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A brief examination of some issues of current interest in polymer physical chemistry is provided. Empha:s
is placed on topics for which the interplay of theory and experiment has been particularly fruitful. Thi
dominant theme is the competition between conformational entropy, which resists distortion of the avera
chain dimensions, and potential interactions between monomers, which can favor specific conformations
spatial arrangements of chains. Systems of interest include isolated chains, solutions, melts, mixtures, gre
layers, and copolymers. Notable features in the dynamics of polymer liquids are also identified. The artic
concludes with a summary and a discussion of future prospects.

1. Introduction

1.A. General Remarks. Macromolecules form the back-
bone of the U.S. chemical industry, and are essential functional
and structural components of biological systém¥et, the very
existence of long, covalently bonded chains was in dispute only

70 years ago. The past 50 years has seen a steady growth in

understanding of the physical properties of chain molecules, to
the point that the field has achieved a certain maturity.

g

Nonetheless, exciting and challenging problems remain. -Poly- Figure 1. N monomers combine to form one linear chain, here with

mer physical chemistry is a richly interdisciplinary field.
Progress has relied on a combination of synthetic ingenuity,
experimental precision, and deep physical insight. In this article,

we present a brief glimpse at some interesting current issues
and acknowledge some notable past achievements and future

directions.
1.B. Basic Concepts. When N monomers join to form a
polymer, the translational entropy is reduced. However, the

entropy associated with a single molecule increases dramatically,

due to the large number of different conformations the chain
can assumé:1! Conformational changes occur at both local
and global levels. Local conformational states with differing

energies depend on the chemical nature of substituent atoms or

side groups, X, as sketched in Figure 1. Typically, there are
three rotational conformers at every-C bond. These states,
and the torsional energy as a function of rotation about the
middle C-C bond, are represented in Figure 2. Al§ < KT,
there exists complete static (i.e., equilibrium-averaged) flex-
ibility. Even for higher values ofAe/kT, where the trans
conformation is preferred, the chain will still be flexible for
large N. We can define a statistical segment lendithpver
which the local stiffness persistb; depends on the value of
Ae/kT.12 But, beyond this length, bond orientations are uncor-

an all-carbon backbone and a pendant group denoted X.
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Figure 2. Schematic of the potential energy as a function of rotation
about a single backbone bond and the corresponding trans and gauche

360

related. The parameter which determines the overall chain conformers.

flexibility is b/L, whereL, the chain contour length, isN. If
b/L < 1, the chain has complete static flexibility; fofL > 1,
the chain is a rigid rod.

Similarly, AE/KT determines the dynamical flexibility. KE/
KT < 1, the timerseg~ exp(AE/KT) required for trans> gauche

® Abstract published ifAdvance ACS Abstractsuly 15, 1996.

isomerizations is short (i.e., picoseconds to nanoseconds in
solution), and the chain is dynamically flexible. For higher
values of AE/KT, dynamical stiffness arises locally. However,
for large scale motions, involving times much greater thag

the chain can still be taken to be dynamically flexible. The
chemical details of the monomers and solvent affect the local
properties,b and rseg Macroscopic, or global, properties do

S0022-3654(96)00244-4 CCC: $12.00 © 1996 American Chemical Society
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(b)

Figure 4. lllustration of (a) complete registry and (b) entropic
o(r) frustration for a chain bearing both positive and negative charges.
common in macromolecules containing chemically heteroge-
neous subunits and in polymers adsorbing to an interface. When
a chain is frustrated by topological constraints, not all degrees
of freedom are equally accessible, and standard arguments base
on the hypothesis of ergodicity may not be applicable. The

] ) ] ~identification of the resulting equilibrium structure is a challenge
Figure 3. Schematic of a random coil polymer, and the density {4 photh experiment and theory. The kinetics of formation of
distributionp(r) for b <1 < Ry such structures is also complicated by the diversely different
d free energy barriers separating the various topological states.
In general, the distance between different trajectories of the
system diverges with time, and the presence of free energy
minima at intermediate stages of evolution delays the approach

Dfd

T

not depend directly on the local static and dynamic details an
can be represented as universal functiares, (ndependent of
chemical identity) by “coarse-graining” the local properties into
henomenological parameters. Polymer physical chemistr - .
geals with bot% the I?nacroscopic propyerties!odi)::tated by globa)ll to the final optimal staté! Several of these features are
features of chain connectivity and interactions, and the phe- exemplified by biological macromolegules. .
nomenological parameters, dictated by the local details. 1.C. Recent DevelopmentsSynthesis.Conventional poly-
Connectivity leads to long-range spatial correlations among Merization methods, either of the step-growehg(, polycon-
the various monomers, irrespective of potential interactions densation) or chain-growtre(g, free radical) class, produce
between monomer:14 Such a topological connectivity leads broad mqlecular yvelght d|str|but|ons.ar'1d offer little control over
naturally to statistical fracta$ wherein the polymer structure ~ |0ng-chain architectural characteristics such as branching.
is self-similar over length scales longer thabut shorter than ~ Although of tremendous commercial importance, such ap-
the size of the polymer. For the ideal case of zero potential proaches are inadequate for preparing model polymerg, with
interactions, the monomer densiigr) at a distance from the tightly controlled_molecular_structures_, _that are es_sen_t|al for
center of mass decays in three dimensions B§74s shown fundamental studies. For this reason, living polymerization has
in Figure 3. Consequently, the fractal dimension of the chain Pecome the cornerstone of experimental polymer physical
Df = 2. This result is entirely due to chain entropy, but the Cchemistry. In such a synthesis, conditions are set so that
long-ranged correlation of monomer density can be modified 9rowing chain ends only react with monomers; no termination
by potential interactions. In generair) decays as (£J%°;, or (_:haln transfer steps occur. If a fixed number of chalns_ are
whered is the space dimension. Equivalently, the scaling law initiated att = 0, random addition of monomers to the growing
between the average size of the polymeyg, the radius of chains leads to a Poisson distribution of chain length, with a
gyrationRy, andN is Ry ~ N, wherev = 1/D;. The value of polydispersity i,/Mp) that approaches unity in thg hlgﬂm_n_t.
Dy is determined by the compromise between the entropy arising Block copolymers can be made by sequential addition of
from topological connectivity and the energy arising from q|fferent monomers, branched chains by add_ltlon of polyfunc-
potential interactions between monomers. For example, mosttional terminating agents, and end-functionalized polymers by
polymer coils with nonspecific short-ranged interactions undergo Suitable choice of initiator and terminator. Examples of chain
a coil-to-globule transition upon cooling in dilute solutions, such Structures realized in this manner are shown in Figure 5.
that the effective fractal dimension increases to about 3. Or, The most commonly used technique, living anionic poly-
the chain backbone may be such thanhcreases at lowT; in merization, was introduced in the 19584° It is well-suited
this case the chain can undergo a coil-to-rod transition, whereto several vinyl monomers, principally styrenes, dienes, and
D decreases monotonically to about 1. This competition methacrylates. However, it suffers from significant limitations,
between conformational entropy and monomeonomer in-  including the need for rigorously excluding oxygen and water,
teractions represents a central theme of this article. a restricted set of polymerizable monomers, and reactivity
When specific, strong interactions such as hydrogen-bonding toward ancillary functionalities on monomers. Consequently,
or electrostatic forces are present, chain conformations can suffeithere is great interest in developing other living polymerization
entropic frustration, as illustrated in Figure 4 for charge-bearing protocols?® Over the past 15 years, group transfering-
monomerg817 |n the process of forming the fully registered opening and acyclic diene metathe®ig;* cationic?>2°and even
state (a) between the oppositely charged groups, the chain, vidree radical’ living polymerization methods have been dem-
random selection, can readily form a topological state such asonstrated. Soon a much broader spectrum of chemical func-
(b). The chain is entropically frustrated in state (b) since the tionalities will become routine players in the synthesis of model
two registered pairs greatly reduce the entropic degrees ofpolymers, and commercial products will rely increasingly on
freedom of the chain. The chain needs to wait until the pairs controlled polymerization techniques.
dissociate, accompanied by a release of entropy, and the process Theory. The genesis of polymer theory is the realization that
of registry continues. This feature of entropic frustration is a conformation of a polymer chain can be modeled as the
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Simulation.32:33 Lattice walks are used to determifgefor
a single chain with potential interactions, with some site potential
/\_Q)’\_/ energy to simulate chain contacts. A key feature of this
approach is to use generating functi#ng’

