trans Conforma-
tion . . L] L] . L] L] - . L ] - . L L] - L] - L] * L L] L ]
Conformation of the Polyisobutylene Chain in Its
Planar All-trans Conformation . . . . . + « « .
The Nine Rotational Isomeric States for Pairs
of Bonds Meeting at a lMethylene Group in the
Poly(dimethylsilmethylene) Chain « . « « « . . .

The Characteristic Ratio Plotted as a Function
of x for the PDMSM Chain . . . « v ¢ « v « & o .
The Dipole lMoment Ratio Plotted as a Function of
X for the PDMSM Chain .+ v v v o o o o o o o o
The Characteristic Ratio and Dinole Moment Ratio
for Poly(dimethylsilmethylene) Plotted Against
tlle Bond A.rlqle LSiCSi » . . . [ . . Y L] . . L] [}
Example of a Pair of gauche States of Oppositg

Sign, Shown to Illustrate liow Occurrence of g g:F
States Makes a Chain more Compact . . . . . . .

Portions of the Poly (methylphenylsiloxane) Chain
Shown to Illustrate the Concept of Variable
Stereochemistry . ¢ o ¢ ¢ ¢« ¢ ¢ o o o« o o o o

A dd Segment of the DPMPSO Chain Showing the Two
Pentane-type Interferences ¢.....9 (or
C6“5° ...C6115) and CII

Rotational States about Si-0 Bonds in PDMSO . .

3...CH3 [ L] [ ] - [] . . . L]

The Characteristic Ratio of Poly (methylphenyl-
siloxane) at 60°C Shown as a runction of the
Degree of Polymerization DP fg{ Selected Values
of Pr,for EG = -1.0 kcal mole st s e a s s »

The Characteristic Ratio of Poly(methylphenyl-

siloxane) (PMPSQO) at 30°Cc Plotted Against the Prob-

ability of Replication for the Illustrative
Values Speccified for Ed e + & 4 s e & e+ s e o o

ix

LY

44

44

47

50

51

54

57

58

63

66

69

81

83

94

95



30.

31.

32.

33.

34,

35.

36.

37.

38.

The S5i-O Backbone in the All-trans Conformation,
Shown to Illustrate the Fact that trans States
Tend to Decrease the Chain Dimensions . . . . . 97

Published Calculated Values of the Characteris-

tic Ratio of Polystyrene and Poly (methylmeth-
acrylate), Shown as a Function of the Replication
Probability, at Temperatures of 298.2°K and

300°K, RespecCtivelyY v v ¢ v v v o o o o o o o o 99

The Characteristic Ratio of Poly(methylphenyl-
siloxane) Shown Plotted as a Funcgion of Tem-
peratures for E;, = -1,.0 Xcal Mole at

Selected Values of Pr ¢ e e s e s e e e o s s o 101

The Temperature Cocfficient d1n<r2> /dT for

Poly (methylphenylsiloxane) Plotted Rgainst P

at Selected Values of L R 1k
The Trimer 1,3,5~Trimethyl~1,3,5-triphenyl-
cyclotrisiloxane, Presented to Show the Above-
the-Ring Locations of the Phenyl (¢) Groups in

CisS ISOMEY ¢ v v 4 4 4 t 4 o o o o o o & o o o o 107

The Stress-Strain Behavior for latural Rubber
at 25°C, over a Wide Range of Elongations . . . 111

The Stress-Strain Isotherm for PDMSO Sample Bl
at 50°C L[4 L ] L ] L] - L] L] L] L] [ ] » [ ] L ] L . L - L) L] L] 117

The Stress-Strain Isotherm for PDMSM Sample B2 ., 118

The Stress-Strain Isotherm for PDMSO Sample B3 , 119



I. RANDOM~-COIL DIMENSIONS AND DIPOLE MOMENTS OF DPOLY-

(DIMETUYLSILMETIYLENE)

A. Introduction

Studies of the configuratibnal characteristics of
macromolecules arc essential for the rational interprcta-
tions of their properties both in solution and in the bulk
amorphous state.l*4 The spatial arrangements or configura-
tions of a typical chain molecule in the randomly-coiled
state are determined by (1) bond lengths, (2) bond angles,
and (3) rotational (torsional) angles about its skeletal
bonds. 1In gencral, the first two features, bond lengths
and bond angles, are fixed within narrow limits at the
temperature of interest. On the other hand, an almost
unlimited number of spatial configurations may be gener-
ated through rotations about skeletal bonds, with the
probability of occurrence of any particular confiquration
being determined by the associated conformational energy.
Accordingly, the properties of polvmeric materials are
determined by the fixed paramcters (bond lengths, bond
angles) and by the statistical averéges of the variable
parameters (torsional angles). It is obviously of funda-
mental importance to study the configuration-dependent
properties of chain molecules., Host desirable of course
is a joint experimental-theoretical approach: measure-
ments of a variety of such statistical properties followed

by the interprctation of such results in terms of current

statistical mechanical models of linear chain molecules.



One of the most important quantities used to charac-
terize the spatial configuration of a randomly-coiled
polymer molecule is the mean-square end-to-end distance
<r2> of the chain.s"ll In general, however, this quantity
depends on interactions between the chain molecule and the
solvent medium in which it is studied, and this circum-
stance of course complicates establishment of the desired
relationships between chain structure and statistical
properties. It is possible, fortunately, to correct for
such interactions, thereby obtaining the dimensions of the
polymer coil in the absence of such "long-range interac-

tions" or "excluded volume effects."l'lz-15 These so-

called "unperturbed dimensions" <r2>01’]‘6"18 are funda-
mental to any quantitative study of chain configurations.
They may be obtained experimentally in either of two ways.
In the first, the unique temperature is found, for the
particular polymer-solvent system, in which the attractive
forces between polymer segments exactly nullify the poly-
mer-solvent interactions and excluded volume effects.

This temperature, quite analogous to the Boyle temperature
at which a real gas obeys PV = nRT, is called the Flory

12,13

temperature or ()-temperature. Alternatively, one

may carry out measurements in any solvent whatever and
subsequently use current solution theories to convert

values of <r2> thus obtained to the unperturbed values

2 19-22
<r®> .

The mean-square dipole moment523-26 <u2>° are also



sensitive to chain configuration, and values of this quan-
tity provide a great deal of information supplementary to

that obtained from studies of the unperturbed dimensions

<r2>o. Since different configurations of a chain molecule

generally correspond to different energies, configuration-

dependent properties are in general temperature dependent.

-For this recason, the coefficient527_32

2

dln<r2>o/dT and
dln<u >o/dT are also widely used in the characterization
of chain configurations.

This first part of the thesis consists of a thorough
investigation of the configurational characteristics of
poly(dimethylsilmethyiene) (PDMSM) [Si(CH3)2-—CH2-]x in the
randomly-coiled state. Of particular interest will be the
comparison of the properties of this chain molecule with
the properties of others with related structure. For
example, PDMSM is obviously closely related to the exten-
siQely studied polymer poly(dimethylsiloxane) (PDMSO)
[Si(CH3)2-—0-]}{.32"34 There are also obvious structural
similarities between PDMSM and polyisobutylene (PIB)

[C(CH ;26'35'f§

3)Z-CHZ—]x the case of this comparison, the
most important difference might be the relief of steric
interactions occasioned by the fact that Si~C skeletal
bonds are considerably longer than C-C bonds. Comparison
between the properties of PDMSM, PDMSMO, and PIB should
therefore shed considerable light on the effect of struc-
ture on chain configuration and thus also on the proper-

ties of polymeric materials in general.



The experimental part of the investigation involves
considerable synthetic work since neither the polymer PDMSM
nor the monomer from which it is prepared is available
commercially. Since most of the properties sought depend
on molecular weight distribution as well as on the molecu-
lar weight itself, fractionation of the polymer into por-
tions relatively narrow in molecular weight distribution
is an essential part of the preparative scheme. Experi-

2

mental values of <r2>O and dln<r >0/dT may then be obtained

by viscometric and osmometric measurements at a series of

temperatures. Independent values of the coefficient

dln<r2>o/dT will be obtained by force-temperature measure-

ments on networks of PDMSM chains.26'28

tities <u2>° and dln<u2>o/dT will be obtained from di-

The related quan-

electric constant and index of refraction measurements over
a range of temperatures., The application of rotational
isomeric state theory to PDMSM is to be explored using the
limited structural and thermodynamic information available

on inorganic materials of this type.

B. Experimental Dectails

1. Preparation of Materials

a. Synthesis of the Monomer, 1,1,3,3-Tetramethyl-1,3-

disilacyclobutane. The solvent to be used in the synthesis

was tetrahydrofuran (THF); it was obtained from the Fisher
Scientific Co. as a reagent-grade material, but was dried

in lithium aluminum hydride and collected at 65°C just



prior to use. The THF solvent was also purged with pre-
dried nitrogen to remove any dissolved oxygen. Chloro-
methyldimethylchlorosilane Si(CH2C1)(CH3)2Cl was obtained
from Peninsular ChemResearch, Inc. and was distilled at
ca. 115°C, before use. Methyl iodide was used as initia-
tor to start the Grignard reaction; magnesium turnings for

the reaction were obtained from J., T. Baker Chemical Co.

The reaction as shown in the foliowing equation was carried

out by the procedure of Kriner:39
CH CH.Cl
3 02 Mg, THF CH
g ——— > (CH,) s Dsi(cH,), (1)
RN 30-50°C 32" oy 372
cH c1 2

3

The whole assembly of gléssware was baked at approximately
80°C under vacuum for at least two hours. A stream of
predried nitrogen was passed very slowly through the reac-
tion flask to keep out moisture and oxygen during the
period of the Grignard recaction. A few drops of methyl
iodide were added to a small amount of magnesium turnings
covered by THF solvent. Upon adding a portion of the total
weight of Si(CHzcl)(CH3)2C1 to be used, the reaction
started as was evidenced by a light yellowish bubbling
from the magnesium turnings. More of the silane was then
added to the THF to make its final concentration 33% by
volume. The rest of the magnesium turnings was added
slowly over a period of approximately two hours. The
reaction system was kept at 30 to 50°C, with occasional

cooling when necessary. Because a viscous white slurry of



magnesium chloride was produced during the reaction, addi-
tional portions of THF solvent were added from time to time
to reduce the viscosity and thus permit the required rapid
mechanical stirring. After approximately four hours, the
reaction was cooled and about one liter of cold water was
slowly added to the mixture. The organic layer was sepa-
rated and the largest portion of THF in it was first
removed by fractional distillation., The monomer itself
was collected at 60°C under 100 mm pressure, giving a
yield of 35%. Its ut nmr spectrum is given in Figure 1;
it shows two singlets at chemical shift t = 9.8 and 10.0
with the relative intensities of the peaks in the ratio

3 to 1 in agreement with the literature values.4o'4l

b. Polymerization of the Monomer. The method of

polymerization was that of Weyenberg and Nelson42 shown in

the equation

CH H,PtCl_-6H,0
(g 55 T silcHy), —— 0 2 [8i(CHy) pmCHy=1,  (2)
CH2/ 25°C, 3 days

The monomer was purified by low-pressure distillation just
prior.to use. A mixture of monomer and approximately 1 mg
HthClG-GHZO catalyst was placed in a 100-ml three-neck
flask and kept at 25°C. A glass rod with an attached pro-
peller was fitted through the center port and used to stir
the mixture over the three-day reaction period. The

resulting polymer, which was very viscous and clear, was



Intensity

Figure 1. NMR spectrum of 1,1,3,3-tetramethyl-1l,3-disila-
cyclobutane in carbon tetrachloride. The
chemical shift at 1 = 2.63 for benzene was

used as reference.



dissolved in benzene and the catalyst was filtered out by a
fritted-disc Buchner funnel. The polymer solution was
precipitated in methanol and dried in a vacuum oven at
approximately 50°C to constant weight. The weight of the
polymer PDMSM obtained in this Qay corresponded to a yield
of 80% of the monomer. The nmr spectrum of the polymer in
carbon tetrachloride is shown in Figure 2. It had the
expected absorptions at chemical shifts T = 9.9 and 10,2,
with the expected intensity ratio 3 to 1.42 The infrared
spectra of the PDMSM in Nujol and in CCl4 showed strong

-1 43

absorption bands, at 1050 and 1350 cm —, which are

characteristic of SiCHZSi groups; typical results are

shown in Pigure 3.

c. Fractionation of the Polymer, Poly(dimethylsil-

methylene) . There are many techniques for fractionating
44,45

polymers, the main one and the one used here being
based on the qualitative observation that the solubility
of a polymer decreases as the molecular weight of the
polymer increases., Thus, by adding a poor solvent (where
attractions between polymer segments and solvent molecules
are less important than those between polymer segments
themselves) to a polymer solution, one can collect frac-
tions of the polymer, each with a relatively narrow molecu-
lar weight distribution. In pursuit of such a separation

of PDMSM into suitable fractions, the bulk sample was dis-

solved in reagent—-grade benzene at a concentration of



Intensity

Figure 2,

NMR spectrum of poly(dimethylsilmethylene) in

carbon tetrachloride. The chemical shift at

T = 2.63 for benzene was used as reference.
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approximately 1%. The poor solvent, methanol, was added
slowly until a slight cloudiness developed at 25°C. The
mixture was then warmed until the turbidity disappeared
and then cooled slowly back to the original temperature.
The precipitate (Pl) was allowed to settle for at least
five hours and the supernatant (Sl) was then carefully
poured off, Precipitate Pl and liguid layer S1 were
fractionally precipitated again; four fractions were
collected (PlP, Pls, SlP, sls), and two of them (Pls, SlP)
were combined. In this way, two successive fractionations
yielded three fractions and N successive fractionations
yielded N + 1 fractions. This technique is outlined in
Figure 4. Four final fractions were thus collected; they

were dried in vacuum at 50°C to constant weight.

initial sample

Figure 4. Schematic diagram of the precipitation

fractionation.
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2, Solution Properties

a. Viscosities. Two fraction: (FZ' F4) of PDMSM

prepared as described in the previous section were used

for the viscosity measurements.* The polymers were puri-

fied several times by dissolving them in benzene, filtering
the resulting polymer solution through a medium fritted-
disc Buchner funnel and precipitating the polymer into

methanol. Each polymer fraction thus purified was dried
under vacuum at approximately 50°C to constant weight.

The solvent employed for the viscosity measurements
was Matheson, Coleman and Bell Co. reagent~-grade cyclo-
hexane which was distilled at ca. 81°C, at atmospheric
pressure, just prior to use. The density (D) at 20°C and
the temperature coefficient of the density (dD/dt) for this

1 1 1

solvent are 0.7782 g ml~ °c” ", respec-

46

and -0.001 g ml~

tively. The density of PDMSM was determined using a

pycnometer having a capacity of 2 ml; these measurements

1

gave the value of 0.9185 g ml ~ at 35°C. The temperature

coefficient dlnV/dT, obtained as described in a later

section, was found to be 0.60 x 1073 og~L
Five solutions of each of the two fractions in cyclo-

hexane were prepared by weighing the polymer in a 100 ml

volumetric flask and diluting to the desired concentration

Because of the variety of measurements being made and
the small amounts of material available, it was not pos-
sible to obtain all the required data on the same frac-
tions.
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of one of the temperatures to be investigated. Values of
the concentration at other temperatures wc:  calculated
from the specific volumes of polymer and solvent at the
appropriate temperature, on the assumption of simple
additivity of volumes. All coneentrations ¢ in these
viscosity studies were expressed in grams per 100 ml
(g dl—l).
A Cannon-Ubbelhode Viscometer (no. 50 D626) having a
capillary large enough to give an efflux time of the cyclo-
hexane solvent greater than 200 seconds was chosen; this
permitted the neglect of kinetic energy corrections to the
observed efflux times. Efflux times of the solvent and
polymer solutions were measured at 25, 30, 40, and 50°C,
with the temperature being controlled to +0,02°C., Efflux
times were measured three times and were found to be repro-
ducible to *0.15 second. The relative viscosity

efflux time of polymer solution

nrel =

efflux time of solvent

was in the range 1.1 to 1.5.44

44,47

Intrinsic viscosities [n},

-1)/c

which by definition are the values of either (n

rel
or (lnnrel)/c extrapolated to infinite dilution, were

obtained by least~squares analysis of these data.

b. Osmotic Pressures. The osmotic pressures of

dilute solutions of the polymer in cyclohexane were meas-

ured by a recording osmometer (Wescan Instrument Inc.).48

The device consists of an osmometer cell, a strain-gage
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transducer, an adjustable precision temperature controller,
and associated power supplies. The osmometer cell itself
consists of two compartments (solution chamber and solvent
chamber) separated by a semi-permeable membrane. The sol-
vent side is sealed by a flexible diaphragm with one side
attached to a force transducer. Any volume change in the
" solvent chamber due to transfer of solvent to the solution-
compartment is sensed by the strain-gage detector and
monitored by a recorder (0-1 mv full scale). The membranes
chosen for this experiment were type 07 cellulose deriva-
tives obtained from Schleicher and Schuell, Inc. Solutions
of the PDMSM fractions F2 and F4 were prepared by the
usual quantitative techniques at each desired concentra-
tion; reagent-grade cyclohexane, which has been redistilled,
was used as the solvent. The osmotic pressure of each
polymer solution was measured at least twice, at each of
the temperatures, viz,, 32.2, 42.4, and 50.5°C. The tem-
perature was controlled to within *0,01°C by means of the
adjustable precision temperature controller. The pressure
exhibited by each solution was monitored continuously and
only after the readings showed no discernable change for
at least 20 minutes were the pressure considered equili=-
brium values and recorded as values of 7 for final analy-
sis.,

The relationship among the osmotic pressure of a
dilute polymer solution, its molecular weight, and its

second virial coefficient have been derived and discussed
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in great detail elsewhere.'? 1% fThe most general form of

this relationship is given by

m/c = RT (1/M + A,c + A302 + oeeed) (3)

where m = GDAh is the osmotic pressure in dynes cm—z, G is
the gravitational constant, D is the density of the solu-

%
tion, Ah is the observed equilibrium hydrostatic head,
3

¢ is the concentration of the polymer solution in g cm~ ,

R is the gas constant, and M is the number—average molecu-
lar weight of the polymer. The quantities A2 and A3 are
the second and third virial coefficients, respectively,
and are measures of the interactions between polymer seg-
ments and solvent molecules. For a dilute polymer solu-
tion, the effect of the third virial coefficient A3 is
negligibly small and equation 3 may be condensed to only

the first two terms. It may therefore be given in the

simpler form
n/c = RT (1/M + A,c) (4)

Accordingly, plots of n/cT against c give R/M as the inter-

cept and RA2 as the slope.

c. Dielectric Constants and Refractive Indices. The

apparatus used for the dielectric constant measurements on

the PDMSM solutions was a DMOl Dipolemeter operating at a

*
Solution densities are essentially those of the solvent
in the case of dilute solutions,
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fixed frequency of 2.0 MHz, and a cylindrical, gold-plated,
thermostatted cell having a capacity of approximately 20
ml., The apparatus was calibrated at each temperature of
measurement using n-hexane, benzene, cyclohexane, and car-

bon tetrachloride.49 The solvents were reagent-grade and

distilled just prior to their use.

