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Preface

To most researchers in the area of diffusion in polymers, the 1968 book Diffusion
in Polymers by J. Crank and G. S. Park is a very familiar and most appreciated
one. An important reason for its success, and one that will never revisit this area
again, is that the book appeared when research activity was about to explode
with the advent of membrane separations, barrier membranes, new needs to
study polymer devolatilization, and so on. It is now both out of print and out of
date, as is one update of Polymer Permeability edited by J. Comyn. The two books,
Membrane Handbook edited by W. S. Ho and K. K. Sirkar and Polymer Gel
Separation Membranes edited by D. R. Paul and Y. P. Yampol’skii, stress diffusion
only as a precursor to studying separations. Another, Diffusion in and Through
Polymers by W. R. Vieth remains in the mainstream of diffusion in polymers.

This book began with the realization that fundamental changes have taken
place in this area. Diffusivity is no longer a phenomenological coefficient and
very firm validation from molecular theories now exists for Fick’s law. High-
speed computers have become available that, in principle, can be used to cal-
culate these diffusivities. In practice the results are few, but present a very
important view of the shape of things to come. The key results, however, are
provided by real-world phenomenology, whether it concerns understanding the
matrix of the solid polymers or predicting and correlating the diffusivities of
small molecules. These are presented to complement the more abstract concepts.
The molecular interpretations are not foregone, but at the same time numerical
accuracy is the more important criterion.
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13 PREFACE

Another development lies in the area of transport phenomena. It is no longer
possible to be content with mechanisms-in-words, because mathematical restric-
tions now exist to quantify constraints rising out of thermodynamics, mass,
momentum, and energy and species balances, and their methods of solutions
have become more transparent. In particular, conventional transport phenomena
used to address fluids had three important assumptions: homogeneity, isotropy,
and local equilibrium. None of these applies to solid polymers uniformly. Some
progress has been made in addressing these special effects.

A third development lies in advances in understanding the polymer matrix,
covering the physical chemistry of solid state and architectures at the molecular
level or at the scale of the membrane. Even in “‘structureless’” melts, the study
of molecular conformations has proved to be critical.

This book examines these aspects and will serve chemical engineers who are
involved in separations, controlled release, development of barrier membranes,
and transport phenomena in general; chemists, both physical chemists for some
of the same reasons and those who synthesize and evaluate new materials; and
finally physicists, to whom we owe the development of the molecular theories.

P. Neogi



Contributors

J. L. Duda The Pennsylvania State University, University Park,
Pennsylvania

Peter F. Green Sandia National Laboratories, Albuquerque, New Mexico
J. M. D. MacElroy  University College Dublin, Dublin, Ireland

Sei-ichi Manabe Fukuoka Women’s University, Fukuoka, Japan

P. Neogi University of Missouri—Rolla, Rolla, Missouri

Doros N. Theodorou University of Patras, Patras, Greece

John M. Zielinski  Air Products & Chemicals, Inc., Allentown,
Pennsylvania






RlII:HISIIIN
POLYMERS



Contents

Preface i
Contributors ix
Chapter 1. Diffusion in Homogeneous Media 1
J. M. D. MacElroy

I. Introduction 1
II. Diffusion Fundamentals -3

III. Simulation and Modeling of Diffusion in Fluid/Solid
Systems 13
IV. Concluding Comments 62
References 63

Chapter 2. Molecular Simulations of Sorption and Diffusion
in Amorphous Polymers 67
Doros N. Theodorou

I. Introduction 67
II. Characterization of Structure and Molecular Motion in

Amorphous Polymers 72

III. Prediction of Sorption Thermodynamics 91

IV. Prediction of Diffusivity 104

V. Conclusions and Future Directions 137

References 139



vi

Chapter 3.

I.
IL
IIL.
V.
V.

Chapter 4.

L
IL
IIL.
V.
V.

VL

Chapter 5.

L
1L
ML
Iv.

V.

VL

Chapter 6.

1L
III.
Iv.

CONTENTS

Free-Volume Theory
J. L. Duda and John M. Zielinski

Introduction

Free-Volume Concepts

Diffusion Above the Glass Transition Temperature
The Influence of the Glass Transition

More Complex Systems

References

Transport Phenomena in Polymer Membranes
P. Neogi

Introduction

Mathematical Methods

Non-Fickian Diffusion

Change of Phase

Multiphase, Multicomponent, and Inhomogeneous
Systems

Conclusions

References

Supermolecular Structure of Polymer Solids
and Its Effects on Penetrant Transport
Sei-ichi Manabe

Introduction

Structural Characteristics of Polymer Solids

Thermal Motion of Polymer Chains in a Solid
Correlation Between Chemical Structure, Composition,
and Penetrant Transport

Effects of Fine Structure (Crystallinity, Orientation, etc.)
of a Polymer Solid on Permeation Properties
Concluding Remarks

References

Translational Dynamics of Macromolecules
in Melts
Peter F. Green

Introduction

Translational Dynamics in Homopolymer Melts
Diffusion of Chains of Differing Architectures
Interdiffusion