Linear 4-Arm Star H-Polymer

PO = NEOpNx” (1.3)
% wherepy are probability functions describing chainsiéteps;
this greatly reduces the computational complexity. For fully

developed excluded volume, the exact method enumerates all

Botle:Brush (Comb) Cyc’f possible nonintersecting random walkshvkteps on a lattice;
N N assuming all configurations ara priori equally probable,
q‘/\f o) J\'( b \‘L various averages are then constructed. In the alternative Monte
N Carlo method, a chain of successively connected beads and
Diblock Copolymer Triblock Copolymer sticks is simulated on various lattices, or off-lattice, and
, ~ . statistical data describing the chain are accumulated. The stick
'\ ' N\ - N can be either rigid or a spring with a prescribed force constant;
LA /W the latter case is referred to as the bond-fluctuation algorithm.
\ \\/ | 7 As before, the beads interact through an appropriate potential
ya D interaction. Once an initial configuration is created, a randomly
Star Copolymer Graft Copolymer chosen bead is allowed to move to a new position without
Figure 5. Various polymer topologies achieved by living polymeri- ~destroying the chain connectivity. The energy of the chain in
zation techniques. its new configuration is computed, and the move is accepted or

rejected using the Metropolis algorithif. Instead of making
trajectory of a random walkér! In the simplest case, the local moves, so-called pivot algorithms can be used to execute
apparent absence of any energy penalty for self-intersection,cooperative rearrangemerifs'!
the statistics of random walks can be successfully applied. In  The use of molecular dynamié&jn which Newton’s law is
the long-chain limit, the probability distributioB(R,N) for the solved for the classical equation of motion of every monomer,
end-to-end vector of a chain_:,Rs Gaussian, under these has been restricted to rather short chd#f$. Such atomistic
(experimentally realizable) “ideal” conditions. Nd@satisfies simulations are difficult for polymers since even a single chain
a simple diffusion equation, analogous to Fick’s second law: exhibits structure from a single chemical boma.(1 A) up to

Ry (ca. 10-10® A), and the separation in time scale between

5 b2 & R - segmental and global dynamics is huge. Brownian dynamics
N 6= G(R,N) = 6(R) 6(N) (1.1) is an alternative methofwherein Newton’s equation of motion
oR is supplemented with a friction term and a random force, which

) ) satisfy a fluctuation-dissipation theorem at a givéh Since

Thus, N corresponds to timeG to concentration, ant*to a2 the friction coefficient is in general phenomenological, this
diffusivity. The right-hand side simply requires that the chain | angevin equation is usually written for an effective segment.
beginning at the origin arrive at &terN steps. When thereis || of the above methodologies are in current use.
a penalty for self-intersections, due to excluded volume inter- Experimental TechniquesPolymers require a variety of
actions between monomers, it is possible to compose a pseudotechniques to probe their multifarious structures, dynamics, and
potential for segmental interactions. The diffusion equation NoW jteractions. Polymer structure may be probed in real space,
contains an additional potential term which, in turn, depends by microscopy, and in Fourier space, by scattering. Both
on G328 approaches are important, but scattering has been more centra

~ to the testing of molecular theory. Classical light scattering
9 b* o  VIGRI - (LS) and small-angle X-ray scattering (SAXS) have been used
9N EBTRZ KT G=94(R)o(N) (1.2) for over 50 years, but small-angle neutron scattering (SANS)
has, in the past 25 years, become an essential'totil. The
key feature of SANS is the sharp difference in coherent

which various moments of experimental interest can be derived;.sc"’ltte.r INg Cross section betyveen hydrogen and deutenqm;
. . : L isotopic substitution thus permits measurement of the properties
in essence, this process amounts to making an initial guess for

. . : . ; .~ of single chains, or parts of chains, even in the bulk state. All

G, calculating the potential term, and numerically iterating until three experiments give information on the static structure factor
the choserG satisfies eq 1.2. ) P 9 !

For multicomponent polymer systems, the local chemical Q)
details and the various potential interactions between effective 1NN
segments can be parametrized by writing an appropriate = B*exp[—ig-(F: — TH)O (1.4
“Edwards Hamiltonian” (see eq 2.1 and associated discussidn). 0 NZJZZWJﬁk PL=1a-(T, Il (14)
Standard procedures of statistical mechanics (with varying levels
of approximation) are then employed to obtain the free energy where™gis the scattering vector<(4n/A) sin(6/2), with 1 the
as a functional of macroscopic variables of experimental wavelength and the scattering angle)S(q) generally contains
interest29-31 Such density functional approaches lead to liquid- both intramolecular (“form factor”) and intermolecular (“struc-
state theories derived from coarse-grained first principlEse ture factor”) correlations and in the thermodynamic lingjt-¢
free energy so derived, reflecting a quasi-microscopic description0) measures the osmotic compressibility of the mixture.
of polymer chemistry, is also used to access dynamics. Consequently, scattering techniques provide valuable informa-

This requires a self-consistent procedure to deterr@iniom
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tion on molecular interactions, and not just structure. The important, we feature problem areas in which the interplay of
accessible length scales dependgaand are typically 36-10* theory and experiment has proven to be particularly fruitful.
nm for light, 0.5-50 nm for SANS, and 0:2100 nm for SAXS. Necessarily there is a great deal of personal taste, some might
This combined range exactly matches that associated withsay arbitrariness, to the selection. Certainly there are serious
macromolecular dimensionsnonomer sizes on the order of 1  omissions, both in topical coverage and in thorough referencing.
nm, molecular sizes up to 0/4m, and aggregates or multi-  For example, liquid crystalline polymers, polymer crystallization,
molecular assemblies from 0.01 to4®. The scattering power ~ polymers with interesting electrical and optical properties,

of individual monomers is embodied in the faci§ which polymer gels, a_nd r_1e_tworks are all negle_cted. In the i_nterests
depends on refractive index for LS, electron density for SAXS, of clarity and simplicity, there are many issues for which the
and nuclear properties for SANS. discussion is overly simplified. For all these sins and more,

Polymers exhibit dynamics over many decades of time scale, W€ can only apologize in advance.

ranging from segmental rearrangements in the nanosecond In the next section, we consider the equilibrium and dynamic

regime to long-range chain reorganizations that can take minutes®roPeries of isolated chains and then proceed to concentrated

. . lutions, mel nd mixtures in ion 3. In ion 4
or even days. Two classes of technique have proven partlcularly.SO utions, melts, and tures section 3 sectio

revealing in recent years: measurements of rheological proper-'merf""c"’le polymer systems are considered: polym.er brushes,
. . P block copolymers, and micelles. We conclude with a brief
ties and translational diffusion. The former concerns the

response of a fluid to an imposed deformation; in the dynamic summary and a discussion of possible future directions.

mo_de_, the de_for_mati0|_1 is_ sinusqidal in _time, and freque_ncy 2 Dilute Solutions

variation permits investigation of different time scales of motion.

Significant progress in commercial instrumentation has made _ 2-A. Equilibrium.  The probability distribution function

these techniques accessible to a wide variety of researchers. Th&(R.L) of the end-to-end vector Rf an isolated chain with

centrality of chain diffusion to the reptation model of entangled interactions can be expressed by the path intégral

chain dynamics:ide infra) spurred an explosion of technique 97 \2

development_ and appllcathn in th(_e late 197_03 and lgSOS'G(ﬁ,L) :j:r(L)d[T] exp{—ides(—) _

methods which are now being profitably applied to a much F(0) 2b/o 9s

broader range of issues. Examples include forced Rayleigh 1 AL L _ _

scattering (FRSY and forward recoil spectrometry (FRES); Efo dsfo ds V[r(s) — T(s)]{ (2.1)

more established methods, such as pulsed-field gradient®RIMR

and fluorescence photobleaching recov@rglso found many  where (s) is the position vector of thesth monomer in

new adherents. Dynamic light scattering (DLS) has proven to d-dimensional space; d[implies summation over all possible

be a particularly versatile and fruitful technique. It provides paths between the ends of the chi®) mndL), andV is the

information on the dynamic structure fact&g,t) (see eq 2.10 potential interaction between tish andsth monomers. The

and associated discussion). Although most often applied to argument of the exponential is referred to as the Edwards