The refractive indices of the polymer solutions were
determined using a Bausch and Lomb Precision Refractometer
of the Abbe design. The temperature was controlled to
0.01°C by a Lauda/Brinkmann Circulator. The four PDMSM
fractions, designated Fl-F4, were studied in cyclohexane
and each solution used was separately prepared. The range
of weight fractions W, for the solutions of each fraction
was 0,003-0.025, Fraction F3 was measured at two wave-
lengths 589 and 436 mu; it was also studied over the range
20 to 50°C in order to estimate the temperature coefficient
of its mean-square dipole moment. The other fractions were

measured only at 589 mp and 30°cC,

3. Elastic Properties of Networks of the Polymer

a. Preparation of Cross-linked Samples. The poly-

(dimethylsilmethylene) employed in this aspect of the
study was an unfractionated portion, prepared separately
for this experiment. The undiluted polymer sample was
forced into an aluminum-foil-lined, aluminum mold having
a well approximately 0.1 x 3 x 7 cm. The mold and its

contents were degassed in vacuum at room temperature in
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order to remove any absorbed gas which might interfere
with the cross-linking procedure. After the degassing,
the mold was quickly sealed by means of an aluminum-foil-
lined aluminum cover which was tightly held in place by a
series of screws., The sample in the sealed container was
then cross-linked at room temperature by means of gamma
radiation from a C060 source, The dose rate was approxi-
mately 0.08 Mrad/hr and the total dose was 10 Mrad (cor-
rected for attenuation of radiation intensity due to the
aluminum mold itself). The mold was not opened for at
least 6 hours after irradiation in order to permit decay
of the free radicals generated within the sample. The two
aluminum-foil liners with the cross-~linked sample between
it were peeled from the mold and placed in benzene to
facilitate removal of the network from the aluminum-foil
liners. The swollen network was then dried to constant
weight at room temperature. A strip approximately 0.1 x
1.0 x 7.0 cm was cut from it; the network had been cooled
on Dry Ice prior to the cutting to minimize distortion of

the sample.50

The strip was then immersed in a gently
stirred benzene to remove any uncross-linked PDMSM from it.
The soluble portions of the sample thus extracted amounted
to approximately 20% of the total weight of the sample.
Reference marks were placed on the extracted strip by
putting two small dots of paint on its surface (while it

was 1n the stretched state, in order to prevent their

blurring in the subsequent stress-strain measurements).
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b. Elasticity and Thermoelasticity (Force-temperature)
50,51

Measurements. The apparatus used to study the stress-

strain behavior of the PDMSM network consisted of a pyrex
cell (approximately 4 cm in diameter), a force transducer
(statham Model G1-16-350 having a capacity of *460 grams)
run by a constant D.C. power supply (Hewlett-Packard Model
6217A) and calibrated by constant weights just prior to the
measurements. A stream of predried nitrogen was slowly
passed through the tube to eliminate any possibility of
oxidative degradation during the experimental measurements.
The sample was mounted in the cell by two clamps, the
upper one of which was connected to the force transducer.
The output (force) exhibited by network was displaying
continuously on a recorder (Leeds and Northrup, Model
Speedomax W Azar). The length of the sample unstretched
and stretched, was measured to t0.00l cm using a Micro-
meter Slide Cathetometer (Gaertner Model M940-303P).

Two types of experiments were carried out on the
networks thus prepared: the isothermal measurement of the
stress or force f as a function of strain at a number of
constant temperatures, and the measurement of stress as a
function of temperature at constant length. In both cases,
the elongation o was defined as L/Li’ where L is the
length of the stretched sample at the chosen temperature
of measurement, and Li is the length of the undeformed
sample at a convenient constant temperature. Values of

the elastic force were recorded only after they became
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constant for a period of at leést 15 minutes; up to 7 hours
were required to attain this degree of constancy. In the
constant temperature experiment, reversibility was checked
by doing measurements on the same sample using both suc-
cessively increasing strains and successively decreasing
strains. In the experiments at constant length, measure-
ments of a series of decreasing temperatures were followed
by measurements at a series of increasing temperatures.
Results thus obtained showed a high degree of reproduci-
bility over the temperature range employed, 30-90 (+0.05)°C.
The value of the thermal expansion coefficient B =
(aan'/BT)p required for analysis of the above data was
obtained by measurement of the undistorted length Li of the
sample as a function of temperature, and use of the rela-

tionship26’52

B = 3(BlnLi/8T)p. These data are shown in
*
Figure 5., Finally, the cross-sectional area A of the

undistorted sample was measured by means of a micrometer.

C. Experimental Results and Discussion

1. The Mean-Square Unperturbed Dimensions <r2>o

Figures 6 and 7 show the extrapolations used to obtain
values of the intrinsic viscosity [n] for PDMSM fractions
F, and Fue respectively. The results thus obtained, at
temperatures of 25, 30, 40 and 50°C, are shown in the
third column of Table I. The osmotic pressure data were

treated by plotting w/cT against ¢, where 7 is in dynes
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Figure 6. The reduced viscosity (nsp/c) plotted against
concentration for PDMSM fraction F2 in cyclo-
hexane at temperatures 25, 30, 40, and 50°cC.
The intrinsic viscosity, [n] was obtained by
extrapolating each line to infinite dilution
by means of least-squares analysis.
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cm"2 and ¢ in g cm~3; in this way, each curve should extra-~
polate to R/M with a slope of RA,, as shown in equation 4.
Results for fractions F2 and F, are shown in Fiqures 8 and
9, respectively. Data on the same fraction at different
temperatures give essentially the same intercept, as ex-
pected; values of the number-average molecular weight M

- for F2 and F4 calculated from these two intercepts are 2.10
(+0,06) x 106 and 2.74 (+0.03) x 104, respectively. The
variation in slopes with change in temperature reflects of
course the temperature dependence of the second virial
coefficient Az. Values of A2’ in cm3 mole 9“2, were calcu-
lated from the slope§ of the lines in Figures 8 and 9, by
means of equation 4, They were then plotted against tem-
perature and the values for 25, 30, 40 and 50°C obtained
from these curves are given in column four of the table.

The values of [n], M, and A, thus obtained were then

2
used to calculate values of the chain expansion factor
o = [<r2>/<r2>0]l/2 which characterizes the perturbations

1,12-15

due to long-range interactions. The relationship

employed for this purpose was the standard equation of

Flory and Orofino21

il + 222 (11 = 270722 ) (/1) (5)
where ¢ is a hydrodynamic constant equal to 2.1 x 1021 dl
cm™3 mole™d in good solvents,12'13'36 N_,o is Avogadro's

number, and m here is 3.1416, These results are listed in

column five of the table. Values of <r2>o were
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Figure 8. 7/cT Plotted against concentration ¢ in g cm~
for PDMSM fraction F2 in cyclohexane at

temperatures 32.2, 42.4, and 50.5°C.
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Figure 9. w/cT Plotted against concentration c in g cm-3

for PDMSM fraction Fyu in cyclohexane at

temperatures 32.2, 42.4 and 50,5°C.
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then calculated from36

N1 = ol<r?> 11>/ 2yl/ 2,3 (6)

Since <r2>o itself depends on chain length, the dimensions
were expressed as the "characteristic ratio" <r2>o/n12,
where n is the number of skeletal bonds, each of length

1 =1.90 R. This was done by noting that M = nMO/2 where
M.O = 72.2 is the molecular weight per repeat unit of the
PDMSM chain. The ratio <r2>o/nl2 thus defined is indepen-
dent of chain length once n has exceeded 200 bonds.
These results, shown in the following column are indepen-
dent of molecular weight as expected, and give the average

result <r2>o/nl2 = 5,32 (+0,01) for the PDMSM chain,

2. The Temperature Coefficient of <r2>0

It is difficult to extract values of dln<r2

>o/dT
directly from the above data because of difficulties in
determining values of A, (and thus o) to the required
degree of precision. Nonetheless an approximate value of

this temperature coefficient was obtained by plotting

1n[<rzi/n12]against the absolute temperature. These plots

gave dln<r’>_/dT = -0.1 x 1073°k™ for F, and 0.1 x 1073

2
°K-l for F4. The average result 0.0 (*0.1) x 10-'3°K-l thus

°K”~

obtained from these viscometry and osmometry results at

2

least has the qualitative significance that dln<r >o/dT for

the PDMSM chain is small and quite close to zero.
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2

More reliable estimates of dln<r >O/dT were obtained

from the elasticity behavior of the cross-linked PDMSM

26,28,52-54

networks. In the treatment of these data, the

reduced force [f*] =f/[A*(a—a—2)] was first plotted against
the reciprocal of o = L/Li(35°C)* in order to characterize
the dependence of stress on strain for PDMSM networks. The
sample employed for this purpose had a cross-sectional area
A* = 0,0406 cm2 in the undistorted state at 35°C. The
results which pertain to 35, 45 and 70°C are shown in
Figure 10. Values of the Mooney-Rivlin constant 2C

2

defined in equation 7, where 2 C1,2C2 are constants,55

* -1
[f] = 2Cl + 2C2a (7)

are simply the values of the slopes of the straight lines
shown. They are 0.06, 0.08, and 0.05 kg cm”? at 35, 45

and 70°C, respectively. These values are significantly
smaller than is generally observed for polymer networks in
elongation;28 the small values of this 2C2 conversion terms
indicate that PDMSM networks have stress-strain isotherms
closely approaching the form predicted in the molecular
theories of rubberlike elasticity. Although these results
are quite limited, they can be used to provide an estimate
of dln<r2>o/dT. To this end, wvalues of [f*] at each tem~

perature and at « = 1.2, 1.4 and 1.6 were obtained from

This o is of course to be distinguished from the expan-
sion factor o used in the context of polymer solution
methods in the previous sections.
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Figure 10 by simple interpolation.zs'56 The reduced
forces are shown as a function of temperature in Figure 11,
and correspond to measurcments carried out at constant
length. Their analysis proceeds through the use of theo-
retical elastic equation of staﬁe for networks of Gaussian

chain528’56’57

[£°] = vkr[<r2>, f<x?s | (8)
1 O

where v is the number of chains Per unit volume, k is the
Boltzmann constant, <r2>i is the mean-square end-to-end
distance of a network chain in the undistorted state but
at the same volume as the distorted network, and <r2>O is
the already defined unperturbed dimensions. On this

basig28r52-54

2 _ - 3.
dln<r®> _/4r = [Bln(f/T)/aT]p'L 8/(a>-1) (9)

The value of the thermal expansion coefficient B was found
to be 0.60 x 10 Jox~1 by the method described in a previous

26,56

section. The three stress-strain isotherms, thus

analyzed, yield dln<r2>o/dT = 0.27, 0.52 and 0.51 x 10~ 3
-1

°K for a = 1.2, 1.4 and 1.6, respectively. The resulting

average value is d1n<r2>0/dT = 0.43 (£0.11) x 10-3°K-l.
The most reliable values of dln<r2>0/dT are obtained

by direct measurements of the reduced force [f*] as a

function of temperature ét constant length., The results

of such measurements on a PDMSM network having a cross-

*
sectional area A of 0.145 cm2 at 25°C is shown at several
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values of the elongation a in Figure 12. Pertinent quan-

tities calculated therefrom are given in Table II,

Table II., Thermoelastic Results from Direct Force-
Temperature Measurements on a PDMSM

Network over the Temperature Range 30-90°C

o 103[81n(f/T)/3T]p'L 10°8/(e-1)  10’aln<r?>_sar
1.391 -0.31 0.35 ~0.04
1.493 -0.58 0.26 0.32
1.602 -0.54 0.19 0.35
1.691 -0.35 0.16 0.19

Av,.0,.21(£0,.15)

o= L (90°C) /L, (90°C) .

Careful evaluation of these results, along with the less
reliable results cited above, suggests the value 0.20
(£0.15) x 10"3°K—l as the best value for d1n<r2>o/dT for

the PDMSM chain.,.

3. The Mean-Square Dipole Moments <u2>o and Their Tem-

perature Coefficient

The dielectric constant data on the four PDMSM frac-

tions Fl--F4 were interpreted by means of the equation of

Guggenheim and Smith> 8760
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<u2>/nm2 =
2 2 2, (10)
{27k1/(4m8_ D, (e;+2) ]}[delz/dwz-dnlz /aQw,] [M_/2m"]
where k: Boltzmann constant
T: absolute temperature
Navo Avogadro's number
D,: density of cyclohexane (0.7682 g em™3 at 30°C)
e,: dielectric constant of cyclohexane (2.0068
at 30°C)
@58 dielectric constant of polymer solution
Wyt weight fraction of polymer in the solution
n,,: refractive index of polymer solution
Mb: molecular weight of the repeat unit (for PDMSM
chain, Mo = 72.2)
m: the effective dipole moment along Si-C and C-Si

bonds in the PDMSM chain

. . 2 . . .
The derivatives delz/dw2 and dnlzldwz required in this

equation were obtained from plots of e, and n2

12 vsS, Wz;

typical results are shown in Fiqures 13 and 14, respec-

tively.

Values of these two quantities for all four frac-

tions are given in columns two and three of Table III. The

effective bond moment m =

|m| for Si-C and C-Si bonds was

calculated from the dipole moment 0.60 D of the dimer

61,62

Si(CH3)3—CH2--Si(CH3)3 using simple vector addition.

As will be discussed in a later section, the most likely

value for the Si-C-Si bond angle is 115°;62’63 use of this

value in the interpretation of the dipole moment of the



Figure 13.

35

3

w2 x 10

Dielectric constants ey, of PDMSM fractions
Fl and F4 in cyclohexane solution plotted
against the weight fraction w, at 30°C. The
slope delz/dw2 was obtained by the least-

squares method. For clarity, plots for the

other two polymer fractions are omitted.
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dimer gives m = 0,56 D. The values of <u2>/nm2 calculated
on this basis are given in the last column of the table:
they yield the average result 0,391 (+0.031) for eA = 65°,
Revision of the Si-C-Si bond angle downward to 109.5°

(eA = 70.5°) or upward to 120° (6A = 60°) would give m =
0.52 and 0.60 D, respectively and average cxperimental
values of <u®>/nm? of 0.453 + 0.036 and 0.341 ¢ 0.027,
respectively.

In contrast to the case of the mean-square dimensions
<r2>, excluded volume interactions have a negligible effect
on the mean~square dipole moments <u2> for a polymer chain
in which the resultant dipole moment vector m has any one
or more of the following symmetry elements:sd—66 a plane
of symmetry O,r an axis of two-fold symmetry C2, or a
center of symmetry i in its all-trans planar conformation.
The PDMSM chain has symmetry elements of o, and C2’ there-~
fore the observed mean-square dipole moment <u2> must
always have the unperturbed value <u2>O and experimental
results in any solvents are suitable for comparison with
theoretical results. The ratio <u2>/nm2 will therefore

2

henceforth be written <u2>o/nm and termed the dipole

monment ratio, the dielectric analogue of the characteristic

2>o/n12. As can be seen from the table, <u2>o/nm2

ratio <r
is independent of molecular weight with the most likely
average value 0.391 (%0.031) at 30°cC.

In the case of one fraction, F3, dielectric measure-

ments were carried out at 10° intervals over the tempera-
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ture range 20-50°C. These results are presented in Table
IV. They indicate that, within the experimental error of
the dielectric measurements, the temperature coefficient

dln<u2>o/dT for PDMSM chains is zero.

Table IV. The Temperature Dependence of the Mean-Square

Dipole Moment of PDMSM Fraction F3 in Cyclo-~

hexane
. 2 2
Temperature, °C <y >o/nm
20 0.337
30 0.336
40 0.337_
50 0.337
4, Discussion

The preceding experimental results characterizing the
random-coil configurations of poly(dimethylsilmethylene)
chains are summarized in the first column of Table V.
Included for purposes of comparison in the other columns
are the corresponding quantities for the two structurally

related polymers, poly(dimethylsiloxane)1’32-'34

1,26,35-38

and poly-

also included is polyethylene}'27'67

isobutylene;
since structurally it is the simplest polymer studied in
regard to chain configuration.