Diffusion in Block Copolymers

143

143
145
146
156
163
169

173

173
178
184
195

199
205
205

211

211
216
233

241

244
249
249

251

251
255
276
281
288



CONTENTS vii

VI. Concluding Remarks 295
References 298

Index 303



1

Diffusion in Homogeneous Media

J. M. D. MacElroy

University College Dublin
Dublin, Ireland

. INTRODUCTION

Recent advances in separation science and technology and in reaction engineer-
ing owe their origin, in part, to the development of specialized solid materials
that interact kinetically as well as thermodynamically in a unique and controlled
manner with multicomponent fluid mixtures. This ongoing technological growth
has taken place in parallel with an improvement in our understanding of the
fundamental properties of fluids in contact with solids. Noteworthy examples in
the chemical and biochemical process industries include energy-efficient and
nondestructive separation of molecular and macromolecular solutions by sorp-
tion onto solid substrates (Ruthven, 1984; Chase, 1984a,b; Norde, 1986; Yang,
1987), membrane separation of gases and liquids (Turbak, 1981; Drioli and
Nakagaki, 1986; White and Pintauro, 1986; Sirkar and Lloyd, 1988), and chro-
matographic separation of multicomponent mixtures (Yau et al., 1979; Chase,
1984a,b; Belter et al., 1988; Brown and Hartwick, 1989). The fundamental
mechanisms that govern the behavior of fluid/solid systems are also central to
research and development in such diverse areas as enhanced oil recovery, toxic
waste treatment, textile manufacturing, food technology, and biomedical engi-
neering, and although significant progress has been achieved much still remains
to be done.

The characterization of fluid/solid systems is particularly difficult when the
dispersion of the components of the fluid within the solid medium is determined

1



2 MACELROY

solely by intimate details of the molecular structure of both the fluid and the
solid. For example, the very high sorptive specificity of some rigid microporous
materials is directly related to the geometrical and topological constraints im-
posed by the pore structure on the components of the adsorbing fluid. Solids
that fall into this class include the zeolites (Weisz, 1973; Satterfield, 1980; Ruth-
ven, 1984), which are cyrstalline media possessing pore apertures in the range
of 0.3—-1.0 nm, with the actual aperture size depending on the origin and/or
method of manufacture of a given zeolite. Another example of a rigid medium
that exhibits a high degree of selectivity is molecular sieving carbon, which
contains local pore bottlenecks smaller than 0.5 nm (Juntgen et al., 1981). The
specificity of this material is most clearly demonstrated by its ability to separate
nitrogen from air. The mechanism for the separation process is kinetic in origin
in that the diffusion rates of oxygen and nitrogen within the pores of molecular
sieving carbon usually differ by a factor of 10 or more even though the sizes
of the molecules of these two species differ by only a few percent.

When the “‘solid’” material is also nonrigid, the analysis of diffusion is much
more complicated. At a given temperature one is confronted with the need for
detailed information on the time evolution of the size, shape, and number of the
microvoids or cavities locally within the medium as well as the required char-
acterization of the fluid—solid intermolecular interactions. The temperature de-
pendence of the translational, rotational, and intramolecular motion of the mem-
brane atoms and particles and the concomitant existence of phase transitions
(glassy amorphous states to rubbery or liquid crystalline states and vice versa)
further complicates the description. In view of the rapidly growing technological
importance of materials of this type, particularly polymers, much effort has been
expended in elucidating the numerous subtle effects associated with these intra-
membrane characteristics (Crank and Park, 1968; Stern and Frisch, 1981; Vieth,
1991; Roe, 1991).

The material presented and discussed in this chapter is primarily of an intro-
ductory nature, and later chapters in the book should be consulted for details of
more specific methods of analysis and applications. The general framework of
the presentation provided here takes the following form. In Section II the flux
equations for homogeneous fluids are initially considered with reference to for-
mulations based on both nonequilibrium thermodynamics (phenomenological
description) and nonequilibrium statistical mechanics (molecular description).
These equations generally form the basis for the development of the flux rela-
tions for porous media and membranes, and in closing Section II the diffusion
equations for such systems are presented and their limitations discussed. In Sec-
tion III the novel methodology of molecular simulation, particularly molecular
dynamics, and its application to diffusion in fuid/solid systems are of primary
concern. Examples and applications are described for three different methods of
modeling the internal structure of permeable media: (1) idealized pore shapes in
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rigid media, (2) random bicontimious media with a stationary solid phase, and
(3) random media with a mobile solid phase (polymers). Finally, in Section IV
concluding comments are provided.

Il. DIFFUSION FUNDAMENTALS

A. Flux Equations for Homogeneous Fluids

The conservation equation for component i within an infinitesimally small vol-
ume element of a nonuniform, homogeneous system centered at r at time ¢ in
the absence of chemical reactions is given by

—==V-pu )

where p; and u; are the local mass density and velocity of component / at r and
at time ¢. The group of terms p,u, is the flux of i relative to a stationary laboratory
frame of reference, i.e.,

J =pu, 2

and is generally considered to be composed of two terms: (1) a convective con-
tribution arising from the local bulk motion of the fluid and (2) the residual
microscopic thermal motion of the molecules of component i relative to this
convective flow. The definition one employs for the velocity of the bulk con-
vective motion is largely a matter of convenience, and one of the most common
frames of reference is based on the center-of-mass velocity of the fluid at r and
at time ¢ which, for a v-component fluid, is given by

v

2 Pl

S 3)

P

v
i=1

Thus, defining the mass diffusion flux of component i relative to the center of
mass of the fluid as

I = pu; — w) @)

where the superscript b refers to the barycentric frame of reference, Eq. (1) may
be written as
Dx;

Py, =V IT &)