monitor mutual diffusion processes in solutions and blends, it Hamiltonian; the first term, the “kinetic energy”, reflects the

can also reflect viscoelastic properties and conformational chain conformation, while the second, the “potential energy”,

relaxation24-56 accounts for the energetics of monomaronomer interactions.
The importance of the surface, interfacial, and thin film Usually it suffices to assume that is short-ranged and is

properties of polymers has encouraged application of surface-represented by a pseudopotential of strengttv = wo[r(s)

sensitive or depth-profiling techniques. Some of these are — 1(S)], where 6% is the d-dimensional delta function. The

familiar to the analytical chemistry commumitESCA, SIMS, excluded volume parametaw, can be viewed as the angular-

reflection infrared, and ellipsometry. Others, particularly X-ray averaged binary cluster integral for a pair of segmeétits:

and neutron reflectivity?-*8and the aforementioned FRES, are

less familiar. As with SANS, neutron reflectivity exploits the wh? = Dfd[‘r’(s) —TE){1—expV)}0 (2.2)

scattering contrast betweéhl and?H to probe composition

profiles normal to an interface, with spatial resolution below 1 Clearlyw depends ol and on the (nonuniversal) specifics of

nm. The wavevector dependence of the specular reflectance ighe polymer and solvent. It is possible to define a special

sensitive to gradients of scattering cross section, even of buriedtemperature@, in the vicinity of which

interfaces, and for appropriate samples can provide a uniquely

detailed picture of molecular organization. As with scattering w~ (T—e)T (2.3)

methods in general, reflectivity suffers from the inversion

problem: the absgnce of phase information means that one Car]30er point of the van der Waals gas, in that it represents the
never obtain a unique real-space transform from the data. temperature at which excluded volume repulsions and moremer
1.D. Brief Outline. Foran article of this length, and atopic  monomer attractions cancel, and the osmotic second virial
of this breadth, a good deal of selectivity is necessary. We coefficient vanishes. It is also the critical temperature for
have employed several criteria in this selection. First, we |iquid—liquid phase separation in the infinité¢ limit. Conse-
highlight areas that are of great current interest and in which quently, both “upper” i(e., UCST) and “lower” {.e., LCST)
substantial progress has been made in recent years. Some aheta temperatures are possible, although the former is much
these are “classical” issue®.g, excluded volume, chain  more common. AT = ©, w = 0 andG(R,L) reduces to a
entanglement) which have been examined for over 50 years,Gaussian distribution. For this case, the mean-square segment:
whereas otherse(g, polymer brushes, copolymer phase dia- to-segment distance between segmeraad]j is proportional
grams) are of more recent vintage. Second, we emphasizeto |i — j|, so thatRy ~ N259
phenomena which illustrate the concepts identified in section If w > 0, monomermonomer interactions are effectively
1.B; some important problems which are not inherently poly- repulsive, and the chain expands. Dimensional analysis of the
meric .9, the glass transition) are omitted. Third, and most Edwards Hamiltonian shows that the free energy is of the form

This Flory theta temperatiiés somewhat analogous to the
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Ry

L

F
kT

wl?
d
Ry

with the first term reflecting the conformational entropy and

(2.4)

the second the interactions. Since in the absence of excluded

volume effects}; ~ L2, the appropriate dimensionless coupling
constant isz = wL#~9258 Therefore,Ry may be written as
LY20(2), where the expansion factar(z), needs to be deter-
mined. By minimizingF with respect tdR,, one obtaingz; ~
LY, with v = 3/(d + 2). More rigorous derivation shows this
exponent to be correct, in the asymptotic limitzof> 0, except
for d = 3, wherev ~ 0.588, not3s5860.61 The crossover
formulas for Ry have been derived for arbitrary values of
between 0 and,811.66-62jn agreement with many experimental
data®®

ForT < © the chain shrinks and eventually undergoes a coil-
to-globule transitiorf:54-66 |t is now necessary to include three-
body potential interactions in the Edwards Hamiltonian, where
v is the new parameter:

GRL) = [1Vdr7] exp{— 9 fras (%)2 _

VEV [ids [rds 6°[T(9) — T(S)] —
2 fyds fyds fya8" oTF(9) — TIT(S) - ?(s'n} (2.5)
The free energy can be writted € 3)

(2.6)

For asymptotically largéz|, a is inversely proportional t¢z|.
Thus, a plot ofa|1 — ©/T|~/M versus|1 — ©/T|+/M should
be linear ad — © and constant fof/® > 1, as illustrated for
polystyrene/cyclohexane in Figure®658
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Figure 6. Coil-to-globule transition for polystyrene in cyclohexane;
an and a,, denote the expansion factors obtained by dynamic light
scattering and intrinsic viscosity, respectively, ane- 1 — ©/T.57.68
The different symbols reflect measurements on different molecular
weight samples. Reproduced with permission from refs 67 and 68.

in the literature’® To date, there is no completely satisfactory
theory of polyelectrolytes. The theoretical description becomes
ill-defined if the chain contains oppositely charged monomers
or groups capable of undergoing specific interactions with each
other. The origin of the difficulty lies in the entropic frustrations
and accompanying issues of ergodicity. Such heteropolymers
with prescribed sequences are excellent model systems to

The stiffness of the polymer backbone may be addressed by, ngerstand the more complex behavior of natural polymers like

calculating explicitly the torsional energies associated with
rotations about €C bonds as functions of torsional angle and
by calculating how far chain orientation persists along the chain
contour. The rotational isomeric state moéélwhich is

equivalent to a one-dimensional Ising model, permits exact

proteins and polynucleotides.

Many syntheses of linear polymers introduce chain branching
as defects. In addition, certain branched polymers possess
specific technological advantages over linear chains. Conse-
guently, extensive research has been carried out in characterizing

calculations in the absence of any long-range correlations along,,ious branched polymé#ssuch as stars, combs, randomly
the backbone. The key result, that the molecule is rod-like if branched polymers, and dendrimers. For example, the ratio of

the chain is sufficiently stiff, is physically apparent. Effective
size exponentsyesr, can be ascribed to semiflexible chains in
dilute solutions. As the temperature is lowereg; changes

continuously from abouts to 1. Instead of possessing uniform

curvature along the chain contour, there are several polymers

where many rod-like regions, interspaced by coil-like regions,
are formed. The formation of rod-like regions is a cooperative

the radius of a branched polymer to that of a linear polymer of
the same totaN is a function of the branching architecture.
For a star polymer with arms emanating from the center,

RN _3-2
R/(inear)  f?

2.7)

phenomenon and can appear as an abrupt change from a coil to

a “helix” or rod configuration as the temperature is lowered;
this is referred to as the hetixcoil transition, although it is not
a true phase transitidii.

in the absence of excluded volume effetsExplicit expres-

sions for other molecular architectures and the role of excluded
volume are knows. In particular, the determination of the

Chain stiffness can also arise from charged monomers. Themonomer density profile within a dendrimer has been of
size of a polyelectrolyte chain in solution has been studied excitemenf>7° due to the potential application of these

extensively, but the experiments are difficult and not yet molecules as uniquely functionalized, nanoscale closed inter-
definitive, as recently reviewed. If the charge density on the  faces.

polyelectrolyte chain is sufficiently high and the electrostatic  2.B. Dynamics. The linear viscoelastic properties of
interaction is unscreened, the chain is rod-like. Questions aboutisolated, flexible homopolymer chains are now almost quanti-
the electrostatic persistence length induced by the presence otatively understood, at least for low to moderate frequencies,
charges on the chaifd,the extent of counterion condensation . The most successful framework for describing the dynamic
on the polyelectrolyté? and the structure factor are abundant shear modulusG*(w), is the bead spring model (BSM) of
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Figure 7. lllustration of hydrodynamic interaction: the motion of
segmeni perturbs the fluid velocity at all other segmeits

log({fS']}m™M/CRT)
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-1.04

Rouse and Zimni%81wherein the chain is modeled as a series o & CURVE: Dynamic scaling

of N+ 1 beads connected By Hookean springs, embedded in o o [C']g = 1.73(wr,)0-62

a continuum of viscosityy..”82 The springs represent the 207 ® [Glg = 1.18(er 062 3
entropic restoring force that resists chain extension or compres-

sion, while the beads provide friction with the solvent. The -3.03— . N— S

coupled equations of motion for the beads, in the (assumed) -30 20 -0 00 10 20 30
overdamped limit, relate the hydrodynamic, spring, and Brown- log(wr,)

ian forces. Transformation to normal coordinates yields a seriesrigyre 8. Infinite dilution shear moduli for polybutadienes in dioctyl

of N normal modes with associated relaxation timgs, The phthalate, showing the success of dynamic scaling: the slopes, vertical

longest relaxation timers, reflects the correlation time for  separation, and absolute location of the curves are fixed for one value
fluctuations of the end-to-end vector (in both magnitude and of » = 0.538. The data were acquired by oscillatory flow birefringence,
orientation), whereas the progressively shorter relaxation times2nd were converted 6’ andG" via the stressoptical relation; f is