The most striking feature of the PDMSM chain is its

unusually small characteristic ratio <r2>o/n12; its value
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is one of the smallest cited in an extensive reviewl of
the statistical properties of chain molecules, It is
20~30% smaller than the values of the characteristic ratio
reported for PDMSO, PIB, and PE. Equally notable is the
fact that <r2>O and <u2>O are relatively insensitive to
temperature in the case of PDMSM. In this regard, it is
quite similar to PIB, which also has values of <r2>o
almost insensitive to temperature.26'35 In contrast, an
increase in temperature has the effect of significantly
increasing <r2>o in the case of PDMSO and significantly
decreasing <r2>o in the case of PE.1'68

For the elucidation of these experimental results on
PDMSM we now explore the application of the rotational iso-

1-4

meric state theory™ ° of chain configuration to this chain

molecule,

D. Theoretical Calculations of <r2>o and <u2>o

1. Rotational Isomeric State (RIS) Theory

a. General Features of the Model. The rotational iso-

meric state (RIS) approximationl"4 has been developed for
the interpretation of configuration-dependent statistical
properties of the random-coil polymer chain. 1In this
scheme, each rotatable skeletal bond in the chain is as-
signed to one of a small number of discrete rotational
states, generally chosen to occur at the minimum of the

torsional potential or conformational energy for the parti-
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cular bonds.1 Such "conformers," which are confined to the
bottom of potential wells, may he detected by spectroscopic
methods at low tempc-:ratures.sg_72 The minima of rotational
energies, in most cases, are situated at torsional angles

¢ of approximately 0°, 120°, and ~120°; these states are
designated as trans(t), gauche+(g+) and gauche-(g~),re—
spectively. The conformational energies of rotational iso-
meric states are calculated from the sum of the potential
68,73-75

barrier contribution and nonbonded intramolecular

interaction energies.l The relative probability or sta-
tistical weight of a rotational state is then represented

by a Boltzmann factor, exp(-E /RT), where E . 1s the

Zn:i tn;i
conformational energy characterizing the intramolecular
interactions occurring in the associated conformation for
a pair of consecutive rotational states with state ¢ at

bond i-i and state n at bond i. Since these statistical

weights are relative quantities, may be taken as the

E .
Zn; 1
energy difference relative to some arbitrarily designated

conformation of zero energy.

The RIS approximation has been remarkably successful
for the interpretation of a number of configuration-
dependent properties of chain molecules such as (1) the

characteristic ratio,s_g'29

10,11,22,23,29

(2) the dipole moment ratio,

(3) the energetics of deformation of rubber-

28,52-54

like polymer networks, (4) light scattering and

X-ray scattering at small angles,76

77,78

and (5) nmr chemical

shifts.
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b. Statistical Weight Matrices and the Configurational

Partition Function. The entire set of statistical weights
required to describe all possible conformations of a pair
of consecutive skeletal bonds is conveniently expressed in

the form of a statistical weight matrixl

tt Ut gt Yt g-
y_i I’ i ug"‘t ug+g+ ug+g_ (11)

u u u
gt g-gt g-g-

with state ¢ for bond i-1 indexing the rows and rotational
state n for bond i indexing the columns. The configuration
partition function 2, which represcents the summation of

statistical weights of all conformations in a linear poly-

mer chain having n identical bonds, is given byl'68

. -
Z=%MNuw_.=J (01 uU,)J (12)
i=28N7d i=2 ~*
n-1
where 1 ugn-i is the statistical weight for one specific
i=2 !

*
conformation of the chain; the quantities J and J are the

row and column vectors

¥ =110 01; g= |1 (13)

Although an almost unlimited number of conformations can be

generated by rotations of torsional angles, this partition
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function can be evaluated by the above matrix multiplica¥

tion scheme with only moderate computer calculation,

€. RIS Equations for <r2>O and <u2>o. The configqu-

ration of the skeletal atoms of a hypothetical simple

chain consisting of n bonds is shown in Figures 15 and 16.

/7"
r
Figure 15. A spatial configuration of a polymer chain,
—
1
——f-
r
B . el
1
Figure 16, The end-to-end vector ot a two aimensional

polymer chain,
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+> %
If each bond is represented by a bond vector li numbered
-
from i = 1 to n, then the end-to-end vector r which connects

the ends of the chain can be expressed as

-+ n o
r= L 1, (14)

Our only interest will be the scalar magnitude of this

>
chain dimension. The scalar magnitude of the vector r is
‘obtained as follows:

> > n o n .
rrr=r" = ¢ 1. ¥ 1. (15)

which may be written alternatively as

2 n_ 2 n o> -
r®= ¥ 1.+ 25 (1,-1.) (16)
i=1 i=1 * 3
o<i<j5n

For a random-coil polymer chain, this quantity must be the
average over all possible conformations in the molecular
configuration space. We may write this required average as

2 2 -> -
<r®> =1 1. + 2 z<1i~1.> (17)
i

i<j

> >
The average <1i'lj> is a measure of the correlation of the

direction of the pair of bonds i and j; it is obviously

>
A bond vector is denoted as li’ and its scalar magnitude
as 1i = |li|,
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essential for obtaining a statistical average of the unper=-

. . 2
turbed mean-square dimension <r >0. In order to construct

a scheme for formulating the required scalar product Zi'Ij’
we have to define a Cartesian coordinate system for each
bond of the chain. To this end, let coordinate X; of the
coordinate system be taken'in the direction of bond i as

- shown in Figure 17. The Y axis is taken in

the plane i-1 and i, with the positive direction chosen to
render its projection on X5 1 positive, and z4 axis is
taken in the direction perpendicular to both X and Yyi
the positive zy direction is located so as to obtain a
"right-handed" Cartesian coordinate system. The torsional
angle ¢i is the rotational angle of a single bond relative
to the trans conformation which is assigned as ¢§ = 0°;
the sign of ¢i is taken as positive for a right-handed
rotation. The angles 6 are specified here as the supple-
meﬁts of the conventional skeletal bond angles as shown in

-3

-).
Figure 17. Accordingly, the scalar product of li'li+l'
-+ >
in which li is in coordinate system i and 1i+l in coordi-
> -+
nate system i+l, is simply equal to li-(g_i 1i+l)' where
Ei is the transformation matrix which transforms vector

+
li+l of the i+l coordinate system into the coordinate sys-

-
tem of vector li. This transformation matrix has the form

. - i ] ¢- —c<>s()-c<)s¢. slxl¢n ‘18,
i . i ¢- -cosE)ISl.ll¢. —C()S¢-
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Figure 17. The Cartesian coordinate system defined about

skeletal bond i.
The scalar product of bond vectors ii and ij is thus

-*> -+ > -+
l.ll. = li. (E‘_i........!._j_i lj) (19)

and the average projection on bond i of a unit vector

along bond j is given by
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> -+
<1.'lj> — li<Ti|-.o-lnTj-i>'lj (20)
As shown by Flory,l this statistical mechanical average
can be derived mathematically by the summation of contribu-
tions from each individual conformation, and averaging
over all conformations in the chain molecule. The result
for the characteristic ratio <r2>0/nl2 of a chain of n
skeletal bonds is given byl'68

2 2

2,-1 _* 1
<r >o/n1 = 2 (Znl®) I T G, 1 (21)

*
where n = 2 x +2 is the number of bonds in the chain, I

is the row vector consisting of a single unit followed by
14 zeros, and I is the column vector consisting of 12 zeros

followed by three unities. The matrices gi have the form

v owemillzl a21?u)

g =le w® BN ©u®1 (22)
o 0 u .
N N

with U being set equal to the unit matrix E in the case of
the first (i=1) and last (i=n) bonds of the chain. The
zeros O represent null submatrices of the required order;
U ® E is the direct product of matrices U and E and is

defined as1
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Ueel Begel Ueg-Z
u E=|u, E uwu, E u, E 2
@ E= vl UpnE v E (23)

u E u E I
g t= gmgt=  Yg-g-2

-+ -
and 1 is the bond vector with lT its transpose,

s —PT
1L=101; 1= [1 0 0] (24)

The matrix llzill has the order of 9 x 9 and is given by

the equation

. o -
L; (05 =0 0 o
Nz Il = o T;(0; = 120°) Q (25)
° 0 T; (95 = -120°)

where zeros in the matrix |[|T,|| are null matrices of the
order 3 x 3, and the Ii are obtained from equation 18 for
the three torsional angles 0, *120°.

In the case of the dipole moment ratio <u2>o/nm2, the
same equations apply except the bond vector I is replaced
by the bond dipole moment vector m. The equation for the
calculation of the dipole moment ratio is thus given byl

-1 _*
<u2>o/nm2 = 2(an2) l£ TGl I (26)

i=1"%
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N :
where the prime notation on gi specifies that li has been

-+
replaced by m, and li by m, .

2. Application to Poly(dimethylsilmethylenc)

a. Structural Features of the Polymer Repeat Unit.

A portion of the PDMSM chain is shown in Figure 18; for

convenience in representation, the chain is shown in its

-2 -
| or m

R

CH A CH AUCH -
/ 2\5.{ \S,‘x/ Qs:/
I~\ B 1
/\ - /\ /\
CH, CH, cH, CH3L CH, CH

Figure 18. Schematic representation of the poly (dimethyl-
silmethylene) chain in the all-trans conforma-

tion (all torsional angles ¢i = (0°),

planar, all-trans form. The C-Si-C bond angle is very
nearly tetrahedral according to the tabulated structural
data of Bowen and Sutton.79 Thus the bond angle supplement
Oy may be assigned the value (180-109.5°) = 70.5°. For the
other type of skeletal bond angle, that occurring about the

CH, groups, there is relatively little information at the
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present time. A recent electron diffraction study of
disilapropane H3Si—CH2-SiH3 suggests a Si-C-Si bond angle

62,63

of 114.4°. Replacement of two H atoms by CH3 groups

in forming the Si(CH3)2—CH2— repeat unit may increase this
bond angle further beyond the tetrahedral value of 109.5°,
Such an increase is very marked in the PIB, illustrated

schematically in Figure 19; here the bond angle a is very

much greater than 109.5°, Structural information obtained

H ch, S
/C 2\:/ \/C\/ \
/\

CH3 CH3 CH3 CH3

Figure 19. Conformation of the polyisobutylene chain in

its planar all-trans conformation.

from the X-ray crystallographic analysis of 2,2,4,4-tetra-
methyladipic acid HOOCC(CH3)2-CH2-C(CH3)2CH2COOH suggests

a = 122.6°,80 and X~ray analysis of crystalline PIB itself

suggests a = l26°.8l’82

Since the Si-C bond is very much
longer than the C~-C bond (1.90 vs, 1.53 i), CH3 groups are
further separated in PDMSM than in PIB (3.3 vs. 2.5 R in

the all-trans conformation). For this reason, increase in

the Si-C-Si bond angle due to steric repulsions should be

relatively minor in PDMSM and we therefore adopt the value
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(180-115°) = 65° for BA. For purposes of illustration,
other values of SA (70.5 and 60°) will also be considered

in the subsequent calculations of <r2>o/nl2 and <u2>o/nm2.

o
As already mentioned, li = 1.90 A for the PDMSM chain.
The bond moment m, is harder to fix precisely since it
requires analysis of the dipole moment of PDMSM dimer (see
3 - o = -
Section I.C.3). For GA 65°, Mg: o Mgs o
for the other illustrative values of 8 70.5 and 60°, the

= 0.56 D;
A’
values are 0.52 and 0.60 D, respectively. The fact that C
is more electronegative than Si (2.50 vS. 1.74),83 suggests
that the negative end of the skeletal bond dipole is on

the skeletal carbon atoms. Whether or not this is the

case in the PDMSM chain is irrelevant in calculations of
quantities such as <u2>o/nm2; all that needs be specified
in this regard is the fact that the Si-C bond moment

Mgi-c is opposite in sign to the C-Si bond moment m

C=-8i°

b. Construction of Statistical Weight Matrices.

Since rotations about Si-C bonds give rise to intramolecu-
lar interactions different from those experienced upon
rotating about C-Si bonds, the PDMSM chain requires two
statistical weight matrices for its characterization.

For pairs of consecutive skeletal bonds (Si—CHz-Si) meet-
ing at a CH, group, the statistical weight matrix is
designated ga; for pairs (CHZ—Si~CH2) meeting at a Si

atom, the designation is Uy,-
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The nine rotational isomeric states which are possible
about Si-CHz—Si bonds are shown in Figure 20. In configura-
tional analysis of other chain molecules it has been con-
cluded that CH3 and CH, groups are sterically very nearly

equivalent.l

There is a possibility that the Coulombic
energies of these conformations differ somewhat due to
possibly different charges on skeletal CH2 groups and
pendant CH3 groups. If this complication is temporarily
neglected in a first-order approximation, then the assumed
steric equivalence of the CH2 and CH3 groups leads to the
conclusion that all of the conformational pairs shown in
Figure 20 are of the same energy. On this basis, the
statistical weight for each rotational state can be as-
signed a value of unity. The corresponding matrix for

bond pairs meeting at a methylene group, such as bonds i-1

and i of Figure 18, is therefore

1 1 1
uo=|1 1 1 (27)
1 1 1
- |

For pairs of skeletal bonds meeting at a silicon atom, the
conformational energies for these isomeric rotational
states are the same as previously discussed except for
gi+gi_:l and gi—gii1 states, where the conflict between

Si(CH3)2 groups are so severe that the probabilities for

these two states are effectively zero. These interactions
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are frequently called "pentane-type interferences" because
n-pentane is the simplest hydrocarbon in which they occur.

In summary, then, the statistical welght matrix for these

pairs of bonds is expressed by

l1 1 1
Eb =11 1 0 (28)
l1 o0 1
3. Calculated Results and Discussion

Calculations were carried out on a PDMSM chain having
X internal repeat units, with two additional bonds, one at
the beginning and one at the end. This chain molecule
would have a degree of polymerization DP of x + 1 and
contain n = 2x + 2 skeletal bonds. For a chain molecule
such as PDMSM which has a two-bond repeat unit, equation
12 for the configurational partition function takes the

more specific form22'84

*

— . xl
Z = I E3(U,0) Eyd (29)

where §3 is the unit matrix of order 3 (since rotations
about bonds 1 and n are irrelevant in the present calcula-

tions). Similarly, the characteristic ratio and dipole

moment ratio equations become22’84

2 2

<r >o/n1 = 2(Zn12).'l

* X
L Cp1(Gp8p) Gant (30)
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2 2 _ 20=1_% 0 X
<u®> /om” = 2(znm%) TITGE, (G) @) ) ¥e) T (31)

where the atypical matrices Ggy v Gan ! gél' and G) , have
been factored out since the statistical weight matrix
appearing in them is simply the unit matrix §3. To save
computer time, matrix multiplications such as those re-
quired in the two preceding equations are carried out by
successive squarings of products; for example, (gagb)x is

calculated by the successive squares {[(gagb)zlz}2

etc. The computer program for the calculation of <r 2

2>O/n1
and <u2>o/nm2 is reproduced in Appendix A and illustrates
this method of matrix squaring,

In the above manner, values of both <r2>o/n12 and

<u2>0/nm2 were calculated as a function of x, using 65°
for the Si-C-Si hond angle supplement (and the correspond-
ing value 0.56 D for the skeletal bond moment). These
results are shown in Figures 21 and 22. As is readily
obvious from the curves obtained, both the characteristic
ratio and dipole moment ratio essentially reach their
limiting values for long chain length for n 4 200 bonds.
These calculated results may thus be directly compared
with experimental results obtained on any PDMSM polymer
having a molecular weight in excess of approximately 20000,
which is approximately 600 times the molecular weight per

skeletal bond in PDMSM. Since little additional computation

is required to raise x from 100 to 512, all additional cal-
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culations were carried out at the constant value x = 513.
The limiting values of <r2>o/n12 and <u2>°/nm2 thus
obtained in these simplest calculations are 3.60 and 0.43,
respectively. The value calculated for the dipole moment
ratio, 0.43, is in quite satisfactory agreement with the
experimental result, 0.39 (*0.03). The calculated value
- for the characteristic ratio, 3.60, is however in only
approximate agreement with the experimental result 5.32
(£0.01). Since all of the statistical weights are either
unity or zero, both <r2>O and <u2>O are predicted to be
independent of temperature, in excellent agreement with
experiments. Even this simplest model for the PDMSM chain
is thus seen to give a good qualitative interpretation of
the most striking features of this chain molecule. The
characteristic ratio for PDMSM is unusually low because of
the large number of conformational states of almost exactly
thé same energy and therefore of essentially the same
probability of occurrence. This lack of preference in PDMSM
means of course that there are no strong conformational
regularities in this chain molecule, and such conformational
reqularities are required for high spatial extension as

2>o/n12.1'68'85 Relatively

1,68

reflected in large values of <r

simple examples of this effect are polyethylene, where

the strong preference for extended trans states causes

<r2>o/n12 to be relatively large and isotactic vinyl poly-

mers where the restriction of the chain into helical seg-~

2 2

ments accounts for the relatively large values of <r
85,86

>°/n1

in this case.
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In summary, it is simply the lack of éonformational
regularity in PDMSM that is the origin of the relatively
low experimental values obtained for <r2>o/n12. This
circumstance also explains the fact that both <r2>o and
<u2>O were experimentally found to be relatively insensi-
tive to temperature. In this simplest model of PDMSM
chain, none of the statistical weights are temperature-
dependent; two states with very severe steric repulsions
are suppressed entirely, with statistical weights constant
at zero, and all other states are equally likely, with
statistical weights uniformly assigned the reference
value of unity. 1In more physical terms, <r2>o and <u2>O
do not change with changes in temperature because all of
the accessible conformational states are of essentially

the same energy. The polyisobutylene chain C(CH -CH,, -

3)2 2
C(CH3)2- etc. can also be thought of as having some free
rotational characteristics, which would of course explain
the small value —0.20°K-1 found for 103dln<r2>o/dT for

this chain molecule.l’26’35

The configurational analysis
of PIB is greatly complicated by the fact, however, that
the relatively short C-C skeletal bonds make the intra-
molecular interactions much more severe in PIB than they
are in PDMSM. This causes displacement of rotational
states from their normal positions of ¢ = 0, *120° and
possibly also causes long-range correlations between rota-

tional states in the PIB chain.87
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The above simplest model of the PDMSM chain is very
similar to one of the classic carliest models of a chain

molecule, the "freely-rotating" chain.l’88

In such an
idealized chain, all rotational angles are equally likely;
its characteristic ratio can be calculated from the simple

algebraic equation1

<r2>0/n12 = (1 + cosOA)(l + cosOB)/(l—coseAcoseB) (32)

In rotational isomeric state theory, the same simple equa-
tion results if the rotational states are at ¢i = 0, 120

and -120° and correspond to the same energy; it is in this
sense that the PDMSM chain exhibits some characteristics of
the idealized freely rotating chain. It differs of course
from the freely-rotating chain in that gi g; states about
C-Si-C bonds are excluded because of pentane-type inter-
ferences. For purposes of comparison, values of the char-
écteristic ratio and dipole moment ratio for freely-rotating

chains are given in Table VI.