! . . .~ the frequency in hertaM is the molecular weightC is the stress
reflect motion of correspondingly smaller pieces of the chain. optic coefficient, and andS' are the viscous and elastic components

The dynamic shear modulus may be written of the dynamic birefringence, respectively. Reproduced with permission
from ref 89.
cRT N CU‘L'p
G (w) =— Z— (2.8) former, the assumption of the solvent as a continuum breaks

M & 1tior, down. Interesting manifestations of this include polymer-
induced modification of the relaxation characteristics of the
solvent? negative intrinsic viscositi€¥, non-Kramers scaling
of segmental motion withys (€.9, Tseg ~ 7<* With a < 1)1
spatial heterogeneity in the solvent mobilfiyand apparent
ailures of time-temperature superpositidad. Quantitative

The Zimm model differs from the Rouse treatment in its
incorporation of intramolecular hydrodynamic interaction, in the
preaveraged KirkwoodRiseman approximatic#. Physically,
this corresponds to the through-space interaction between remot
beapls, Whi(?h induces.an gdditional cooperati.vity“to the ?hain treatments of these phenomena remain elusive. At high strain
motion, as |IIu_strated in Figure 7. On_Iy the first “Oseen” or rates the ubiquitous phenomenon of shear thinning, in which
Lr term is re_talned, and the preaveraging removes the depc_end-the steady-shear viscosity decreases with shear rate, is not
ence on the instantaneous positions of all the beads. For dilute
solutions of flexible chains, incorporation of hydrodynamic
interaction is essential for even qualitative agreement with
experiment. The Rouse model is analytically soluble, however,
whereas the Zimm model may only be solved numerically; exact
eigenvalue routines are availa§fe.Extensions to branched,
cyclic, and copolymer chains have also been devel8péd. 1 NN
A major limitation to the BSM is the omission of excluded  gq;t) = _zzwjﬁk* exp(—ig-[T,(t) — (0N (2.10)
volume forces. Consequently, it is most applicabld ts ©. N24
However, excluded volume interactions have been incorporated
approximately, via the bead distribution function employed in This has been addressed via linear response thé#hConcur-
preaveraging the hydrodynamic interaction. Several approachesfently, extensive experimental results have become available,
including the renormalization group, have been shown to give primarily through dynamic light scatterirf§. In essenceg{(q,t)
almost indistinguishably successful fits to infinite dilution monitors the spontaneous creation and relaxation of concentra-
data87-89 However, one particularly appealing approximation tion fluctuations with wavelengthvZg. Three limiting regimes
is dynamic scaling, which asserts that, due to the self-similar may be defined. FogR; < 1, these fluctuations require
nature of the chain conformation, all the relaxation times are molecular translation to relax, aro,t) = §(q,0) expf-g?Dt]

captured by the simple BSRA. However, various enhancements
(nonpreaveraged hydrodynamic interaction, nonlinear springs,
etc) show promise in this regafd.

A full treatment of chain dynamics requires description not
only of G*(w) but also of the dynamic structure fact&g,t):

related to the first through, ~ 71p~%, wherer; ~ Rg® ~ M3.7 for a monodisperse polymer, whdbds the diffusion coefficient.
From eq 2.8, one obtains the limiting behavior for; > 1 In the Kirkwood-Riseman treatment, extended to non-theta
(but wTseg< 1): solutions,

. 13y T 1 A 13 T 1 D = kT/6nnR, (2.11)
G~ @n) S sinaeny © @™ 6y costien) o o o

(2.9) i.e., it follows the StokesEinstein equation with the hydro-
dynamic radiusR,, appropriately definedR, ~ Ry). Forgb

The success of this approach is illustrated in Figuf@ 8. ~ 1, the length scale of fluctuations corresponds to motion on

The BSM is inadequate at high frequenciessg=< 1), where the monomer scale. These may also be diffusive at short times
details of the chemical structure intervene, and at higher ratesbut become subdiffusive when the chain connectivity is felt.
of strain, where chain extensions become substantial. In theThis crossover has been accessed by neutron spin-echo spec
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Figure 9. Fast and slow diffusion modes for a high molecular weight
polystyrene sulfonateMy = 1.2 x 1) in deionized water, measured
by dynamic light scattering at a scattering angle of. ®eproduced
with permission from ref 99. Copyright 1992 American Institute of
Physics.

troscopy?® The intermediate regime, withR, > 1 andgb <
1, follows the internal modes of the chain. Here the Zimm
theory predicts thaf(q,t) is a function oft®, which has been
confirmed experimentall§’ (Note the correspondence between
this exponent and that fo&*(w) whenwzy > 1.) The first
cumulant ofg(q,t), Q(q) (= —lim—o(1/90))(35q,t)/at)), displays
a characteristiag® scaling, which may be understood quite
simply. For internal modes, one expe€sto be independent
of M and a function offRy alone. The self-similarity of the
chain implies that this be a homogeneous scaling funct{g),
which reduces to unity agR; — 0. ConsequentlyQ =
g?Df(qRy), and molecular weight independence impages~
X. (Note that the Rouse theory, with no hydrodynamic interac-
tions, givesf(x) ~ x2 and Q ~ ¢*) Linear response theory
calculations of the rati€2/q® are found to be systematically in
error by 10-15%, for reasons that are not fully appar&nt.

The dynamics of polyelectrolyte solutions are considerably

more complicated than those of homopolymers and not yet well

understood; this is not surprising, given the recalcitrant dif-
ficulties in describing even the equilibrium properties. As an

J. Phys. Chem., Vol. 100, No. 31, 19963281

Figure 10. lllustration of the concept of a “blob”, or correlation length,
&, in a semidilute polymer solution.

Second, intramolecular hydrodynamic interactions are absent.
Consequently, the Rouse description of chain dynamics becomes
an excellent approximation, but only for short chains. A new
phenomenon arises in the dynamics, however: chain entangle-
ment!®* The mutual uncrossability of long chains exerts a
dramatic influence on the viscoelastic and diffusional properties
of the molecules.

The screening of excluded volume interactions can be
understood conceptually as follows. For a single chain in an
athermal solvent, hard-core repulsive interactions between
monomers cause the chain to swell beyond the random walk
dimensions. In the melt, although the surroundings remain
athermal, all monomers are indistinguishable. Thus, one
monomer cannot tell whether a spatial nearest neighbor belongs
to the same chain or not. Thus, swelling of the chain will not
decrease the number of monome@nonomer contacts, and
Gaussian statistics prevail. Although Flory first predicted this
almost 50 years agd¥? it was only the advent of SANS in the
early 1970s that permitted testing of this proposifiéfit has
now been firmly established for many polymer systéffis.
Furthermore, the form factor of a single chain (ffy < 1) is
given simply by the Debye function (the Fourier transform of
the Gaussian distribution):

2N
q'R,

P(g) = =—(exp[-q’R + ’R*—1)  (3.1)

which plays a central role in the random phase approximation
(RPA) formulation ofS(q) for polymer mixture$. However,

example, dynamic light scattering studies show that decreasingine conformation of a single chain in a melt of chains of varying

the salt concentration in solutions cauSgst) to suddenly split
into two modes, as illustrated in Figure®®.This “ordinary—
extraordinary transition” occurs at some critical salt concentra-
tion or at some polyelectrolyte concentration if the salt
concentration is kept Iow2%191 This phenomenon is apparently

molecular weights, or in miscible blends, has not been system-
atically explored.

For a polymer in a good solvent, excluded volume interactions
become progressively screened as concentration increases. Thi
coil overlap concentratiorg*, denotes the crossover between

universal and is observed in diverse polyelectrolyte systems ine dilute and semidilute regimes and may be estimated as

including biopolymers. The faster mode is attributable to strong

coupling between counterion and polyion motidh&?? The
slower mode, however, remains rather mysterious, as it implies

the existence of large domains or chain aggregates; these MY hys, coil overlap begins when the global polymer concentration

be related to the qbservat|0n§ that underlie speculation abOUtequaIs the local average concentration within a single coil. In a
long-range attractive forces in polyelectrolyte and colloidal

03 semidilute solution, the interpenetrating chains may be consid-
solutions: ered to form a transient network, with a correlation length, or
mesh sizeg, as shown in Figure 10. On length scales shorter
than&, excluded volume interactions are still felt, whereas for

3.A. Homogeneous State: Chain Conformation.Consider longer length scales the chains become indistinguishable. The
a melt of flexible polymer chains. Although it might appear concentration dependence &fmay be obtained by a simple
that many-body interactions would make this a much more scaling analysis, assuming (&)is independent oM, (b) £ =
complicated problem than dilute solutions, it is not so. Two Ry when c c*, and (c) &(c) = Ryf(c/c*), where f is a
great simplifications arise. First, in the melt chains adopt homogeneous function. The resultis- ¢/@=3). A sequence
Gaussian conformations; according to the “Flory theorem”, the of monomersg, corresponding t§ is termed a “blob™%8 The
intrachain excluded volume interactions are completely scrééned. polymer is viewed as a chain of blobs, with

c* ~ 3M/4aN, R} (3.2)

3. Concentrated Solutions and Melts of Homopolymers
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[ \' Polyisobutylene ]

which leads to the prediction th&, decreases as 8 in the glassy 25 9C
good solvent semidilute regime. Some initial experiments were 10° F
roughly consistent with thi¥?® whereas others were nbf
however, advances in both SANS and synthetic techniques
suggest that this issue should be reexamined.

3.B. Homogeneous State: Chain Dynamics.The phe-
nomenon of chain entanglement remains the central issue in
polymer dynamics, although the past 20 years has seen a great ok A
deal of progres$104111 |t is helpful to review the experimental terminal
manifestations of entanglement before considering possible 1
molecular interpretations. Consider the time dependence of the o
stress relaxation modulu§(t) = o(z)/y, after imposition of a “’310,,2 00 10% 100 10 10 10
step strain of magnitude att = 0O; a typical result for a high Va . s
M mglt IS shoyvn In Flgurg .111'2 At very short times the. Figure 11. Relaxation modulus (obtained in extension, not shear) for
magnitude ofG is characteristic of a glass, and then relaxation pigh molecular weight polyisobutylene; original data of Tobolsky and
occurs. This may be attributed to motion on the segmental level, Catsiff 112 The data obtained at several temperatures have been reduced
i.e.,, 1-50 monomers. However, at af-independent charac-  to one master curve by timgemperature superposition.
teristic time, e, the relaxation virtually ceases, a@gt) exhibits
a plateau. Eventually, the relaxation resumes, @(ijldecays
to zero, as it must for a liquid. The “terminal” relaxation time,
71, associated with this flow regime, may be seconds or hours
and depends strongly di. The plateau regionr{ < t < 1)
may span several decades of time; its duration is a strong
function of M. This feature is reminiscent of a cross-linked
rubber, and indeed thé/tindependent) magnitude @(t) in
the plateau, designate@y, is comparable to that for lightly
cross-linked rubber®* The standard interpretation is that the
chains exhibit temporary cross-links, or entanglements, that
inhibit long-range motion. Eventually, the chains must escape
these constraints, and the liquid flows. Borrowing a formula
from rubber elasticity!3 G ~ pRT/My, where My is the M
between cross-links, one can define an appakérietween
entanglements\le, aspRT/Gy. Typically, Me corresponds to
150-200 monomers. Other commonly invoked manifestations
of entanglement are a plateau @i(w) (the cosine Fourier
transform ofG(t)), a strong increase in thd dependence of,
at a characteristiM; ~ 2Me (y ~ M for M < M. andy ~ M3
for M > M), and the large scale elastic recovery of deformed
polymer liquids.

A fundamental understanding of the entanglement phenom-
enon remains elusive. Although clearly intimately related to ’
chain uncrossability, that is not sufficienmtzalkanes may not ~ Figure 12. Replacement of a chain surrounded by entanglements by
pass through one another, yet they do not entangle in this sense? S”akf? in a tUb‘?; following Doi and Edwardthe original tube is
The entanglement spacing does correlate well with the amountS/oWly “destroyed” as the chain escapes through the ends.
of chain contour per unit volume, and furthermore, the onset diffusion. In recent years, however, an extensive body of data
of entanglements.g., M = Me) corresponds roughly to the point  has been acquired, in general agreement with this predittion.
at which the spherical volume pervaded by a test chain is alsoThe rheological properties of polymer melts may also be
occupied by one other chat#!11° predicted on the basis of reptatidin partial agreement with

The reptation model provides an appealingly simple picture experiment; a few discrepancies do remain. For example, theory

of entangled chain motidi'®and makes predictions that are, predictsy ~ 7, ~ M3, whereas the exponent 34 0.2 is
in the main, in good agreement with experim&t. The universally observe#*117 Also, the exact shape @&'(w) and
entanglements are viewed as a quasi-permanent network, withG''(w) in the terminal region is not well-captured by reptation,
a mesh sizegd ~ M¢g2. Although local motions are isotropic,  which is almost a single relaxation time process. One possible
a chain can only escape the entanglements by diffusing alongexplanation is the presence of additional lateral degrees of
its own contour, like a snake, as illustrated in Figure 12. In freedom, due to the transient nature of the entanglements, that
the reptation timet.ep, the center of mass travels a root-mean- are not incorporated in the simple reptation picttife-®

.
.. o
transition %

E, dyn/cm2

rubbery plateau

square curvilinear length,, equal to M/M¢)d. The friction The reptation process on time scales shorter thaean also
experienced during this quasi-one-dimensional diffusion is be explored. Consider the mean-square displacement of an
assumed to be Rouse-likes., proportional taVl. Thus,zrep ~ arbitrary monomerg(t) = [r3t) — r%0)]d For very short

L2(M/KT) ~ M3, During the same time interval, the center of times, a monomer is unaware of its connectivity,gé) ~ t.
mass moves in three dimensions an rms distance of étger = However, very soon it becomes aware of its bonded neighbors,
so that the diffusivityD, scales a&g?/trep~ M~2. Prior to the andg(t) ~ t¥2. This subdiffusive behavior is characteristic of
reptation idea, there had been very few studies of chain a random walk of defects along the chain, which is a random
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physical pictures can lead to comparable phenomendR§gi?°

In particular, the mode-coupling approach has been able to

capture most of the same predictions, without any preference
. for longitudinal chain motioA28 It is possible, therefore, that

the observed scaling laws are more a consequence of long-range
——————————————— 2 spatial correlations in the dynamics than of any particular mode
[ of motion. This area is likely to remain fruitful, at least on the
: theoretical side; experimentally, one could argue that sufficient
I data exist to test any model thoroughly. The key for any new
|
|
|

log g(t)

2| e L L L L —___
RE

2l--=---=-= 1/4

L 12
model is to make testable predictions that are qualitatively
different from reptation.