Table VI. Values of the Characteristic Ratio and Dipole
Moment Ratio for PDMSM Chains in the Idealiza-
tion of Free Rotation

* 2 2 2 2
BA <r >o/n1 <y >o/nm
65.0 2.21 0.448
70.5 2,00 0.500
60.0 2,40 0.400
£3
9, = 70.5°, as usual.

B



62

Since the discrepancy between theoretical and experi-
mental values of the characteristic ratio (3.6 vs. 5.3)

2>o/nl2 and

. could be due to uncertainty in BA, both <r
<u2>°/nm2 were calculated as a function of the Si-C-Si
bond angle. These results are shown in Figure 23. In-
crease in this bond angle increases <r2>o/nl2 but decreases
- <«y®>_/nm®. At a 5i-C-5i bond angle of 120° (6, = 60°), the
calculated value of <r2>0/n12 is 3.80, in somewhat better
agreement with the experimental value of 5.3. The value
of <u2>o/nm2 becomes 0.35 which is also in better agreement
with the experimental value 0;34 (calculated using the
value m = 0.60 D, apéropriate for eA = 60°). Although
agreement between theory and experiment is improved by this
adjustment, additional structural information on small Si-C
compounds would be required td accept objectively a Si-C-8i
bond angle in excess of 115°. We therefore restore the
Si;C—Si bond angle to 115° and explore the possibility that
not all permitted conformational states in PDMSM chains are
of exactly the same enerqgy.

A more detailed consideration of the structural char-
acteristics of the PDMSM chain suggests that skeletal CH

2

groups may have different partial charges than pendant CH3

groups. Carbon atoms are more electronegative than silicon
atoms and in the PDMSM sequence —Si(CH3)2-CH2-Si(CH3)2—
etc., skeletal carbon atoms can withdraw negative charge
from two silicon atoms, but pendant carbon atoms can with-

draw negative charge only from the single silicon atom to
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which they are appended. If this effect strongly predomi-
nates over charge distribution effects involving the single-
electron hydrogen atoms, then the skeletal CH2 groups should
have a larger negative partial charge than the pendant CH3
groups. This difference in partial charges can probably
be ignored except for interactions involving groups at
very small distances of separation, and this suggests re-
consideration of the statistical weights assigned to con-

formations giving rise to pentane-type interferences. We

retain the statistical weight of unity for the trans-trans

state about Si-C-Si bond pairs; this conformation involves
pentane-type interferences between pendant CH3 groups.

The gigi states, however, involve pentane-type interfer-
ences between skeletal CH2 groups, of higher negative
charge and the Coulombic repulsions between these more
highly charged-CHi-may be sufficient to suppress the sta-
tistical weights significantly below the reference statis-
tical weight of unity. Unfortunately, the Coulombic energy
of repulsion is almost impossible to calculate since, even
if the partial charges were known, it is extremely diffi-
cult to obtain an effective dielectric constant for the
medium through which the electrostatic lines of force act
and the Coulombic energy is inversely proportional to this
quantity. We therefore treat this statistical weight for
gig; states about Si-C-Si bonds as an adjustable parameter

w and investigate the effect of assigning values less than

unity to w for the reasons cited above. 1In this refine-
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ment of the original, simplest scheme, the statistical

weight matrix for Si-C-Si bonds becomes

15 (33)

o
E H M
= E

4+ -
~ Since, as is shown in Figure 24, g~ gt states are very com-
pact, their suppression by assignment of w<l would be

2 2

expected to significantly increase <r >o/nl . The values

thus obtained for <r2>o/nl2 and <u2>o/nm2 for illustrative
values of w are given in columns two and three of Table VII.
Temperature coefficients of these quantities similarly cal-
culated for an average temperature of 60°C, are given in
the last two columns of the table. Careful comparisons
between these calculated results and the corresponding
experimental results indicate that for this model, possibly
still greatly oversimplified, w = 0.75 gives the best
presently attainable agreement between theory and experi-
ment. Further refinements of the chain model for PDMSM
must await more definitive information on the bond angles
in Si-C-Si compounds and charge distributions in such mole-
cules; also of great utility would be reliable interatomic
potential functions for interactions involving Si atoms

since this would permit direct semi-empirical calculations

of conformational energies of the PDMSM chain.
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Figure 24, Example of a pair of gauche states of opposite
sign, shown to illustrate how occurrence of
gth states makes a chain more compact.

a 2 2 2 2 .
Table VII. Values® of <r >o/nl and <y >o/nm , and their
Temperature Coefficients as a Function of the
Parameter w for the PDMSM Chain
w <r2>o/nl2 <u2>o/nm2 1O3dln<r2>o/dT 103dln<u2>o/dT

1.00 3.60 0.43 0.00 0.00

0.86 3.83 0.44 ~0.17 -0.08

0.71 4.09 0.46 -0.34 -0.14

0.57 4.40 0.47 -0.48 -0.19

0.29 5.14 0.50 -0.56 -0.20

0.00 6.21 0.53 0.00 0.0

a9 = 65° throughout.
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E. Conclusions

In summary, the best model for the PDMSM chain at the
present time is one in which most conformational sequences
are of identical energy. The or.ly conformational states
not of this type are g g¥ states about C-5i-C bond pairs
. which are totally suppressed because of interferences
bet seen very bulky Si(CH3)2 groups, and gi93 states about
Si-C-5i bond pairs which are partially suppressed because
of Coulombic repulsions between relatively highly charged
CH2 groups. This model, although highly simplified, is
at least semi-quantitatively successful in that it explains
the most striking configurational characteristics of the

PDMSM chain.



II. RANDOM~COIL DIMENSIONS OF POLY (METHYLPHINYLSILOXANE)

AND THEIR DEPENDENCE ON STEREOCHEMICAL STRUCTURE

A. Introduction

The inorganic polymer poly(methylphenylsiloxane)
(PMPSO) [Si(CH3)(C6H5)-O-]X is an important member of the
class of disubstituted siloxanes of general structure
[SiRR'—O—]x. Since, in PMPSO, R¥R' this polymer has a
stercochemical variability in that Si atoms are pseudo-
asymmetric.89 This variability makes PMPSO a much more
complicated chain molecule than the polymers described in

the preceding part, namely PDMSH [Si(CH3)2—CH2—]x, PDMSO

32,34,84 26,35-38

[Si(CH3)2-O-]x x*

and PIB [C(LH3)2-CH2~]
The stereochemical forms of PMPSO are illustrated in

Figure 25, wherc the chain is shown in the planar all-trans

conformation to facilitate definition of the required

. . . 2 4
stereochcmical characterlstlcs.l' 5.4

When all of the
phenyl (C6H5 or ¢) groups are above the plane in this éon-
formation, the Si atoms are said to be of d configuration;
when they are all below the Si atoms, are all designated 1.
In either case (ddddd..... or 1111l....) the polymer has a
regular, replicating stercochemical structure which is said
to be "isotactic." The two isotactic forms of the polymer
are virtually identical in properties since they differ, at
most, only in the end groups on the chain. On the other

hand, if the phenyl groups regularly alternate above and

below the plane in such a represcntation, the Si atoms are

68
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Figure 25, Portions of the poly(methylphenylsiloxane)
chain shown to illustrate the concept of
variable stereochemistry. The chain is shown
in the all-trans conformation, in which it is
planar; it is, however, non-linear in this
conformation because of the inequality of the
skeletal bond angles. Parts a, b, and c
illustrate isotactic, syndiotactic, and atactic

sequences, respectively.
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designated dldl.... and the polymer is said to be "syndio~
tactic." Finally, absence of either type of regularity
leads to irregular sequences such as ddlild..., and the
polymer is said to be "atactic."

The stereochemical nature of the PMPSO chain, as

described above, closely parallels that of the extensively

studied vinyl type polymers.1’25’89-97 The isotactic,

syndiotactic, and atactic classifications apply to both

monosubstituted vinyl chains [CHR-CH 1,25,94 and disub-

2_]x
.89’92 Because of the

stituted vinyl chains [CRR'—CHz-]x
, weaith of information obtained on vinyl-type polymers, the
effect of stereochemical composition on their statistical
properties is now quite well understood. In contrast,
relatively little is known about the stereochemical struc-
ture and statistical properties of chains of the type
[SiRR'-O-]x. Comparison between structure-property rela-
tionships for the two types of stercochemically variable
polymers would obbiously be of very great interest. 1In

this regard, PMPSO has pendant groups R = C6H and R' =

5
CH3, both of which are relatively large groups. The vinyl-

type polymers chosen for purposes of such comparisons

should therefore also have R 2 CH3. An appropriate mono-

substituted chain would therefore be polystyrene (PS)

[CH(C6H5)—CH2—]X;1’25’85'90'97 correspondingly, a suitable

disubstituted chain would be poly(methyl methacrylate)

89
(PMMA) [C(CH3)(COOCH3)—CH2—]X.
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The purpose of this part of the general investiga-

tion of silicon-containing polymers is, therefore, to

study the characteristic ratio <r2>o/nl2 and the tempera-

2

ture coefficient dln<r >o/dT for PMPSO chains. 1In pursuit

of this goal, rotational isomeric state calculations will
be employed, with the required conformational energies
being obtained either from published semi-empirical inter-

atomic potential functions98 or from known interaction

energies in the related polymer, PDMSO.84 Calculations

carried out as a function of stereochemical composition
will therefore elucidate the relationship between the

statistical properties of the PMPSO chain and its stereo-

25,89-96

chemical structure. Some of these results may

then be directly compared with corresponding results ob-
tained for PS and PMMA chains. Such a comparison is of
particularly great interest since, in PMPSO the relatively

o
long Si-0 bonds (1.64 A) and the rather large Si-0-Si bond

)79,84

angles (143° should greatly reduce crowding between

R,R' pendant groups. It is now well-known that it is
such repulsions between R,R' groups in vinyl chains which

are of paramount importance with regard to their spatial

25,89-96

configurations; in this case, the C-C skeletal

[
bonds are relatively short (1.53 A) and the C-C-C skeletal

bond angles are relatively small (112°).89

2 2

In addition, the values of <r >o/n1 and dln<r2>o/dT
calculated for PMPSO should be useful for interpreting

several experimental studies on this polymer which have
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been reported in the literature.gg-101 These experimental

studies have been carried out on PMPSO samples of entirely
unspecified, and presumably unknown, stereochemical struc-
ture. Comparison of theoretical and experimental values

of <r2>o/nl2 and its temperature coefficient could there-
fore indicate the stereochemical composition of the typical
PMPSO polymers which have been thus studied previously.
Under favorable conditions, such information on the stereo-

chemical structure of a polymer could even elucidate

aspects of the polymerization mechanism by which the poly-

mer was formed.

B. Application of Rotational Isomeric State Theory

to Poly(methylphenylsiloxane)

1. Structural Features of the Polymer Repeat Unit

The structural parameters used to characterize the
PMPSO repeat unit were adopted on the basis of structural

information reported in the literature79'84

for related
small molecules. The bond lengths thus assigned were

Q
= 1.09 A, and 1

o o
1.. =1.64 A, 1 1.90 A, 1

Si-0 si-c ~ C-H ce=Cc”T
1.39 R (partial double bond character in the phenyl group).
Skeletal bond angles were taken to be 109.5° about Si
atoms and 143° about O atoms; these are the values employed
in the extensive configurational analysis which have been

carried out for PDMSO chains,84 and preliminary energy

calculations on PMPSO did not disclose any intramolecular
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repulsions which could cause distortions of these bond
angles, The bond angles within the planar hexagonal phenyl
group were of course taken to be 120°. Rotational states

were located at ¢ = 0, 120, and -120°, as usual.1

2. Calculation of Conformational Enerqgies

As is almost invariably done in the configurational
analysis of chain molecules, only those nonbonded intra-
molecular interactions between nearest neighbors are taken
into account. This is almost always a perfectly acceptable
assumption since for longer-range intramolecular inter-
actions to be important,l one or more pentane-type states
gigl must occur in the conformational sequence, and steric
repulsions in such states cause them to be of very low
frequency. Of the interactions requiring characteriza-

tion, the interactions between pendant groups (CGH ...CH

5 65’
CGHS“'CH3’ and CH3...CH3) will be obtained by the confor-
mational energy calculations described in this section.
These groups are separated by four bonds and their inter-
actions are therefore called "four-bond interactions."
Other intramolecular interactions of importance will be
obtained from the known conformational energies of the
closely related chain molecule PDMSO.

The energy of interaction Eij between two atoms i, j
at a distance of separation rij can be calculated from the

Lennard-Jones equationl'GB'75
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-12_ ..r..-G
ijtij

eij Aijrij (34)

where Aij and Bij are constants depending only on the
nature of the atoms i and j. The constant Bij' associated

with interparticle attractions,'is usually calculated from

atomic polarizabilities (such as those compiled by Kete~

102 73,103,104

laar) by means of the Slater-Kirkwood equation.

The constant Aij’ associated with interparticle repulsions
is then fixed by either requiring Eij to be a minimum at
the sum of van der Waals radii of the two atoms, or by

requiring that Eij reproduce the known energy difference
between trans and gauche rotational states in an appro-

68,94

priate small molecule, Since energies are to be cal-

culated only at the rotational states t,g+, and g- (¢ = O,

120, -120°), there is no contribution to Eij from the

intrinsic torsional potential (EO/2)(l—cos3¢) about any of

the skeletal bonds (where EO is the torsional barrier

height), 4173

of the C

Similarly, the relatively non-polar nature
6H5 and CH3 groups under consideration permits
neglect of Coulombic contributions to the energies of

pendant group interactions.

Flory and Sundararajan have recently derived potential

98

energy functions suitable for the present calculations.

They distinguish between alkyl carbon atoms Calk and aro-

matic carbon atoms Car by introducing the experimentally

observed fact that the carbon van der Waals radius is

68

1.80 R in n-alkane crystals but 1.95 R in benzene and

other aromatic crystals.98 The polarizabilities of Ca

1k
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and Car would be expected to differ as well.lo2 In terms
of the Lennard-Jones equation alrecady cited, the values of
the constants Aij and Bij they suggest for the various
interactions of interest are given in Table VIII. (The
units are suc! us to give Cij in kcal mole“l when rij is

. ]
in A.)

Table.VIII. Values of the Lennard-Jones Constants for

Calculations of Intramolecular Interaction

Energies in PMPSO

Atom Pair Aij Bij
5

CopeeC, o 9.794 x 10 556. 7
5

.

CoprerCapp 6.261 x 10 450. 3
5

Catx+++Cork 3.983 x 10 366.0
4

Coppe e +H 5.677 x 10 127.9

C _....H 9.422 x 107 159.9

ar
H....H 7.278 x 10° 47.1

To obtain the total conformational enerqgy Ecn for the

rotational pair, it is necessary to sum the interaction

energies €, .

i3 for each pair of atoms interacting in that

conformational sequence:

E = T e,. (35)
cn i< 1)
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The sum is so defined, of course, that each pairwise inter-
action is counted only once. For example, in the casc of
CGHS"‘CGHS there are 121 (1l x 11) separate pairwise
interactions, in the case of C6H5...CH3, there are 44 (11 x
4) , and in the case of CH3...CH3 there are 16 (4 x 4). 1In
carrying out the calculations, the CGHS groups and CH3
- groups were placed in minimum energy orientations relative
to the chain backbone. In the case of the CGHS groups,

the ring is located perpendicular to the chain backbone,

in the plane splitting the 0-Si-0 skeletal bond angle.107
Similarly the CH3 group was placed to give a trans sequence
for H—C—Si—CGHS, within this same plane.l The distances
rij required in the calculation were obtained in the usual
manner, using geometric transformation matrices. For the
purpose of illustration, the computer program written to
ca}culate distances of separation rij and interaction

i E. .
energies ij

given in Appendix B.

for a pair of atoms separated by 12 bonds is

In the summing of the separate contributions €55 to
the total conformational energy E it was found to be con-
venient to group the Eij on the basis of the number of
bonds Nij separating the two atoms. Although there are
nine possible rotational isomeric states to be considered
(t=t, g, g and n = t, g¥, ¢7) there are only three
different interactions possible; CGHS“'CGHS' CGHS...CH3, .
and CH3...CH3, in the pentane-type interferences \T/”\T/,

“
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The results obtained for these interactions, when the
specified groups arc in such pentane~type dispositions, are
given in Table IX,. The most striking feature of these
results is the fact that interactions between the pendant
groups are favorable (E<0), with a particularly strong
energy preference (-2.50 kcal mole ¥) for C.H

CGHS inter-

gHg oo
- actions, The favorable nature of these interactions re-
sults from the fact that the pendant groups are at a dis-
tance of separation of 3.78 £ which is very close to the
sum of the van der Waals radii for the interacting
species, (The van der Waals radius for CH3 is approxi-

2 89

o
mately 2.0 A, and the alrcady cited value 1,95 A for the

van der Waals radius of an aromatic carbon atom suggests
that the thickness of the phenyl ring is also approximately
2.0 3).98'105'106 As is of course well known, the energy
of interaction of two atoms or groups is near the minimum
value of the sum of the van der Waals radii of the inter-
acting species. The same CH3...CH3 interactions occur in
PDMSO and the value of the energy of this interaction
calculated here, -0.5 kcal mole—l, is in the range =-0.5-
-1.0 kcal mc:le_1 qualitatively estimated for this inter-

action in PDMSO.84

3. Statistical Weight Factors

The statistical weight factors for those pentane-type

interactions were designated w', w", and w"' for the pairs
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c e C . H C H....CH

6!l5 6llsr Cglls

~2,500 cal mole"l, E

3 and CH3..CH3, respectively (Ew; 8

~900 cal mole™ ¥, and Ey m = =500

cal mole-l). For purposes of illustration, a dd segment

wll 5

of the PMPSO chain is shown in Figure 26. In this trans-
trans conformation, the statistical weight factor w' =

exp[~-2,500/RT] would characterize the ¢.....d (C6H5..C6H5)
- pentane~type interaction, and the factor w"' = exp[~500/RT]
would characterize the pentane-type interaction between
the CH3 groups. If one of the Si atoms had been 1 instead
of the d, there would have been two CGHS"'CHB pentane-type
interactions, each characterized by the statistical weight
factor w" = exp[-900/RT].

Rotations about the skeletal bonds in PMPSO from

+
trans to gauche  states give rise to the new pentane-type

interactions CH3...O, 0...0, and C6H5...O. Before con-
sideration of these four-bond interactions, it is essential
to'consider first the statistical weight factors which must
be introduced to take into account interactions between
groups separated by three bonds ("three-bond interactions”).
These assignments require reference to the scheme used to

characterize PDMSO chains.l’84

Extraction of the required
information is somewhat complicated by the fact that both
pendant groups in PDMSO are methyl groups and therefore in
the analysis of this chain molecule it was possible to use
statistical weight factors that simultaneously accounted

for some of the four-bond interactions as well as the three-

1,84

bond interactions. The variable stercochemical struc-



Figure 26.
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A dd segment of the PMPSO chain showing the
two pentane-type interferences ¢e..-¢ (or

CGHS---CGHS) and CH3~~-CH3.
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ture of PMPSO, however, makes this éimpiification impos-
sible and it is thus necessary first to resolve the inter-
actions in PDMSO into separate three-bond and four-bond
contributions. The desired quantity is the statistical
weight factor for a qauchet state about a $i-0 or 0-Si
bond relative to a statistical weight of unity for a trans
state. In the PDMSO chain, such a rotation from t+gi
involves two effects, The first is rupture of one of the
favorable CH3...CH3 interactions and its replacement by a
CH3...0 interaction which was presumed negligible at the
distance of separation 3.71 R because of the relatively
small domain of the O atom and relatively small number of

separate interactions (1 x 4 4). (The van der Waals

il

radius of the O atom is 1.60 R and thus the sum of the van
der Waals radii for the O and CH, group is 3.6 ﬁ).gg On
the basis of the results reported in the preceding section,
this effect would give rise to an increase in energy of
approximately 500 cal mole-l. The second effect is the
relocation of a Si atom closer to the O atom removed from
it by three bonds along the PDMSO chain; the distance de=-
creases from 4,32 i to 3.75 R. The change is illustrated
in Figure 27, Comparison of thecoretical and experimental

2 2

values of <r >o/n1 and its temperature coefficient for

PDMSO indicated that the total energy change amounted to
850 cal mole—l.s4 This means that the latter effect,
namely the interactions which are exclusively between

groups separated by three bonds, must contribute 850-500 =
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0 0]
Si I Si
i\> ////Si
\,\.\__/ ‘\,x
CH3 €y o \1
. 3 Ct 3 CH3 CH3
Si
trans gauche” gauche™

Figure 27. Rotational states about Si-0 bonds in PDMSO.
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350 cél mole—l. The corresponding three-bond interactidns
in PMPSO are, to a good approximation, the same as those
just characterized for PDMSO. The required change is the
replacement of one of the CH3 groups by a C H5 group in the
PDMSO chain segment in Figure 27. In the case of three-
bond interactions, it is the part of the pendant group
" closest to the chain backbone which is of primary impor-
tance, and the CarH part of the phenyl group should not be
very different in its interactions from those exhibited by
CalkHB' We therefore accept 350 cal mole-l as the three-
bond contribution to the energy of a gauche state relative
to a trans state about Si-O and 0-Si bonds in PMPSO. The
corresponding statistical weight factor is designated o and
thus has the value exp([-350/RT]. Additional contributions
for four-bond interactions will of course be superposed on
these three-bond interactions, as will be shown below.

Of the remaining interactions to be considered, the
CH3...O pentane-type four-bond interactions are assumed to
be of negligible importance because of the relatively small
size of the interacting species and the magnitude 3.71 R
of their distance of separation in this conformation; the
same assumption was made in the configurational analysis
of the PDMSO chain. The corresponding 0...0 pentane-type
interactions in PMPSO occur at a distance 6f separation of
3.69 R and Coulombic repulsions would be expected to make
this an important interaction. The total four-bond inter-

actions in these gtg; conformation about Si-0-Si bonds
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were found to amount to 1,100 cal mole T,%% again by com-
parison of theoretical and experimental values of the chain
dimensions of PDMSO. The three-bond interactions in this
conformation would contribute ant ‘er 2 x 850 = 1,700 cal
mole"l according to the PDMSO scheme. (One CH3...CH3
interaction is not lost in the transition tt+gig3 to this
conformation, but the effect of this complication has been
absorbed into the cited value of 1,100 cal mole Y). The
total interaction energy for this conformation is thus
2,800 cal mole—l. In the modified accounting scheme re-
quired for the PMPSO chain, this total energy is ascribed
to three contributions: (i) two three-bond interactions
(2 x 350 = 700 cal mole—l), (ii) the loss of one pair of
four-bond CHj...CH; interactions (500 cal mole-l), and
(iii) the addition of one 0...0 four-bond interaction of
unknown energy. The fact that a total energy of 2,800 cal

1

mole ~ must of course be given by either scheme indicates

that the 0O...0 four-bond interaction must amount to 2,800~
1,200 = 1,600 cal mole-l. It is thus characterized by the
statistical weight factor w = exp[-1,600/RT].

The final interaction requiring characterization is
the pentane-type four-bond interaction between C6H5 groups
and O atoms. Although the interacting species are rather
widely separated (the carbon atom closest to the chain is
3.71 R from the oxygen atom), the large number of separate

interactions (11 x 1 = 11) involved in this case make it

essential to estimate the conformational energy. Inter-



86

actions involving an O atom are difficult to characterize
quantitatively because of the non-bonding electron pairs
of oxygen atoms, Use of one of the Calk"'o potential
functions which have been reported in the literature sug-
gests an interaction energy of approximately =500 cal
mole 1,193 The fact that the C atoms involved in the
present case are aromatic rather than alkyl should greatly
increase the cited value of E for the following two reasons.
According to Ketelaar,102 the polarizability of a Car atom
is very significantly larger than that of a Calk atom,
and the significantly larger van der Waals radius of a
Car atom (1.95 R vs. 1.80 R for Calk) would make the actual
distance of separation 3.71 R in the Cells.. .0 interaction
closer to the sum 3.6 i of the van der Waals radii of the
O atom and the approximate thickness of the CGHS group.
Both effects would increase the magnitude of the favorable
interactions and one might expect the conformational energy
for this interaction to lie in the range -800 to -1,200 cal
mole Y. The CcHg...0 interaction is thus characterized by
a statistical weight factor of §, again a Boltzmann factor
in the associated energy E5 as herein estimated.

The various interactions, their corresponding statis-

tical weight factors, and the associated energies are

summarized in Table X,
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Table X. Summary of Interactions, Statistical Weight
Factors, and Associated Conformational

Energies for the PMPSO Chain

Statistical . Associated Conformational
Interaction Weight Factor Energy(kcal mole™ 1)
*

Si...0 o] 0.35

] —
CGHS"'CGHS w 2.50

1] -
CGIIS...CH3 w 0.90

"y —
CH3...CH3 w 0.50
0...0 w 1.60
Cellg...0 8 -0.80- -1.20

*
S5i...0 interactions occurring between these atoms sepa=-

rated by three bonds; all other interactions are between
atoms or groups separated by four bonds, in pentane-type
conformations .

>+ &

4, The Statistical Weight Matrices

The quantity fundamental to the calculation of the
configuration-dependent properties of PMPSO chains is the

1-4
u?;l']]i'
element u represents the statistical weight for a Zn pair

tn
of rotational states about skeletal bonds i-1 and i. Each

statistical weight matrix gi = [ in which the

such statistical weight is the product of statistical weight
factors, one for each significant interaction occurring in
the conformation being characterized.

We consider first rotations about the 0-Si-O bond pair.

If all of the four-bond interactions are reserved for inclu-
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sions in the complementary matrices for Si-0-Si bond pairs
then, in the approximations set forth in the preceding
section, the elements in the matrix U characterizing rota-
tions about 0-Si-O bonds takes a particularly simple form.,
The states tg+ and tg contain Si...0 three-bond inter-
actions and therefore receive a statistical weight of o
relative to the statistical weight of unity for the tt
reference state. The g+t and g t states also receive a
statistical weight of unity since three-bond interactions
occurring in these conformations will have been taken care
of in the analysis of the preceding Si-0~-Si bond pair in
the chain. Since there are no new interactions of signifi-
cance in g'g’ and g"g” states beyond those experienced in
tg” and tg~ states, the statistical weight for each of
these is simply o. 1In the case of g'g and g g states,
however, bulky Si(CH3)2 groups are located in close prox-
imity in pentane-type interferences and these states must
therefore be entirely suppressed by assignment of statisti-
cal weights of zero. The thus-completed statistical weight
matrix for the pair of bonds 0-5i-0 bracketing a Si atom

of either d or 1 atomic configuration is thus

l o o
U= Ed =y = l1 o O (36)
l 0 o

As described in Part I, rows are associated with states

about bond i-1l, and columns with states about bond i; both
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are indexed in the order t, g+, g .
In the case of pairs of bonds Si~0-Si separating two
Si atoms, the atomic configuration of each Si must be
-specified. For purposes of illustration, we consider a
dd Si-O~Si sequence, as is illustrated in Figure 26. The
tt state gives rise to a four-bond CGHS"’C6H5 interaction
" and a four-bond CII3...CH3 interaction, and thus receives a
statistical weight of w'w"'. Rotation to tg+ replaces the
CGHS"'C6H5 interaction by a C6H5...O interaction, replaces
the CH3...CH3 interaction by a CH3...CSH5 interaction, and
adds a new three-bond Si...O interaction; its statistical
weight is therefore dw"o. On the other hand, rotation to
g+t replaces CGHS"'CGHS by CH3...C6H5, and replaces
CH;...CH; by a negligible 0...CH, interaction; this confor-
mation thus receives the simple statistical weight w" (the
Si...0 three-bond interaction having been taken into
account in the assignment of statistical weights about the
preceding 0-Si~0 bond). In this manner, all of the ele-
ments of the matrix associated with dd Si-0-Si bond pairs
are established. The corresponding statistical weight

matrix is

wlwlll 0‘(0“6. 0.('ull
Hdd = | w" od qww"' A (37)
w"é cww' ad

In the case of two consecutive Si atoms of dl configura-

tion, the statistical weight matrix is found by the same
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analysis to be

(W2 ou™§  ow'

= 1] n
Hdl w'™ é§ o O Wi (38)

w' oww" 062

The matrices for the other possible combinations (11 and 1d4)

about the S5i-0~Si bond pair may be obtained by simple sym-

metry arguments. The matrix Ell may be obtained from

Yaa

by interchange of rows two and three followed by inter-

change of columns two and three; the same two operations

generate Hld from Hdl' The statistical weight matrices

completing the characterization of the PMPSO chain are

therefore
w'u"'  ow" cw"s
- 1 '
Uyp = | "8 od oww (39)
w" gww" g8 |
(u)")2 oml le" 6
- [} 2 n
Ujg = |w gé oww (40)
w"' 6 gww" o |
5. The Configurational Partition Function and the Char-

acteristic Ratio

The standard, rotational isomeric state theory equations

for the configurational partition function Z and the char-

acteristic ratio <r2>o/nl2 have already been given in Part I

(equations 12 and 21). In the case of PMPSO, however, the

matrix multiplication schemes are more complicated because
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of the variable stereochemical structure of the chain. It
is necessary first to generate chains representative of

various stereochemical structures, For this purpose, we

86,89-96

define the replication probability Py which is the

probability that a repeat unit being added to the growing
chain will have the same atomic configquration (d or 1) as
its predecessor. On the average, for a long chain mole-
cule, P, will also represent the fraction of pairs of
consecutive repeat units (or Si atoms) which are of identi-
cal stereochemistry. Thus, P, = 0.0 corresponds to a
perfectly syndiotactic chain, P, = 1.0 corresponds to a
perfectly isotactic chain, and P, & 0.5 corresponds to an
atactic chain. A typical PMPSO chain of degree of poly-
merization DP or x may be generated, by Monte Carlo methods,
by specification of the desired value of P.. A set of

X = DP = E%E random numbers, each in the range 0.0-1.0, is

first computer.generated.lo8

Each number, in sequence, is
then compared with the specified value of P,.i a number less
than o is taken to mean an isotactic placement, and a
number greater than P/ a syndiotactic placement. In this
way, the entire stereochemical structure of a PMPSO chain
representative of the specified value of P, is generated.
This structure is then used to fix the nature of the U's
and G's multiplied in sequence to give Z ahd <r2>°/n12.

For example, if the specified value of p, were 0.80,

then the random number sequence ....0.61, 0,97, 0.13,
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0.24, 0.75..... would yield the stereochemical sequence.
++.ddllll.. (or ... iso, syn, iso, iso, iso,..). The
corresponding product of U matrices for this illustrative
sequence would be ...U U,.U Ys 8 54,0 Ujqe+er with the
product of the G matrices following the same scheme.

The computer program developed for the calculation of
Z and <r2>0/n12 in this more complicated case of a stereo-~

chemically variable chain molecule is given in Appendix C,

C. Calculated Results

1. The Characterisfic Ratio

2 2

Values of the characteristic ratio <r >o/nl for
PMPSO chains were calculated as described in the preceding
section. The values of the statistical weight factors
were calculated from the conformational energies for tem-
peratures of 30, 60, and 90°C (303.2, 333.2, and 363,2°K),
since these temperatures will best facilitate later com-
parisons between theory and experiment.gg—lol In the case
of the structural characteristics, the values emploved were
those described in Section II.B.l, Tor the stereochemi-
cally regular chains, those of perfect syndiotacticity

(pr = 0.0) and those of perfect isotacticity (pr = 1.0),
only one chain had to be generated for each of these
extreme cases. For the stereochemically irregular chains,

values of P, of 0.25, 0,50, and 0.75 were chosen; a number

of chains were generated for ecach of these three values of
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Pe In these cases, a generated chain was discarded as
unrepresentative if its actual fraction of isotacticity
differed from the desired value of 28 by more than 0.05
unit. Five acceptedly representative chains, thus gener-
ated, were used for each of these intermediate values

p,. = 0.25, 0.50, and 0.75. The average of the five values

calculated for <r2>o/nl2 was then used as the characteris-

r

tic ratio for that value of P

The first series of calculations was carried out as a
function of the degrce of polymerization DP so that all
subsequent calculations could be carried out at a value of

DP sufficiently large that <r2

>O/n12 would no longer
depend on DP. Typical results, those obtained at P, = 0.0,
0.25, and 1.00, are shown in Figure 28. They were obtained
for the illustration value E; = -1,0 kcal mole % (from the
range -0.8 to -1.2 kcal mole ). The values of the char-
acteristic ratio are seen to be independent of DP for
DP>V60, This having been established, all remaining calcu-
lations will be carried out using DP = 100. These calcu-
lated results may then be directly compared with pertinent,
published experimental results,gg-lol all of which were
obtained on PMPSO samples of very high molecular weight.
The most important calculated results, the dependence
of the characteristic ratio on the stereochemical struc-
ture of PMPSO, are presented in Figure 29. There, <r2>o/nl2

is shown as a function of the replication probability Py

for the illustrative values Eg= =0.8, -1.0, and ~1.2 kcal
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-1.2 kcal mole” 1l
O Es = -1.0 kcal mole™!

@®E, = -0.8 kcal mole™

The characteristic ratio of poly(methylphenyl-
siloxane) (PMPSO) at 30°C plotted against the
probability of replication for the illustrative

values specified for EG'
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mole—l. The characteristic ratio is seen to decrease
markedly, in an approximately linear manner, with increas-
ing replication probability or degree of isotacticity.
This dependence is a direct consequence of the fact that
the unequal bond angles in Si-0 chains cause the all-trans
form to approximate a closed figure.22 Such a closed
figure or polygon is illustrated in Figqure 30, and ob-
viously corresponds to a very small end-to-end distance.
Although three-bond intcractions in PMPSO cause a prefer-
ence for this trans conformation, the very favorable
C6H5...C6H5 four~bond interactions play the dominant role
with regard to <r2>O for this chain molecule. In the case
of highly syndiotacticity (low pr)' the CGHS groups are on
opposite sides of the chain in the all-trans form. The
lowering of energy accompanying formation of favorable
C6H5...C6H5 interactions therefore causes transitions away
from the trans states, of small <r2>o. This tends to make
the characteristic ratio relatively large at small values
of P, as is shown in Figure 29. On the other hand, at
high isotacticity (high pr), the Cclls groups are already
on the same side of the chain in the all-trans conformation
and thus the favorable C_.U CGHS interactions stabilize

65-.0

the compact trans conformations. This is the rcason
<r2>o/nl2 is so small at large values of Ppr again as
illustrated in Figure 30.