Chain dynamics in nondilute solutions are more complicated
than in either dilute solutions or melts. The reasons for this
Figure 13. Time evolution of displacement for an arbitrary monomer are several. First, there is a progressive screening of intramo-
on a reptating chaif. lecular hydrodynamic interactions as concentration increases,
resulting in a broad crossover from Zimm-like to Rouse-like
behavior in the vicinity of, or aboveg*. Second, at a
concentrationg,, that usually falls betweenc? and 10c*, the
onset of entanglement effects becomes apparent for high
i molecular weight chains. Third, the progressive screening of
cag excluded volume interactions leads to a gradual contraction of

i @ o ® @ average chain dimensions. Fourth, the concentration scaling
Figure 14. Diffusion of entangled three-arm star polymer by the arm- 4,5 that work rather well for static properties sucha® not
;?éﬁ‘?:'gr?] Teefcf;g'sm’ as illustrated by Klein. Reproduced with permis- hold as well for the dynamic screening length. Fifth, the local

friction coefficient,{ (~7seg, iS an increasingly strong function
walk itself. The scaling of with t¥4is the exact analog of the  of concentration, particularly for polymers such as polystyrene
Q ~ g* scaling for the internal modes of an isolated Rouse with a glass transition well above room temperature. Conse-
chain, mentioned in section 2. For an unentangled clgéfh),  quently, interpretation of data in this regime remains contro-
returns to Fickian behavior when the displacement excBgds  versial; for example, the same results have been advanced as
as now all monomers move in concert with the center of mass. evidence both for and against the onset of reptative métibn.
However, for a reptating chain, two new, subdiffusive regimes  3.C. Phase Behavior. A standard method of making new
intervene, as shown in Figure 13. First, when the displacementmaterials is blending. In general, polymers do not mix well,
is of orderd (at timeze), the entanglement constraints further for reasons discussed below. The continuing demand for new
retard the spatial excursion of the chain, @fg ~ tY. Then, materials has forced a deeper examination of the factors which
on a time scale sufficient to allow defects to propagate along control polymer miscibility. Most of the essentials are contained
the chain lengthg(t) becomes Rouse-like again and scales as in the simplest theory of polymer thermodynamics, due to Flory
t12. These various scaling laws have been energetically pursuedand Hugging:1% Consider a blend af, chains of type 1 each
by both experimeAt®!2! and simulatiorf*122 The results  with N; segments an chains of type 2 each witN, segments.
remain somewhat controversial, but the existence of an inter- Let ¢;3, €25, and ;2 be the energies of interaction associated
mediate dynamic length scalg, corresponding exactly to that  with 1—1, 2—2, and 2 contacts. Assuming random mixing,
associated wittM. from rheology, has been firmly established which (incorrectly) disregards any topological correlation as-
by neutron spin-echo measurements, and the character of th&ociated with chain connectivity, the free energy of mixing per
slowing down ofg(t) is in good agreement with reptation unit volume is
predictionst?!

The dynamics of branched polymers of controlled architecture F_ & 2
has also shed considerable light on the reptation model. For kT ﬁl In ¢, + ﬁz In ¢, + 216, (3.4)
example, a three-armed star polymer cannot be expected to
reptate!!8123125 |f the arms are sufficiently entangled, the where the volume fraction of componéris ¢ = niNi/(nNy +
principal mode of relaxation is for the free end of arm to retract n,N,) and x = (Z2kT)[2e12 — €11 — €22], With z being the
through the entanglements, as shown in Figure 14. This requireseffective coordination number. At this level of approximation,
a random walk to retrace itself, which is exponentially un- the (nonuniversaly ~ T-%.

log t TC(M/Me)Z Trep

likely: 7am ~ exp(~Mam/Me). Considerable experimental The Flory-Huggins theory is exactly equivalent to regular
evidence for this scaling has been accumulated, in both diffusionsojution theory and the WilliamsBragg theory of metal
and viscosity:!* alloys®3! Standard thermodynamic analysfs locates the

An extensive critical comparison of reptation predictions with  critical point
experiment has been givéH, and as mentioned above, the

results are on the whole extremely good. Why, then, is the 1/ 1 1 \2 \/ﬁz
reptation picture still controversial? There are several difficul- Xe= S| T +—|; $po=—— (3.5)
ties. First, the reptation model is that of a single chain in a N, VN, VN, + N,

mean field, and it is doubtful how well this can capture what is

so inherently a many-chain effect. Second, the reptation modelwith critical exponents that are mean-field-like. The entropy
says nothing about what entanglements are; it assumes theiiof mixing for polymers scales ¢! and is consequently very
existence as a first step. Third, it is a hypothesis for the small; thus, even small heats of mixing are sufficient to render
predominant chain motion, rather than the result of a micro- polymer pairs immiscible. The scaling ®f with N~* has only
scopic theory. There has emerged no microscopic basis forrecently been confirmed experimentalfj. ForT < T, i.e.,
reptation. Rather, it has been shown that a variety of other > y, there is a range of compositions where the system is
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Figure 15. Phase diagram for a symmetric polymer bleNd € N,), “{7 -1
according to the FlorrHuggins theory. 005 Q\ |=m'
thermodynamically either unstable or metastable. The coexist- T O\QQ 7!
ence curve (binodal) depicting the compositions of coexisting l ) l
phases at different temperatures is obtained by the thermody- o PR L ¥ Y
26 28 3.0 32

namic stipulation that the chemical potential of every component
is the same in all coexisting phases. The spinodal curve, which
separates the region of thermodynamic instability from this Figure 16. Mean-field to Ising-like crossover in the inverse intensity

; ik ; for a polyisoprene poly(ethylenepropylene) blend. Reproduced with
region of metastability, is obtained by permission from ref 137. Copyright 1990 American Institute of Physics.

103771, k™!

2
A— (F/KT) _ 1 i 1 2y =0 (3.6) The change in free energy to excite a fluctuationy = o
3¢12 N,  Noo, ' — 1o, Whereyy is the equilibrium value, is
. : L - 3=
The resulting UCST phase diagram is illustrated in Figure 15. F dTra ) K )
Defining an order parametap = ¢1 — ¢, the Flory- KT fT[E(A’/’) T s(Vay) + .. (3.11)
Huggins free energy, upon Taylor series expansiop,iteads
to the Landau expansion Therefore, the static structure fact&gq), which is the Fourier
F transform of the mean-square fluctuations, follows the Orn-
F_"o,A> B4 stein—Zernicke form
T kT+ 21/; + 41p (3.7) _
— 2 L1
whereFqis a constant. A3 — T, A— 0, so thaf is sensitive ) = HAy(q)|"T= A1l 4+ ngz (3.12)
to i only through the quartic term. This indicates that there is
an increase in fluctuations iy as T — T, i.e, local where the correlation lengtli = +/(x/A). The scattered

inhomogeneities are created spontaneously. This expansion Cafhtensity 1(q) (~S(q)) as a function ofp and T determinesA
be generalized to the inhomogeneous case by the Landau and&. As T — Ts 1(0) andé diverge asT — T~ and |T —

Ginzburg free energy T4, respectively, where the mean-field exponentsjare 1

3 andv = 1,.
F_ dTF[F, A 2=y , B 4, K 2 Critical phenomena of polymer blends fall in the same
KT fT ﬁ+ 51/) M+ rid (F)-.+ E(VU)) T universality class as the g 3 Ising spin system, wherg =
(3.8) 1.26 andv = 0.63, as shown by voluminous experimental data

. . ) on different small molecular mixtures, spin systems, and
wherey(F) is now position-dependent. The square-gradient renormalization group calculatiod® Therefore, these Ising

Ginzburg or CahrHilliard term'** depicts the free energy yajyes should be observed for polymer blends AearHow-
penalty associated with the creation of interfaces. ever, polymer blends are expected to be more mean-field-like,
The coefficientc dictates the interfacial tensiofl, and the o the following reason. The mixing entropy-sN—1 and the
interfacial width,1, between the two coexisting phases: enthalpy is~y; therefore, the key experimental variable/Is.
a2 This is equivalent to the statement that the coordination number
r~ kTCJE|A| oA~ Vil|A (3.9 is zN, which is very large; thus, mean-field theory is more
B applicable. A Ginzburg criterion for polymer blends can be

For polymer blends, creation of interfaces at length scales shorterconStru.Cted to fmg% the experimental range of applicability of
mean-field theory3% Yet, as one approach&sclosely enough,

thanRy requires conformational distortion of the chains. Such there is a crossover between mean-field to Ising behavior. as
entropic contributions ta dominate the usual enthalpic terms - 37-139 9 '
shown in Figure 16

arising from potential interactions between segments; the latter . ) . . .
9 P 9 ’ Equation 3.4 fails to provide a quantitative description of real

are the only factor for small molecules. Using a mean-field . g . - . -
theory for such entropic fluctuations, called the random phase polymer mixtures. This IS not particularly surprising, given its
’ underlying simplicity. It is common practice to use eq 3.4 or

325 rcl)é(g)giﬂgnq\ﬂﬁa ethsn (;: é)r!lgccg\éi ofneenssny modes are  de- 3.6 withy as a fitting functiony thus defined incorporates the
pled) P excess thermodynamic functions and often depends and

R, 2 R, 2 ¢. Furthermorey always exhibits a temperature-independent
4T | T2 (3.10) “entropic” component that is often dominant. This term is
3\N1py  Noop, present even for isotopic blen#¥. A full molecular theory
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Figure 17. Schematic illustration of phase separation by nucleation
and growth and by spinodal decomposition.

for this  function would be extremely useful, but probably
unwieldy. Given thatgN). ~ 2, for N = 10° one would require
accuracy iny to the fifth decimal place,e., knowledge of the
interactions at the level of I6kT. It is also the case that most
miscible blends exhibit a negatiye i.e., specific interactions
drive mixing. These systems usually display LCST behavior
(demixing upon heating) due to compressibility effects. Equa-
tion-of-staté41142 or lattice fluid theorie¥4143.144can often
account for these features, but not necessarily in a transparen
way.