FPor the stereochemically variable vinyl chains poly-
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.__O O_-‘ .
Si \Si/ Si

Figure 30. The Si-0 backbone in the all-trans conforma-
tion, shown to illustrate the fact that trans

states tend to decrease the chain dimensions.
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25,85,90

styrene (PS) [CH(CGHS)—CH:Z-]x and poly(methyl

methacrylate) (PMMAM) [C(CH3)(COOCH3)—CH2-IX,89 the char-
acteristic ratio shows a very different dependence on

stereochemical structure, according to published calculated

results on these polymers.1'25'85’89'90 These results,

taken from the literature, are shown in Figure 31. The
most striking feature of the results on PSZS'109 is the
dramatic increase in <r2>o/nl2 in the range Py = 0.8-1.0.
This occurs because the distance of separation of the C6H5
groups in pentane-type interactions in PS is only 2,54 3.
In the case of isotactic PS, these CBHS groups are on the
samc side of the chain in the all-trans form and so severe-
ly interfere with one another sterically that alternating
skeletal bonds must rotate to gauche states in a regular
manner. The resulting conformations, ...tg+tg+tg+... or

g tg tg t..., are helical and thus correspond to very large

25,107,109

end-to-end distance. This explains the very

large value of <r2>o/nl2 predicted for PS in the region of
high isotacticity. 1In the case of the disubstituted vinyl

89

chain, PMMA, the two pendant groups CH. and COQCH. are

3 3

not of very different effective size. Since changes in
stereochemistry involve interchanges of these two groups
around the substituted carbon atoms, the fact that their
interactions are not very different accounts for the

observed fact that the characteristic ratio of PMMA is not

strongly dependent on the stereochemistry of the chain.
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Figure 31. Published calculated values of the character-

istic ratio of polystyrenezs'109

(methylmethacrylate),89 shown as a function of

and poly-

the replication probability, at temperatures

of 298.2°K and 300°K, respectively.
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2, The Temperature Coefficient of <r2>o

Values of <r2>o/nl2 were calculated as a function of

temperature for P, = 0.00, 0.25, 0,50, 0.75, and 1.00 and

for Eg = -0.8, -1.0, and -1.2 kcal mole ). (Instead of

using five chains for each value of p,. = 0.25, 0.50, and

0.75, the single chain most representative in each group

“of five was chosen on the basis of the proximity of its
characteristic ratio to the overall average for that col-

lection of five chains., In the present calculations,
therefore, one chain is used for each value of P..s thereby

considerably reducing computational costs.) One set of
1

typical results, those pertaining to E, = =1.0 kcal mole '

)
are shown in Figure 32, The slopes of these curves were

2

used to calculate values of dln<r >o/dT at the average

temperature of 60°C. The complete set of values of

dln<r2>o/dT thus obtained are presented in Figure 33. As

can readily be seen, values of 103d1n<r2

positive and range from 0.0 to 6.0°K-1. The largest

>o/dT are generally

values correspond of course to highly isotactic PMPSO
chains, for which an increase in temperature causes transi-
tions from the low energy compact trans states to alter-

native states of higher energy and higher spatial exten-

sion.22

D. Comparison of Theory and Experiment

99-101 2

Although some experimental values of <r >o/nl2
and dln<r2>°/dT have been reported for PMPSO, the polymers

studied were totally uncharacterized with regard to stereo-
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The characteristic ratio of poly(methylphenyl-
siloxane) shown as a function of temperature
for EG = =1.0 kcal mole—l at selected values
of PL.. The plots for EG = -1.2 and ~-0.8 kcal

mole ' were omitted for purposes of clarity.
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Figure 33. The temperature coefficient dln<r2>o/dT for

poly(methylphenylsiloxane) plotted against

pP.. at selected values of E

r ',
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chemical structure. This circumstance obviously greatly
complicates matters, and the comparison of theory and

experiment attempted here must therefore be considered very

tentative,

Intrinsic viscosity and light scattering measurements
on stereochemically uncharacterized PMPSO fractions in a

C)—Golvent (diisobutylamine, 30.4°C) interpreted with the

21 31 em 3mole™? for the hydro-

appropriate value 2.5 x 10
. . 2 2 100

dynamic constant ¢ gives the result <r >O/nl = 8.8,

Some similar measurements in the thermodynamically good
solvents benzene and toluene in the vicinity of 25°C can be
used to estimate a value of <r2>o/nl2 by means of a very
approximate extrapolation technique to correct for excluded
volume effects. The approximate result thus obtained is

99

8.7 Comparison of these experimental results with the

theoretical recsults shown in Figure 29 suggests that the
polymer samples studied must have been highly syndiotactic
in stereochemical structure.

2

A value of dln<r >O/dT may also be calculated from

some force-temperature measurements carried out gn amor-
phous PMPSO networks,lOl again unfortunately of totally
unspcecified stereochemical structure. Comparison of the
experimental result 103d1n<r2>o/dT = 0.6] (i0.0m‘K—l with
the calculated results shown in Figure 33 strongly supports
the above conclusion that tvpical PMPSO samples studied
thus far must be highly syndiotactic in stereochemical

structure. Both comparisons suggest that the parameter EG
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is of relatively large magnitude, amounting to at least

-1.0 kcal mole~1.

99,100,110
The samples of PMPSO described in the literature

have genecrally been prepared by anionic polymerization of
the trimer gig—l,3,S—trimethyl—l,3,5—triphenylcyclotri~
siloxane which has the structure shown in Figure 34, 1In
the cis isomer, all of the phenyl groups are on one side

of the ring and all the methyl groups on the other. If the
ring could be opened without any inversions, the cis isomer
would yield a sequence of Si atoms of the same atomic con-
figuration. 1In the actual ring-opening polymerization,
however, one of the Si atoms is almost certainly suscept-

ible to inversion.lll’112

Such sterecochemical irregular-
ities would of course constitute syndiotactic sequences.
Additional syndiotactic placements could be introduced in
the coupling of such [Si(CGHS)(CH3)—O-]3 triplets in the
formation of the PMPSO chain. This tentative conclusion
is supported by the fact that PMPSO formed from the trans
isomer was found to be identical to that formed from the
cis in unperturbed dimensions, ideal or (:}—temperature,
and second virial coefficient in a thermodynamically good

solvent.100

E. Conclusions

Stereochemical structure is found to have a rather

different effect on the unperturbed dimensions of PMPSO
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The trimer 1,3,S—trimethyl-l,3,5-triphenyl-
cyclotrisiloxane, presented to show the above-
the-ring locations of the phenyl (¢) groups

in the cis isomer. For reasons of clarity,
the methyl groups, all on the opposite side

of the ring, have been deleted from this

schematic diagram,
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than in the case for the closely related mono-~ and disub-
stituted vinyl polymers. The primary reason for this
difference is the fact that the relatively long $i-0
skeletal bonds and relatively large Si-0-Si skeletal bond
angles in PMPSO increase intramolecular distances between
interacting groups so that the interactions are generally
attractive, rather than repulsive as they are in the more
congested vinyl chains.

Comparisons between theoretical and experimental

values of <r2>0/n12

and d1n<r2>o/dT, although tentative,
suggest that PMPSO polymers studied to date are highly
syndiotactic in stereochemical structure. Much more work,
however, is needed to characterize the stereochemistry of
this polymer and the mechanism by which it is formed.
Particularly important in this regard would be high resolu-
tion nmr studiesll:‘s_115 of samples of the polymer prepared

from both the cis and trans forms of the trimer, under a

variety of polymerization conditions.



III. STRESS-STRAIN BEHAVIOR OF POLY (DIMETHYLSILOXANE)

NETWORKS AT HIGH LELONGCATION

A. Introduction

As already mentioned in Part I, the analysis of
stress-strain isotherms for an amorphous polymer network
in elongation proceeds most directly through the reduced

* -
force [f ] defined by?%r28s52-54

* * 2
[£1 =£/1a (a-a”)] (41)

where, as before, f is the force or stress, A* is the
cross~-sectional area of the undistorted network, and a =
L/Li is the elongation, where L and Li are the length of
the sample in the distorted and undistorted states, re-
spectively. According to the statistical theories of

rubberlike elasticity28'56'57

[£°] = (vkr/V) [<x®> /<x?> ] (42)

The various quantities appearing in this equation have
been defined in Part I; the definitions are not repeated
here since the only point of immediate interest is the
obvious fact that the statistical theory indicates that
[f*] should be independent of o. In actual practice,
however, the reduced force measured over the range of

moderate elongation (a = 1-3) is generally observed to have

109



110

a significant dependence on a. The dependence is such
that virtually all stress-strain isotherms in elongation

obey the relatively simple or phenomenoclogical equation55

* -1
[£7] = 2c; + 2C,¢ (43)

at least over the cited range a = 1-3,

The main subject of interest in the present investi~
gation is the fact that at least in the case of some poly-
mer networks, deviations from this relatively simple

phenomenological equationl?r116-121

appear at very high
elongation (o0>Vv3)., Natural rubber networks show this
anomalous behavior particularly clearly, and Figure 35
illustrates the type of deviation which has been observeé%7
The simple linear relationship is seen to be obeyed over
the approximate range o = l--2(ot'-l = 1,0-0.5). PFurther
increase in a (decrease in a—l), however, causes a very
marked upturn in the reduced force, as is shown in the
left portion of the figure.117
In studies of such networks, the anomalous behavior
has almost invariably been attributed to the limited exten-
sibility of the network chains. T 118 mno statistical
theories of rubberlike elasticity are generally based on
network models made up of chains, each of which obeys a
Gaussian distribution function. This assumed Gaussian

distribution function is known to be adequate at moderate

deformations, but must become increasingly inaccurate for
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[f£1, kg cm

Figure 35. The stress-strain behavior for natural rubber

at 25°C, over a wide range of elongation.117
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a network chain close to its maximum extension, 167120 In

fact this distribution function does not assign zero prob-
ability for a given end-to-end distance until that distance
is infinite! This explanation in terms of limited chain
extensibility has become so widely accepted that the terms
"upturn in the reduced force" and'"non-Gaussian behavior"
are used essentially interchangeably in the literature on

116,117,122

rubberlike elasticity. This had led to the

adoption of less approximate, non-Gaussian distribution

functions for the network chains.116’117'123

Such more
complicated distribution functions have one or more adjust-
able parameters, and most work has been carried out to
determine the values of these non-Gaussian parameters
which give the best fit of these anomalous stress-strain
isotherms.t177123
Flory, however, pointed out decades ago that the
evidence on this point was cxtremely ambiguous in that the
only networks studied at high elongations were those which
are highly susceptible to strain-induced crystallizat}gﬁ}21
Even very small amounts of crystallites would greatly
increase the reduced force in the manner observed experi-
mentally, for three reasons. Each crystallite would tie
together a large number of chains, possibly the order of
a hundred or more. Since each such crystailite would act -

as a physical cross-1link of exceedingly high functionality,

this would greatly increase the number v of network chains
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(by definition those parts of polymer molecules lying
between cross-links). As shown in equation 42, [f*] is
bproportional to v and would therefore be greatly increased
by this increase in v. Secondly, the crystallites would be
essentially non-deformable at the stress levels involved

so that significant amounts of crystallization would reduce
the fraction of the polymeric network which could exhibit

12,121

a rubber-elastic response. The non-crystallizable

portion would therefore be at a higher elongation than the
average macroscopic elongation experimentally measured for
the entire semi-crystalline sample. This effect would also
tend to increase [f*]. Finally, the crystallites could
act in the well-known, although admittedly poorly under-
stood, manner of "filler" particles in rubberlike networks
in general.12 The addition of carbon-black particles to
natural rubber, for example, increases its modulus or
reduced force substantially. The above comments with
regard to crystallites would pertain as well to the forma-
tion of hard, glassy regions such as polystyrene domains
in an elastomeric copolymer such as a butadiene-styrene
elastomer.ll6’124
In spite of the fact that even small amounts of such
strain-induced crystallinity could alone account for the
upturn in [f*] at high a, this possibility has been essen-

tially ignored over the years. Even to date, the only

networks studied in the region of high elongation have been
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(i) natural rubber, which is highly crystallizablc—:,116"llB

(ii) styrene-butadiene elastomers,116

in which the buta-
diene regions, if stereoregular, could crystallize, or in
which the styrene units could conceivably form glassy
regions, and (iii) "viton" fluoroelastomers,124 in which
the high crystallinity of the homopolymers is suppressed
but probably not totally excluded by chemical copolymeriza-
tion,

It is therefore the purpose of the present study to
determine stress-strain isotherms at high clongation for
a polymer network in which crystallization could be ex-
cluded beyond any reasonable doubt. Poly(dimethylsiloxane)
(PDMSO) is ideal for this purpose since its normal melting
point is "u—50°C;125 when the PDMSO chains are part of a
polymer network, the melting point increases with strain,
but even at high elongations, its melting point is well
below room temperature.125 Stress-strain measurements at
a temperature of 50°C would therefore unquestionably per-
tain to a totally amorphous network. The possibility of
forming glassy regions in the network can likewise be
excluded in view of the very low glass transition tempera-

ture, -122°C,126

of PDMSO.

If limited chain extensibility is indeed the origin
of the marked upturn in [f*] at high a, this behavior
should be readily observed in these experiments on PDMSO

networks. If, however, the origin is primarily strain-

induced crystallization, the upturn should be absent, or
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at least very much diminished. The proposed experiments on
PDMSO networks should therefore clearly distinguish between
the two explanations given for this anomalous type of
elastic behavior in the very important region of high

elongation.

B. Experimental Details

127

The sample of PDMSO used in this study had a mole-

cular weight of approximately 0.5 x 106 and, to facilitate
cross-linking, contained 0.5 mole% CH3(CH2=CH)Sio

units.123

The preparation of networks from this sample
followed the techniques described in Part I for the cross-
linking of poly(dimethylsilmethylene). The dose rates in
the y-irradiations was 0.09 Mrad/hr. Three networks,
labelled B1l, B2, and B3, were prepared using total doses
ranging from 1.0-1.4 Mrads. A sample having the dimen-
sions 0.1 x 0.3 x 3.0 cm was cut from each of the ex-
tracted, dried networks by means of a suitable die. The
central portion of each sample was marked up by two thin
lines of paint applied while the sample was in the
stretched state.

The stress-strain measurements were obtained as des-
cribed in Part I, at a temperature of 50 (*0.5)°C, under an
inert atmosphere of dried nitrogen. Thin rubber sheets
were placed at the surfaces of the clamps to prevent pre-

mature rupture at these points. Measurements at values of

o in decreasing order were first carried out to provide a
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reversibility check for the later points carried out at
increasing values of o up to the point of sample rupture.
Stress-strain isotherms thus established showed, in general,

a high degree of reproducibility.

C. Experimental Results

The stress-strain isotherms thus obtained for the
three PDMSO samples are shown in Figures 36~38. The
results obtained by consecutively decreasing values of o
(open circles) are in good agreement with those obtained
in increasing o (filled circles) thus demonstrating good
reproducibility. The lines shown were located by least-
squares analysis, and the rupture point is shown by the
vertical dotted line in each figure. Except for a very
small increase in [f*] just prior to rupture, there is no
evidence whatever for the pronounced, extensive upturn in
[f*] of the type shown for natural rubber in Figure 35.
These results strongly suggest, therefore, that such up-
turns in [f*] at high o are due to partial crystallization
of the network rather than to inherent shortcomings in the
Gaussian theory of rubberlike elasticity. This must mean,
in turn, that although some chains may be stretched to
near their limits, such chains must remain a relatively
small fraction of the total number of elastically effective
chains in the network, at least until just prior to final

rupture,.
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D. Conclusions

The results presented here seem to discredit the nota-
tion that limited chain extensibility is important in the
. .y . 116-118 .
use of polymeric network at high elongation. Impli-
. . .. ) .12,121
cated instead is strain-induced network crystallization.
Even more definite results, of course, could be obtained
on some elastomeric, stercochemically irregular polymer
such as atactic poly(ethyl acrvlate). Because of irregu-
larities inherent in the stereochemical structure of the
atactic form, such polymers are totally incapable of crys-

tallization, irrespective of the temperature or range of

elongation employed in their investigation.



Appendix A.

Cc CALCULATION CF DIPOLE »OMFUT RATIO FOR
Cc FOLY (DTMETHYLSILMETHYLENE)
C
DIMFNSION G1(15,19),16(3,9) ,6AT (15,15)
DIMENSION T(9,9), 1?(3,3,’),?*(3),IH(M
CINFNSION GA(15,15) ,6R(15,15),
C GU(15,15) ,6W (15,12),G6V (15,15
DIMINSTON TB(%,9), 2 "B1(3,3,3),7iB(3),TH1(3)
DIMEFNS ION UA(3,3),UB(3,3),5(3,3),
C "’(313)0\/( ):X(SIB)rJF(ij)
100 EKFAD (5,3 ,“AD—9€)I¥

3 FORNEAT (I19)
READ (5,1) ((UZ(I,d),d=1,3),1I=1,3)
READ (5,10) (FI(I),I=1,3), (TH(L),I=1,3)
10  FOREAT (3F10.59) :
READ (5,44) (FIB (I),I=1,3), (TUB(I),I=1,3)
44  FOZMAT (23F19.5)
501  READ (5,500) A
560 FORNAT (F12.5)
1001 READ (5,13) T=MD
13 FORMAT (F10,5)
READ (5,1) ((Ua(I,Jd),d=1,3),I=1,3),
C (Wn(I1,d),Jd=1,3),1=1,3)

1 FORMAT (3515.5)
WRITE (6,15) (U4 (T,d),d=1,3),I=1,3),
C ((UB(Z ,J),J 1,3),1=1,3)
WRITS )((U‘(I J),J=1,3),I=1,3)
15 POEEAT(3T1J.5)
o MULTIPLY UA DY UB

DO Zz I=1,3
po 2 J=1,3
sux=9,
DO 2 K=1,3
SUK=SUM+UA (I,K) *UD(K,J)

2 W(l,J) =S0¥

c CONSTRUCT (UAXUD)=x(=S  USE IX INSTZA

WRITE(6,1700) I%,T:"F

OF

(&)

1000 FORNMAT (*POLYHXICHALY TIX=',I170,3X,'TDMp= ',F10.2)

Lo 4 1I=1,3
DO 4 J=1,3
4 S(I,Jd) =W (I,J)
DO 7 L=2,IX
LO 5 I=1,3
DO G J=1,3
U.\i:o.
DO 5 K=1,3
SUX=SUA+S(I,K) *S (K, J)
C TO CALCHULATE SPECIYIC DP, SIT:
o SUN=SUM+S (I,K) =W (K, J)
5 V(I,Jd)=sun
Lo 9 1=1,3
Lo 9 J=1,3
9 S(I,Jd)=V(I,J)

121

Calculation of Dipole Moment Ratio for PDMSM

X
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CONTINUE
CONSTRKUCTICN OF (UnA*UD) **xX*UZ
LC 6 I=1

SU¥=SUM+S (T, K) *UE (K,d)

X (I,d) =sUY

7=X (1, 1) +X (1,2) +X(1,3)

WRITZ (6,8) 2

FOEMAT (//, 11 ,5X,'PARTIITICN FUNCTICN 2=',F20.15)
CCNSTRUCT »ATIIX T

CONSTRUCT ¥ATHIX TI, IHE SUPER ONE

T(3,9) IS CUPLR{ATHIX

Do 11 1I=1,3
TT(1,1,1)= CCS(TE(I))
TW(I 1,2)= SIN(TH(I))
(I, 1,3)=0.
T“(I,2 1)= SIE(TH(I))*COS(¥I (1))
TT(1,2,2)=-CCS(TH(I))*COS(FI (1))
TT(I,4,3)= SIN(FI(i))
1T(I,3,1)= STN(TH(1))=*SIN(FI(T))
TT(T,3,2)= -CCS(TH(I))*SIN(FL(I))
TT(I,3,3)= -COS(FI(I))
CATA 1,81%0.0D%/
Lc 12 1=1,3
po12 J=1,3
T(I,J)="1(1,1,J)
II=1+23
JJ=J+3
T(II,d4d)=T7(2,I,3d)
1TI=1 +6
JIJ=J+6
T(III,J3d)=71(3,I,J)
0O 41 I=1,3
ITB (I 1 1) = COS (THL (I))
TIB(I,1,2)= SIN(7HB (1))
TTR(I, 1 3)=)
TTR(L,2,1)= SIN(THD (T)) *COS (FIR(I))
TTH(L, 2,2)= ’LUD(TU3( ')} %CCS (FIB (1))
TTR(I,2,3)= SIN(FIB(I))
TTB(I,3,1)= SIN (il (7)) *SIN (FIB (L))
TTB(T,3,2)= =COS(THL (1)) *Sil (FIB (I))
TTR (T, 3,3) = -COS (F1B(T))
DATA TEB/81%0.0D0,
Lo 42 1=1,32
Do 42 J=1,3
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22

23

T0 CALCULATE CHARACTERIST
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TB({I,J)=T1TB(1,1I,J)
II=1+3
JJ=J+3
IB(II,JdJ)=TIB(2,1,J)
II1=1I+6
JJJ=J+6
TB(II1,J03)=ITB(3,1,J)
CONSTLUCT G1
CATA C1/2 5xCL,0LCC/
A IS THY LOND MCFMENT
TG=U (F) LILECT PLODUCT MOAEKT THANSPO3L
Do 21 J=1,¢
TG (1,d)=Ar%T2(1,J)
PO 25 J=1,6
TG (2,Jd)=A%TB (L,.)
Lo 26 J=1,9
T6(3,d)=a*73(7,J)
LO 2z I=1,13
DO 22 J=1,9
JJ=J+3
G1(I,Jdd
LO 23 1=
DO 23 J
II=1+3
JdJ=J+3
G1(IT,Jdd)=T3(Z,J)
G1(1,1)=
G1{2,2)=
G1(3,3)
G1(4,13
G1(7,14
€1(1J,15)
B=A%%2 2.,
G1(1,13) =8
G1(2,14) =8
G1(2,15) =3
G1(13 13)—1.