If a blend is taken inside the binodal, it will phase separate
to give two coexisting phases with compositions given by the
coexistence curve at that temperature. Although the final

thermodynamic state is the same, the mechanism by which the

final state is approached depends on whether the system i
initially quenched to an unstable or a metastable state. In the
former case, the phase separation is spontaneous, and th
mechanism is termed spinodal decomposition. Starting from a
metastable state results in nucleation and growth. These two
processes are illustrated schematically in Figuré17.
In spinodal decomposition, the time evolution of composition

is obtained from the continuity equatigfi4é

(T ot = —v-J (3.13)
where Jis the flux, given by
J=_A
J= kTVﬂ (3.14)

with Vu being the chemical potential gradient atX, the
Onsager coefficient, is the mobility. In general,is nonlocal

in view of the appreciable physical size of polymer molecules;
it is a function ofN1, Np, ¢, and the self diffusion coefficients.
The chemical potential is obtained from eq 3.4 or 3.8.
Therefore, eq 3.13 is highly nonlinear and is solved numerically.
In the early stages, a linear stability analysis can be per-
formed?!1146 Using eq 3.11, eq 3.13 gives, for early times,

(%Azp(q,t) = —AGA+ kAAp@D) + ... (3.15)

whereA < 0 in the spinodal region. Therefore, the fluctuations
and §(q,t) depend on time exponentially,

Sat) ~ exp{ —AGP(A+ k)t (3.16)
so that large wavelength fluctuations with< g. = V|Al/x

grow with time, while small wavelength fluctuations, wigh=

Jc, decay. This spontaneous selection of large wavelength
fluctuations establishes sufficient gradients for nonlinear effects
to dominate. Due to the smallness/dfandq., polymer blends

J. Phys. Chem., Vol. 100, No. 31, 19963285

are excellent experimental systems to investigate the early stage
of spinodal decompositioH#147.148 |n the intermediate stages

of spinodal decomposition, the average domain $tzecreases
astl3 by either the LifshitzSlyozov evaporationcondensation

or the coalescence mechanisms. In the late stages, hydrody-
namic effects dominate, arfel ~ t.

Systematic experiments on nucleation and growth in polymer
blends have only recently begif{:15° The theoretical descrip-
tion of this process considers the competition between the free
energy gain associated with formation of a droplet of the
equilibrium phase and the free energy loss accompanying the
creation of the droplet surface, as with small molecules.
Droplets with a larger than critical radius grow, whereas smaller
droplets redissolve. If critical droplets are formed by thermal
fluctuations in the metastable state, the process is termed
homogeneous nucleation. If the surface for growth is provided
by impurities such as dust particles or residual catalyst, then
the process is called heterogeneous nucleation; this is always
dominant in practical situations. The late stage of nucleation
and growth is presumed to be similar to that of spinodal
decomposition. The droplet model of nucleation can also be
used in understanding crystallization of polymers from liquid
phases. In this case, the morphology of crystalline polymers is
extremely rich and is very different from spherical dropféts.

4. Interfaces and Tethered Chains

4.A. General Features. A surface or interface imposes both
entropic and energetic constraints, the effects of which can

ersist tens of nanometers into a bulk phase. For example, a

ard surface removes conformational degrees of freedom for
any flexible chain whose center of mass is witha Ry of the

all. This can lead to a polymer depletion zone for solutions
near the walls of pores and favors migration of shorter polymers
to the free surface of a melt. In the stiff chain limit, a hard
surface can induce liquid crystalline order. From an energetic
perspective, polymers with lower surface energiEs,will
preferentially segregate to the surface. Thus, in a miscible
polymer blend, the surface will be enriched in one component,
at the cost of mixing entropy. The result is a composition profile
that decays to the bulk average over length scales of &ger
Functional groups on polymers, or simply chain ends, can also
preferentially locate in the near surface region, with a myriad
of potential applications for tailoring the properties of material
surfaces. In many situations, polymers have one monomer
anchored to a surface or interface; these are termed “tethered
chains"152

4.B. Polymer Brushes. A “brush” is a dense layer of chains
that are grafted to a surface or interface; “dense” in this context
means that the average distance between tethering points is muct
less than the unperturbed dimensions of the cH&inAs a
consequence of this crowding, the chains stretch away from the
surface, incurring an entropic penalty. The balance between
osmotic and elastic contributions dictates the free energy,
composition profile, and spatial extent of the brush. Brushes
arise in a variety of interesting circumstances, including grafted
layers, colloidal stabilization, highly branched polymers, mi-
celles, and block copolymer microstructures.

Consider a planar surface (see Figure 18) to which are
anchored chains oN segments, with a mean separation of
anchorsd < N¥2; the areal density of chains, is thusd=—2.

(If N¥2b < d, the chains can ignore each other, in a situation
referred to as “mushrooms”.) In the simplest, mean-field limit,
the layer composition profile is assumed to be a step function
of heightL, with constant polymer volume fractiop = Nb3¥/
Ld2.153.154 The free energy may be estimated as a balance of
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— L Im3m HEX

Figure 18. Schematic illustration of a grafted layer or brush.

excluded volume and elastic forced.( eq 2.4):

F ool
KT ¢°d b

L2
Nb?

where the first term penalizes monom@nonomer contacts and
the second distortion of the coil. Minimization with respect to
L gives

4.1)

Perforated Modulated
Layers Lamellae

'f) ~ W (g)m 4.2)

The interesting result is that the layer height scales linearly with
N, in contrast to the untethered equivalent, whge~ N5,
This mean-field treatment d¥ suffers from some of the same  Figure 19. Experimentally assigned morphologies for diblock copoly-
limitations as in solutions but nevertheless produces the correctmers!™

scaling ofL with N. This scaling persists in a theta solvent,

wherew = 0. The appropriat€ reflects three-body interactions, ~crowding. In the mean-field limitR ~ N4 for a cylindrical

Fex = vg?PL/b3 (cf. eq 2.6), with the result grafting surface an® ~ N35 for a spherical object.
4.C. Block Copolymer Microstructures. Block copoly-
L b mers comprise two or more sequences of distinct units co-
b Y N d (4.3) valently linked togethere.g, ...AAAAAA —BBBBB... The

composition variable isfa = Na/(Na + Ng). The A/B
The treatment oF may be improved with a blob approach, as interactions drive the system to self-assemble into a variety of
in section 3.A; however, the main difficulty is the assumption morphologies, in a manner reminiscent of small molecule
of a uniform density profile. An SCF approach offers a means surfactants. However, the length scales associated with such
to determinep(z) more precisely. An appealing analogy was structures are governed by the chain size and are typically in
drawn by Semeno¥:® a weakly stretched or unstretched chain the 10-100 nm range. Copolymers are of technological
follows a trajectory identical in form to that of a quantum importance, because the covalent linkage prevents macroscopic
particle .e., a solution to the Scfidinger equationcf. eq 1.2), phase separation; a stable material with both A-like and B-like
whereas in the limit of complete stretching, the chain follows a character can be produced, or copolymers can be used to
“classical” trajectory i(e., a solution to Newton’s law). Con-  compatibilize polymer blend$?-164
sequently, for strongly stretched chains the SCF allows fluctua-  For a given molecule and temperature, the central questions
tions about this most probable trajectory. If one begins the are (a) what is the equilibrium morphology, (b) what is the
trajectory at the free end of each chain, no matter what the composition profile, and (c) how does the periodicity scale with
conformation, the chain has “steps” to arrive at the surface  y andN? Theoretical treatments of block copolymer micro-
(z= 0), beginning with zero “velocity”. The field of surround-  structures were first developed for two limiting regimes,
ing monomers provides a potential, which must be an “equal designated “strong” and “weak” segregation, according to
time”, or harmonic, potential. (A ball placed at random in a whether the enthalpic terms dominate the free energy or not. In
harmonic well, with zero initial velocity, will first reach the  strong segregatioryN > ca. 50)}55165166 A/B contacts are
bottom at a time independent of initial position.) Thus, the very expensive, and so the system seeks narrow interfacial