) =T5(1,J)
1,9

—_
\.O

A
A

Bl =

A
0H

N Uy~ ~ i

CONSIRUCT GAE, THL END BCND OF 34
Y==A

o]

C RATIO SBET Y=A
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50

51

124 -

GAFE (1,1)=1.0

GAT (2,2)=1.0

GAF (3,3)=1.0

GAE (1, U) =+Y%CCS (TH(1))
GAE(2,7) =+Y*COS (Til (2) )
GAE (3, 10)=+Y*COS (IH (3))
GAF (1, 13)=0.5xa%}

GAE (2,14)=0.5%A %3

GAF (3, 15) =0, 5%n% )

GAE (4, 13) =Y

GA™(7,14) =Y
GAE(10,15) =Y
GAZ(13,13)=1.0

GAT (14, 14)=1.0

GAZ (15,15)=1.0

SHIFT SUFFPRYATRIX TT(I,J) GA T0O GAE
DO 1210 I=1,9

Lo 1210 J=1,6

II=I+3

JJ=J+3

GAF (I1,JJd)=T1(I,J)

[LATA GA,GB/225%0,1DY, 225%0,,D0/
CALL BUILD (UA,7,GA, )
CALL BUILD (UE,%3,GE,4)
LC 5¢ T=1,15

LO 50 J=1,15

INEDR

bo 50 K=1,15
SUE=SUH+GA (T,K) *G2(K,.J)
GU(I,J)=SUH

DO 51 1I=1,15
Lo 51 J=1, 18
GW (I,J)=50(T,J)
LO 52 L=2,IX
DO 53 1=1,15
EO 53 J=1,15
SU¥=9.

IO 33 K=1,1¢

SUN=SUM+GK (T, K) *GH (K, J) :
FOR SPECIFIC I'FGRFZ OF POLYJEITZATION SET
SUN=SUN+GHY (I,K) *GU (K, J)

AS:



53

54
.52

60

61

62
63

99

32

34

35
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GV (I,J)=SUx

Lo 54 I=1,15
DO 54 J=1,15

GW (I,J)=GV (I,J)
CONTINUR

LC 60 1I=1,15
po €0 J=1,15
SU4=9.
LO 60 , :
(T,K) *CH (K,.J)

SUi=0.

Lo 61 k=1,15

SUM=3UM+GU (I,K) *GAZ (K,J)

GY (I,J)=5SUp

US1=2, % {1, /Z) * (GW (1, 13) +GW (1,14) +G9(1,15))
XN=IX

AN=2, %XN+2,

US2=US1/ (XNxpAx*%2,)

WRITE (€,62) US1

WRITE (6,63) 032

FORUAL (//,1H ,5X,'"S%AN SQUARE DIFOLT AOMENT=1,F30.13)

FOEMAT (//, 1 ,DX,'DP LATIO=',F32.1%5)
GO TO 591 :

STOP

ENL

CONSTRUCT GA AMD 5B FTAD INW U, PUT RESULY IN G
SU3FQUTINE 3UILD(U,T,S,Y)

DIYENSION uw(3,9),U(2,3),6(15,15),%¥4A(3,%),T (9,9)
CINFNSICN WU (%, 9),%U% (9,9)

CATHE Why27%0,00D0,

Do 22 1=1,3

WN(T,1)=Y*U(1,1)

WW (I, U)=Y*U(1,2)

WW(I,7)=Y%U(I,3)

CCNTINUZ

B0 34 I=1,3

Lo 34 J=1,9

SUM=0.

LO 34 K=1,9

SUM=SUM+ %N (I,¥)*T(K,J)

WWA(I,J)=SU:

Lo 35 1I=1,3

Do 35 J=1,9%

JJ=J+3

G(I,JJ)=WdA (I,J)

LO 33 I=1,3



126

po 33 J4=1,3
JJ=J+12

33 G(IL,JJd)=Y*Y /z.*U0(I,Jd)
Lath WL/81%0.C0DOy
Lo 121 1=1,3
WO(I,I)=U(1,1)
JI=1+3
WU(II,I)=0(2,7)
IIl=I+¢

1017 WU(IIXI,I)=U0(3,1)
Lo 102 1=1,3
II=T+3
WO (L,II)=U(1,2)
WU(II,IT)=U(2,2)
I11I=1+¢€

102 WO(ILII,II)=U(3,2)
Lo 133 1=1,13
II=I+3
1II=1I+6
WU(I,IIT)=U¢(1,3)
WO(II,TIL)=U(%,3)

103 WO{III,I17)=0¢(3,3)
Lo 37 1=1,09
po 37 J=1,¢
suM=9.
DO 37 ¥K=1,9
SUM=SUM+LU (I,K) *T(&,d)

37 WUW (I,J)=sSU0*™
£Eo 33 1=1,9
Lo 38 J4=1,9
I11=I+3
JJI=J+3

38 G(II,JJ)=WUH(I,Jd)
Lo 39 J=1,3
Jd=12+4
G(4,30)=Y%U(1,J)
G(7,JJ)=Y*U(2,J)

39 G(10,JJ) =Y*0(3,J)
EC 40 I1=1,3
o u) J=1,3
C(I,J)=U(I,Jd)
II=1+12
JJ=J+12

40 G(Ii,JJd)=U0({I,Jd)
FETUGRN
END

$EXNDFILE

$RUN -~LOAD+*ESP



Appendix B, Calculation of Nonbonded Interaction Energy of

an Atom Pair Separated by 12 Bonds.

NYMEMCTINN VI (), U2(2)Y, M3y, VLY, VH{A), VAILZ), T112.32),
(. T?(?.l).qu?.?).Th(?.?)-TR(l.?);A(1)-”l?)-ﬁ(?).ﬁ(?).“(?).
O VTUA) e TA(R3) e () VAR TTI3¢3) F IR, VO(R) TRI%.3).0G(3),
CTOE30R) et (R)aMION(2YGRITIRILTIOI 30 A P E) L HID(3) 1)) (23,3 ),0(3)
Q L!FI\H(";.](\)\I]'|.\'71.\f"l].\//.]‘\IH],\IA],\/']l,\l‘l],\IQ].\II(‘I,H}]],“]?]
10 FORMAT(RFIN.2/6FE10,2)
READ{ S 18)YTHY e THZ (THR L, THO L, THLH G THAGTHY g THR(THA , THIO L. THE
15 EORMAT(REIN.? /21N, 2)
READ( B 1NDNIPY P2 P, P4, P5E ,DALT OR,PA,PIN,PL]
1000 FNRMATIREIN.2/3F10,2)
READ {(%.75) AA, HR

76 FNRMAT (2F10,.72)

(., rL.FAR ARRAYS
nNCTY T=1.3
witly=n.n
v2{1Y=0.,0
V3{T1)y=n_,0
Va(1)Y=0.0
V& [1)=0,0
VA(T )=0,N
MTITY=N.0
Va{T)=n,N
Ve (TY=0,
vIN(T)=0.
R11({(T1}=n,
RIZ2(T1)=0,
AlTY=0,D
K{11=n.n
c(y)y=n,0
NIT)Y=N.0
F(T1)Y=0,0
F{Iy=n,0
~{1Yy=0,
H{(T1l=n,
PlTY=0D,
NnLTY=0,

11 RITY=D,D

(.
vitiy=v
Vv2({1)1=V21
V31 )=V
Va ] )=va)
V5 (1)=vh]
VA Y=VAL
v7(1)=vT
VR{1)=va)
Vg {1} )=Vva]
vVIN(1I=v101
R11{1¥=R111
R172(1)=R121

G

CALYL FILLT (T1. THY. P1)
CALY, FIILLT (T2. TH2, P2}
CAMLL FILIT (T3, TH3, P3)
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107

104

108

104

1073

102

101

100

99

98

Q7

g4

93

91

19

20

21

N

41

51

CAMA FTILT (T4l THA, P4

CALL FTHITITS A Py
CALL BT T (T A THA DAY
CALL FTHITUT7.T07 .07
CALL, FTILILTATHGTIHE DY
CALL FTHITITO . THY PO

CALL FILILTHUTIN.THINLPINY
CALL FTIITITI T4

NN 107 T=144
nnoyn? =1 .73

T =2THI(Tl « )RV +0(T)

DOINA T=1.3
NETY=0(T)+R1Y (1)
DN 1068 T=1.3
DN 1N% I=1.2

PEIY=TI00T o 1000 +P 1)

NN 104 [=1.2
PIY=PLT1Y+VIO(T)

nn 1INl 1=1,3

nNo102 =1 4,3
HITY=TOl T )P {0 Y41 (T
nno1n? 1=1.3

H{T ) =H (T )+VQ(T1)

NN 10Y T=1.3

NN 101 d=1.R
CGIT)=TRIT . ¥4 D)+G T
N 100 T=1.3

AT Y=GITY+VR (T

NN 99 [=1,3

nn g9 )1=1,3
FOIY=T7U{Tl 150G LAY+F(T)
NN 98 [=1,3
FOIY=FLT)Y+VT (1)

nn 97 1=1.73

nnN Q7 _|=],'-1
FETY=TALT « YR IYHFIT)
NN 94 1=1,42
FITY=F{1V1+VAI(T)

NN 93 J1=1,13

NN 93 I=1,3
DITY=TS (T4 d)FV4D(T)
NN a9l 1=1.3
PDETY=N(T)I+V&RIT)

nN19 1=1,3

PN19 1=1,3
CllY=TalTa 0N 0)+0 (1)
NN 20 1=1,3

C(1)Y= CLTY + val(l)

nN 21 1=1,13

nnNo21 =1.13

128

A1) = T3(T..00000) + AT}

nno31 1=1,13
AtT)= ACT) + V3L(T)
NN 41 1=1.3
NN 41 =1,3

BUTY= T2(T1,0)%A00) + R(T1)

PN 851 T=1,3
R(I)= RIT)Y + V2LI)
PN AL T=1,3
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NN AT =143
AL R (TYs T1ET =LA & LIl
nOC7Y T=143
TV (1= BLT) + MU(T)
ANS = ST (b (1)552 + L{2)w) 4 R{A)ExD)

EN = AA/AMSH Y2 — M/ AMCEE A
MRTTE(ALI2IVTIL JM21 (MR VAT VR VAL VTY JYARY (VAT (V0] (M1 M1 2]
12 EORMATIZ//Y V1d= 1 10, 2,3% 0 U2l= VLF10,2.3% 0 Vil=s 1, F10,2,3X,

LV Val=s Uy FIN,2,3% 8 Vhls v, FIN,7,3X, 'V VA= V., F]1N,?2.3¥,
CV U7 =z t, FIN 2,300 val= 1, FIN_ 2,3X 'V vaj= 110,23,
CV VINT= VLRI N,2.2% 0 V1112 P, F10,2,3¥, 1 V121= 1,K10,7)
WRITE{A I RITHT (TH2 s TH2, THA G THE CTHALTHT S THA G THOLTHLIN,TH]
12 FORMAT(!Y TH)= V', FIN,2.3X 0 TH?= t, FI0,.2,3¥,1 JH3I= 1+, F10,.2,3X,
G JHG= 1, F10.2.3X 0t THGA= 1, F10,2423XeY TJHA= T,F1N,2,3X, 1 TH7= 1,
CEIN.? 43X THAR= 1, FIN_2,3X, 1 THA= 1, F)IN, 23" TH]O= 'L EINL 23X,
Cr THLI= Y F10,.2)
VRTTF(AIAIPTIP2,P3, P4, PR, PABTPR,PAG,PIN,PT
WA EORMATIY Pl= VT F1N.2.3%V P2= t, FIN 2,3%X,1 P3= 1, FI1N_2,3X,
GV Phz V,F1I0,2,3X.1 Phz F,F10.2.3X, ! PA= 1,FIN,2,3X," P7= Y. FIN,7,
C3X.1 PR= PFIN, 23X, PU= 1L,FIN,2,3X.% PI0= t,F1N0,2,3X. ' Pl1= !

.

CRIN,2)
WMRITE(AJENN)AA, RR
500 FARMAT(! AA= 3.FIN,2.3¥,1 BR= 1, FIN,?)
WRITF (A26) ANG, FM
rEA FARMATI(Y DISTAMLF= 1 ,FIN,2.3X," FMFERAY= V,F10,3)
N TN 9
™MD

SHRRANTINE FILIT (Te THe P)
NIMENSTAN T{3,3)

THR= TH/(1RN.0/3,1415973)
PR= P/(1KN.N/3.1461503)

CT= CNS(THR)

ST = STIM(THR)

P = CNS(PR)
<P = SINIPR)
T(l.1)= 7

T{?21)= ST=CP
T(3.1)= ST=SP
Tl1.2) =ST
T(?22)= =CT%CP
Tl3.2)Y= -CT=SP
T{1.3)= NN
T(?.3)= SP
T(3.3)= ~CP
RFETHIRMN

FAND



Appendix C. Computation of the Characteristic Ratio of

Poly (methylphenylsiloxane)

DIMENSTON IN(200), RN(20C)

C R[N HOLOS THE STERFOCHEM INTEGERS, RNy, THE RANDCM NO
DIMENSINN DDI(3 )y DLL3 Y, D2(3)
C k%) 1S THF BGND DIPOLE AT A D CARBUNy DL AT AN L
c wrdk k%32 IS THE ROND DIPCLE AT A CH2 GROUP
DIMENSICN UD(3,43), UL(3,3), UDD(3+3), UDL{3+3)y ULL(3,+3},
1 ULD(343)y UE(3:43}y UX{343), UY(3,:43), AJ(3), AJSI3), AH{3)
DIMENSION UZ(3,3)
C
DIMENSION GD(15,415)y GL({15,15}), GDD(15,15),y GDL({15+15), GLL{15,+15])
1 y GLD{15,415), GX(15415), GY{15,15})}, GS{15,415})y GJ(1S},
2 GJS(15)s GH(15)y GZ{15,415)y GDF(15415)y GLF (15415}
C
14 READ {5, 15) THS,THU, DPH ,TEMP
15 FORMAT (4F10.4)
WRITE(6470D)TEMP
700 FORMAT (// y'TEMP= ',F10.4)
z THU IS FCR BUND ANGLE AT UNSUBSTITUTE ATOM
C DPH IS DRLTA PHI
13 READ (5,1n) DD(1),ND{2),ND0(3),DL(1},DL(2),DL{3)
10 FORMAT (6F10.3)
RPEAD (5,425) DZ(L), D2(2)y DZ(3)
25 FORMAT (3F10.3) .
16 READ(5,20)FEC,DELTA,SIGMA, AMEGAL s AMEGAZ y AMEGA3 y AMEGA
23 FORMAYT (7F10.3)
C kxkxefC IS THF FIGENVALUE CCRRECTION REQUIREC
11 READ (5,5) IDP, 1XS, TI
5 FORMAT (2110, 1F10.0)
i kxxex]DP = JDOP = DEGREE OF FCLYMERIZATION
C cmgokwk XS 1S THE STARTING NO FOR SUBROUTINE RANDU
C HuxkxT] [S THE DESIRED TACTICITY INDEX (PER CENT IS0 PLACEMENTS)
1F (IDP .LT. 10) GO TO 320
DEV = 0.05
C *x%kxxx)EV [ S THE DEV PERMITTED IN THE TACTICITY INDEX TI
GU TO 321
320 DEV = C. 101
321 CONTINUE
501 CONTINUE
6 FORMAT (1X, 130{1h%*}/)
WRITE (646)
WRITE (5,12) IDPy IXSy TIl, DEV
12 FORMAT(1X, 'DP IS *y LI3, 5X, *IXS IS "y 1110+ 5X,
1 'DESIRED TI IS %y L1F1043, 5X, 'PERMITTED DEV IN TI IS *,
2 1F10.37)
IX = IXS
C
M =0

DO S0 4 = 1,10P
CALL RANCU (IX,1Y,¥YN)
RN(J) = YN
1F (J .FQ. 1) GO TN 400
GO TO 401
497 IF (0.5 = YN) 9Cs G2y 91
90 IN{J) = 1
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()

(@]

c
c

60

91

491

4 Q4

495

403
496

407

402
50

30

500
665

800

18

24

*

36

42

12

48

GO TO 402
INGS) ¢
GO TN 4902

Jl
IF

J -1
(INCINML)

IF (711
IN(J)
GO TD 402
IN(J) INtY
M M + 1

Gl T0 4Q2

- YN)

IF (T1 - YN)
INLJ) ING
GC TO 4972

IN(J)
Vo= M

+ 1
CONT INUE
IX |84

ATl

WRITE (6430)

(retyrll
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.L0. 1) GG TC 4C3
404, 404,

+ 1

405

ML}

406, 406,
ML) -1

4C7

INLJMD)

AM/DPM]

ATI

F¢RMAT {1Xy YACTUAL TI IS *, 1F10.5/)

1F (ABRS(TI
GO TO 8CO
WRITE (6,666
FOPMAT ( 1X,

1XS (xS +

GO TO 501

CCNTINUE
WRITE (6,46)
WRITE (6,181}

ATL}) .GT. DEV) GC
} I XS
'1XS
10000

=1 110, 3Xy

'

TO 500

'DOES NOT GIVE A SUITABLE TI'/)

FORMAT (1X, 'RANDCM NO ASSIGNMENTS ARE '/)

WRITE (6424) (IN(J), J=1,1DP)

FORMAT (1x, 8011)
*uxxi0! INDICATES A D UNIT, "1, AN L UNIT

WRITE (646

WRITE (6,36) 00(1), DD(2), DD(3}

FORMAT (1X, *X,Y,Z COMPCNENTYS OF DD ARE ', 3Fl0.5/)

WRITE (o442) DL(L1), DL(2), CL{3)

FORMAT [1Xy 'X,Y,Z COMPONENTS OF DL ARE 'y 3F10.5/)

WRITE (6.72) DZ(1), DZ(2), DZI{3)

FORMAT (1X, *X,Y,2 CCVPCANENTS OF DZ ARE Yy 3F10.57)

WRITE (6y48) THS, THU, DPH, EC

FORMAT (1x, *'THS IS ', 1F10.3, 5Xy 'THU IS *, 1F10.3, 5X,y
2 ‘DPH IS ', 1F1J.3y 5Xy 'EIGENVALUE CORRECTION IS ! 1F10.37)

WRITE (6,0)

WRITE(6,60)1FC,SIGMA,AMEGAL,AMEGA2, AMEGA3,AMEGA

FORMAT('EC=
C2Xy"AMEGA]=

' ’F 100"'2Xp'SKGMA:
‘+F 10.4, 2%y YAMEGA 2=

'yFl0.4,
YeF 10.442Xy'AMEGA3 =

14

'+F10.4,
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C2XH " AI'ESA= ' F1044)
c WRELAEMAXD IS THE MAX EIGONVALUL, AND MSQRA IS THE MEAN-SU RATIU
WRITE (v 40)

DO 81 1 = 1,43
Ded1 J = 1,3
Uxil ,J} = 0.0
UYll,J} = 0.0
UZil+4) = 0.0

8l UE(L +d) = 0.0
DO T1 T = 1,3
Agtl) = 1.9
AJS{I1) = 0.0

71 AH({1) = C.D
AJS(1) = 1.C
DO 93 I = 1,3

93 UE(IL,I) = 1.0

C
ub(l ,1) = 1.0
unll,2) = SIGra
UD(143) = SIGMA
unt2,.1) = 1.0
ub(2.,2) = S1IGMA
LD(243) = 0.0
ubi(3,1) = 1.0
ub(3,2) = 0.0
wi{3,3) = SIGMA
WRITE(641050)
1050 FCRMAT (/7,2 UD [1S',/)

WRITELO610L0} ((UD(I 4J) yJ=143),1I=1,3)
1010 FORMAT (3F15.5)

¢

UL(III) = 100
LLil,2) = SIGrA
UL(1,3) = SIGMA
uL(z,1l} = 1.0
UL{2,2) = SIGMA
utiz2,3y = 2,0
ULI(3+1) = L.O
UL(3,2} = 0.
UL(343) = SIGMA

WRITE(&6,1001)
1001 FORMAT{//,'UL 1S5%',/)
WRITEL6,1012)((UL(T1sJ)sd=1,3)y1=1,3)
1012 FORMAT(3F15.5)

C
UDD{1l,41) = AMEGA1%AMEGA3
UDD( 1+42) = SIGMA*AMEGA2%DELTA
Uubo(1l,3) =SIGMA=AMEGA2
ubb(2,1) = AMEGA2
UCD( 242) = SIGMA=DELTA
UCDL2,43) = SIGNA®AMEGA*AMEGA3
unD(341) = AMEGA2*DELTA
UDD(3y2)=SIGMAXAMECA®AMEGAL
uUbDDI(3,43) = SIGMA%DELTA

C

WRITE(6,1002)
1002 FORMAT(//,*UDD 1S*,/)
WRITE(6,101130(UDDITyJ}sJ=143),1I=1,3)
1011 FORMAT (3F15.5)
. ULL(1l,1)=AMEGA1*AMEGA3
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ULL({14+2) = SIGMNAXAMEGAZ
ULL{ 1y 3) = SICMAXAMTGARRDELLTA
ULL{241) = AMIGA2=DNFLTA
UL t2,2) = SIGMA=LELTA
ULL{2y3) = AMEGASSIGMARXAMEGAL
ULL{(3,1) = AMFGA?2
DLL{342) = SIGMARAMIGA®ANFEGAS -
ULL(3,3) = SIGMA*DELTA
WRITE(G,1020)
1C80 FIRMAT(//v0ULL 1S, /)

WRITLE (O »1C13) CIULLIT yJ)4d=1y3)y1=143)
1913 FORMAT( 2F15.5)

C
UDL(L,L) = AMEGA2®AMEGA2
UDL( 1y 2) = SIGMA*AMEGA3I®DELTA
UDL(1+3) = SIGMA=AMEGAL
UDL({241) = AMEGA3*DcLTA
uUbL(2,2) = SIGMA
UDL{2+3) = AMEGA*S IGMAXAMEGA?
UbL(3,1) = AMEGAL
UDL(342) = SIGCMA*AMEGA%®AMEGA2
UDL{3,3) = SIGMA*DELTA*DELTA
C

WRITE(641704)
1004 FORMAT(//,'UDL IS7%,/)
WRITE(G ,1014)({UDLIL,J),J=1,3),1=1,3)
1014 FCRMAT(3F 15,5}
uLoll, 1} AMEGAZ2*AMEGAZ2

ULD(Ll,2) = SIGMA®AMEGAL
ULD(1,3) = SIGMA*AMEGA3SDELTA
ULD(2,1) = AMEGAL
ULD(242) = SIGMAXDELTA*DELTA
ULD(243) = SIGMA=AMEGA®AMEGA?
ULD(3,1) = AMEGA3*DELTA
ULC(3,2) = AMEGA*STIGMA®AMEGAZ
ULd(3,3) = SIGMA
WRITE(G,1111)
1111 FORMAT(//7,'ULD IS5',/)

WRITE(G6 4100010 {ULDIT +J)yd=143041=1,3)
1000 FORMAT( 3F15.5)

C CALCULAT ION OF MAXTIMUM EIGENVALUE CF UD
C .
DIMENS ION XCOF(4), CCF{4)y ER(3)y EI(3)
C
XCOF(1)= -SIGMA®SIGMA
XCOF(2)=-SIGMA=S [GMA
XCOF{3) =(1+42.%SIGMA)
XCOF(4)=-1.
c

CALL POLRTY (XCOF, COF, 3, ERy EI, [ER)
EMAXD = AMAX) {(ER(1l), ER(2), ER(3) )
EMAXD = EMAXD + EC

DO 6001 = 1,3

00 600 J = 1:+3

UDI(I 4J) = UD(I +J)/EMAXD
UL(TyJd) = ULLT»J)ZEMAXD
UDD(IsJd ) = UDDL1,J)/EMAXD
UDL(T,3) = UDLLL,J)/EVAXD
ULDtT,J) = ULDET,J)/7EMAXD
ULL(TI ) = ULL(T4J}/EMAXD
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51

61

101

82
83
52

B84

85

53

55

CUNT INUE

no 51 1
GJlil}
GJS(1) =
GH(1) =
no o1 1
Do 61 J
GX{1.,J)
GY(1,J4)
GZ(IJ)

<o
D

QOO Qs O

W N O

ne 101 1
GILI+12)
GJISI(1)

—~ o

rRP
RM
RU
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

DPH

~DPH
c.0

GETG
GETG
GETG
GLTG
GETC
GETG
GETG
GETG
GETG

nowon

IF (IN{L)
DO 82 1
DO 82 J
uvil )
D0 83 1
o0 83 J
GY(1,4J)
GO TO 53

(T (I I T VI

Do 84 I
00 &4 J
Uy (Il ,J}
pn 85 1
DO 85 J
GY(1,J)

Hoo W ot

1DPM1 10
IF (IDPM1L

o0 54 J
JM1 J
IF (IN(JM)
IF (INLU)

CALL GMPRD
CALL GMPRD
CALL GMPRD
CALL GMPRD
GD TO 58

CALL GMPRD
CALL GMPRD
CALL GMPRD
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-
—

o
O OO -
houn (%]

L I I

O g
* -
oW

{GDyUN, DD, THUy  RPHyRMHRY)
(GLyUL+DLsTHU RNVM4RUHZRP)
(GDD,LUDD ,DZ y THS,RM,RUHRP)
({GOL yUDL vDZ 4y THSyR Py RM, RU)
(GLLyULL,DZ,yTHS,RP,RM,RU)}
(GLDyULD4DZ ,THSyRNM,RU4RP)
(GSsUEyDZy THSy RU,RURU)
{GOF,UE+DD,THUy RURU,RU)
( GLF,UF DL sTHU, RULyRU,RU}

+EQa
1,3
143
untl s J)
1,15

1+15

GOt 1,4}

1) GO 70 52

Le3

1,3
uL(r »J)
1,15
1,15
GLIT I

P -1

.€Q. 1) GO TO 222

2, 1DPM1

1

) .EQ. 1) GC TC 55

.EQ. 1) GO TO 50
(UY ,UDD,UZ+3¢3,3)
(UZ,UDyUY 343, 3)
(GY 4GOD,GZy15415415)
(GZ 46D 4GY315415,15)

(UY,UDLyUZ 3¢ 3,43}
(UZ UL UY 4343,3)
{GYsGDL+GZ915415,15)


RU.RU.RU
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CALL GMPRD (G2 +CLGY 415, 15415)
GO TO 5¢

55 IF (IN(J) <EQe L) G TQ 57
CALL OMPRD (UY,.LLD UL y3,43,3)
CALL GMPRD (UZ,0B,UY4343,3)
CALL GMPRD (GYGLDYGZ415415,15)
CALL GMPFD (GZ4GDsGY915,15,15)
Gl TO 58

57 CALL GMPRD {(UY,ULLWUZy3y3,3)
CALL GMPRD (UZ,LLyUY 4343,43)
CALL GMPEDN (GY,GLL,GZ24+15,15,415)
CALL GMPRD {(GZ+GLyGY415,15,15)

58 CONTINUF

54 CONT INUE

222 CUONTINUE

IF (IN(IDPM]) .FQ. 1) GC TC 62
IF (IN(IDP) .EQ. 1) GO TO 63
CALL GMPRD (UY WDCyUZ+343,3)
CALL GMPRD {GYsGDDyGZ 115415,15)
CALL GMPRD (GZ,4GDFyGY,415,15,15)
GO TO 64

63 CALL GMPRD (UY,UDLsUZy3y3,3})
CALL GMPRD (GY, GDL4GZ415415,15)
CALL GMPRD (GZyGLF+GYy 15, 15,15)
GO TO 64

o2 IF {(IN{ICP) .EQ. 1) GO TO 65
CALL COMPRD (UYL LLC4UZ+3+3,+3)
CALL GMPED {GYW GLD+GZ,4y15,15,415)
CALL GMPRD (GZy+GDFyGY,y 15y I55151
GO TO 64

65 CALL GMPRD (UY,ULL,UZ,3,3,3)
CALL GMPRD {(GYsGLLGZ+15415,15)
CALL GMPRD (GZ+GLFyGY 415415415}

64 CONTINUE

oo

EXTRA G FACTOR
CALL GMPRD (GS+sGY4+GZy15+15,15)

OO

ROW AND COLUMN MULTIPLICATIONS
CALL GMPRD (UZ,sAJyAHy343,1)
CALL GMPRD (AJSsAH4Z4143,41)

CALL GMPRN (GZ4GJrGHy 15415, 1)
CALL GMPRD (GJS+GH,FGP41 415,1)

FIND2=DP*(DD(L)**2+CD(2]*%2+4DC(3)*%2+DZ( 1) %*%2
C+DZ(2)*%2+¢D2(3)*%2)
AMSQRA= (2.0%FGP}/(Z%FJND2Y)

WRITE(6, 66 AMSQRA
66 FORMAT (1E15.7)
WRITE 16,6)
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GO TO 11
END
SURRUUT INF GFTGIGsUs Dy THETA XLy X2 4X3)
DIMENSION G(15,15), U{(3,3)y TT(I,49)y EXL{3,49), EX20943), EX3(999)
1 DUML(3,9}, DUM3(949), EX4{343),y DI(3)}
nn 302 1 1415
00 302 J 1,15
G(I,J) = 0.0
302 CONTINUF
DO 52 1
DO %2 J
GII,J) =
G(I+12,J+12
52 CONTINUF

[T

1,
le
Ull.J)
b= ull,4)

DD 53 I = 1,43

DO 53 J = 1,3

DSQ = D(LI*%2 + D(2)*%2 + D(3)*%%x2
CXa4ll4d) = 0.5%DSQ*U(] 4J)

G(l,J+12) = EX4(1,J)
53 CONTINUF

PL = 0.0 + X1
P2 = 120.0 + X2
P3 = 240.C + X3

CALL GETTTI{TT,THETA,PL4P2,P3)
CALL EXPDL(EX1 4 U4sD)
CALL GMPRDIEX14TT,DUML1+3,+9,9)
DO 54 1 143
NN 54 J 1,9
GlleyJd+3) = DUMI(T,J)
54 CCNTINUE
CALL EXPD2{EX24U+D}
DO 55 1 = 1,9
DO 55 J = 1,3
GeI+3,J0+12) = EX2(1,J)
55 CONTINUE
CALL EXPUD3(EX3,U)
CALL GMPRDIEX3,TTyDUM3;9,9,9)
DO 56 1 = 1,9
DO 56 J = 149
G(I+3,J+3) = DUM3(T,J}
56 CLGNTINUE
RETURNM
END ’
SURRQUTINE GETTT(TT,.THETA,PL,P2,P3)
DIMENSION TT(9,9)y T1(3,3)y T2{3,3)y T3(3,3)
DO 303 1 1,9
DO 303 J 1,9
TTI »J) = 0.0
303 CONTINUE
CALL FILLTA(TY,THETA,P1)
CALL FILLY(T2,THETA,P2)
CALL FILLT{T3,THETA,P3)
00 62 1 1,3
DO 62 J 143
TT(l,J) Ti(1,4)
TT(I+3,J43}) T2(1,J)
TT(1+6,J¢6) T3(1,J)
62 CCNTINUF ‘
RE TURN
END

non

LI |

i n



62

305

12

306
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SLHROUTINE FILLT (T, TH, F)
DIMENSTION T(3,3)

THR= TH/ (180.0/3.141593)
PR= P/(180.,0/3.141593)

CT= CGS(THP)

ST = SIN(THR)
CP = COS{PR)
SP = SIN(PR)
T(1s1)= CT

T(2,14= ST*CPp
T{3,1)= ST%SP
T{1l,2) =57
T(2s2)= =-CT=CP
T(3,2)= -CT=Sp
T(ly3)= C.3

T{2,3)= sp
T(3,3)=-CP
RETURN
END

SUBRDUTINE EXPDL(EXLlyU,D)
DIMENSTON EX1{3,9), U(3,3), D(3)

00 304 | = 1,3

DD 304 J = 1,9
EX1(I,d) = 0.0
CONTINUE

DO 62 [ = 113

00 62 9 = 1,3

Kl=J+2% (J-1)

K2 = K1 + 1

K3 = K1 + 2

EXL{I K1) = D{LY*UL(L, )
EXL{T,K2) = D(2)%U(],J)
EXTUL4K3) = DU3)%U(I,49)
CONTINUE

RETURN

END

SUBROUTINE EXPD2(EX24U,D)
DIMENSTON EX2(9,3),y U(3,3), D(3)

DO 305 1T = 1,9

DO 305 4 = 1,3

EX2(t,J) = 0.0

CONTINUE

DO 72 I = 1,3

DC 12 0 = 1,3

Kl= [ + 2%([-1)

K2 = K1 +

K3 = K1 + 2

EX2(K1yJd) = DILI*UI({,J)
EX2(K2,4J) = D(2)*U{I,J)
EX2(K34J) = DO3)*U([44)
CONT INUE

RE TURN

END

SURRQUTINE EXPD3(EX3,U)
DIMENSION FX3(9,9), U(3,3)

DO 306 1 = 1,9
DO 306 J = 1,9
EX3{1,3) = 0.0
CONT INUE

00 82 K = 1,3
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N0 82 [ = 1,43

J =1 + 2%(K-1)
EX3{Jy1) = UKy 1)
EX3{J 1#3) = UlK,y2)
EX3(d,1+€) = UlKs3)
CONT INUE

RE TURM

END
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