composition profile is parabolite®157 profiles and a low interfacial area per unit volume. Conse-
qguently, one may assume a step function concentration profile,
#(2) ~ (22 — LZ) (4.4) and the preferred morphologies are lamellar (0s3D< 0.50),

hexagonal (0.1 f < 0.30), and body-centered cubic (space
and it is a necessary condition that the chain end distribution group Im3m) (0 < f < 0.12) (see Figure 19). To locate
be nonvanishing throughout the brush. Note, however,lthat boundaries between morphologies, one must evaluate free
~ N as before. This profile has some experimental support, asenergies for a given set of postulated structures; the structure is

well as close agreement with computer simulafieh. not a consequence of the calculation. More detailed SCF
These arguments have been extended to curved surfaces, suatelculations give precise locations of these boundaries, plus the
as occur in micell€s® or highly branched polymef88 Gener- deviation from step-function interfacé%. The approximate

ally, stretching is reduced relative to the planar grafting surface, dependence of the periodicitl, ony andN can be obtained
as further from the interface there is more space to relieve simply from an enthalpy/entropy balance, as before. The
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Figure 20. Phase diagrams for four different copolymer systems: (a) polyethyleolg(ethylenepropylene), (b) poly(ethylenepropylengdly-
(ethylethylene) and polyethyleag@oly(ethylethylene), and (c) polyisoprenpolystyrene. Reproduced with permission from ref 171. Copyright
1994 Royal Society of Chemistry.

minimum interfacial area would have each junction point understand. For a symmetric homopolymer bleNd & Ng
confined to a thin surface, with the chains stretched out = N, ¢a = ¢g), the critical point occurs a{). = 2, whereas
completely to fill space and maintain bulk density; however, if one links these two chains at their ends, the ODT does not
this chain stretching is entropically prohibitive. The interfacial occur untily(Na + Ng) ~ 10.5. There is thus a wide range of
energy per chain isI{)(area/chain)~ I'N/pL,whereas the  temperature (4 y(Na + Ng) < 10.5) over which the two blocks

stretching entropy is taken, as usual, to-bE’Nk?. The net “feel” a desire to segregate. This may be accomplished on a
result is therefore (using eq 3.9) local scale by transient regions of nonuniform composition. The
periodicity of these fluctuations must scale approximately as

L ~ N?TY8 = N9, He (4.5) Ry, and correspond to a peak i§q) at gt ~ 1/R;. The

segregation is quite subtle, however; for example, it might be
accomplished by chain stretching (separation of the centers of
mass of the two blocks) with or without modification of the

This stretching is much weaker than in a grafted layer, due to
the ability of the copolymers to adjust their “grafting” density.
All of these strong segregation results have good experimental

. . . . Gaussian distribution within one block.
support, particularly from the pioneering work of Hashimoto . o
and co-worker463.168 Early experimental work in this area centered on styrene

In weak segregation, one is concerned with the location of diene copolymers, which typically were strongly segregatéd.
the first appearance of a periodic structure at the erdisorder The spherical, hexagonal, and lamellar phases were found and
transition (ODT). Leibler employed a (mean-field) Landau examined in some deta|l'. Th(aT interfacial thickness was
expansion of the free energy to locate the OD Mt~ 10.5 extracted, and the domain period scaled N&.1%¢ The
for f=0.516° In this analysis, it is assumed that the composition Poundaries between morphologies along the composition axis
profile is sinusoidal, with vanishing amplitude at the ODT for Were also roughly in accordance with theory. One provocative
f = 0.5 and that the chains are unstretched(NY2%). The new structure was observed in a narrow composition window
free energies of different periodic structures are compared by between the hexagonal and lamellar phdsedt was assigned
appropriate evaluation of the coefficients in the expansion. In as the ordered bicontinuous double diamond (OBDD, space
Leibler's original paper, the transition was predicted to be into group Pn3m; see Figure 19) largely on the basis of electron
the bcc phase at all asymmetric compositidis: 0.5), which microscopy:’® It was not found to be the low-energy state in
is not the case experimentally. However, this difficulty can be free energy calculations, howeéf.1’” More recently, there
removed by including higher Fourier harmonics in the free have been extensive examinations of a wider variety of chemical
energy calculation for a given structuiiee(, lifting the assump-  structures, in both weak and intermediate segregation regimes,
tion of sinusoidal profilesf” and/or by including fluctuation  with intriguing resultsi’* First, three new bicontinuous mor-
effects!’® These fluctuations stabilize the disordered state and phologies appear between the hexagonal and lamellar struc-
allow direct, weakly first-order transitions into the lamellar and tures: the “gyroid” (space group3d), hexagonally perforated
hexagonal microphases, as has been observed experiméfitally. layers (“catenoid lamellae”), and hexagonally modulated layers,
The detailed description of these fluctuations remains somewhatas shown in Figure 19. All three experimental phase diagrams
controversial70.172-174 byt their origin is qualitatively easy to  shown in Figure 20 are asymmetric abdut 0.5. In some
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cases the asymmetry is such that thdd phase appears only 10’
on one side of the diagram. This asymmetry has been attributed,
in the main, to differences in chain conformation. For example,
consider polyethylene and poly(ethylethylene). In the former,
all carborr-carbon bonds lie along the backbone, whereas only B
half do in the latter. For equal molecular weights, the PE chain 10°4
will be long and thin, with a largé&,, whereas the short, fat
PEE block will be more compact. Consequently, thedPEE
interface will be more likely to be concave toward the PEE 10*+
domains. This amounts to a nonlocal entropic contribution to

the free energy, which should also contribute in polymer X L

blends!’® The phase diagrams in Figure 20 also exhibit a b
dependence oN alone, in addition to that on the prodygtl,
with the complexity increasing a®N decreases. This is 102 4— : : : :

consistent with the general trend in polymers toward more mean- 50 100 150 200 250

field behavior as\ increases, so that fluctuation contributions T,°C

diminish in importance, and it may be attributed in part to the Figure 21. Shear elastic modulus for a poly(ethylene oxidpdly-
packing difficulties associated with short segments in non-space- (ethylethylene) diblock copolymer as a function of temperatéi&he
filling morphologies such as cylindrical micelles. Small assigned morphologies are crystalline lamellaJ,(@morphous lamellar
molecule surfactants, for example, are well-known to exhibit a (L), modulated lamellar (ML), bicontinuous cubic (B), hexagonal (H),
much richer array of phases than those of high molecular weight @"d disordered (D).

block copolymerd?®

The dynamics of block copolymers may differ from their
homopolymer counterparts in three general ways: structure
friction, and entangleme/$* The first is the the most interesting . e :

' ) . . of block copolymer viscoelasticity are lackifgf.
and the most obvious: the interactions between A and B POty y o

monomers drive reqation and produce periodic structures Under large-amplitude strain, block copolymer microstruc-
Segreg pro pe S ®S-tures can undergo alignment to generate “single-crystal’-like

In gt_e_neral, these structures can be expected to retard Chalr}'nacroscopic structurg8189 Here also interesting features have
mobility, as the free energy landscape becomes more feamre‘jtamerged. For example, lamellae can orient with the lamellar

leading to localization of chain junctions_in interfacial regi_ons. normal along either the gradient (“parallel” orientation) or
Fu_rtherm_ore, 'a.‘me"af and hexago_nal n_ncrophases may Inducevorticity (“perpendicular” orientation) axes, depending on the
anisotropic motion. Strong rheological signatures of microphase choice of frequency, strain amplitude, and temperature relative
formation may also be expected and are obset¥&ds3 The to the ODTL0-192 A full explanation of the phenomenology
second issue is the effective monomeric friction coeffiCiént, g ot yet available, but some possible factors can be identified.
for a copolymer. As is well-known from h_qmopolym;is;s The perpendicular orientation decouples the vorticity of the shear
strongly T-dependent and structure-specifitsef ~ £b?/kT). from the interfaces, which can resist deformation quite strongly.
However, once polymers are mixed, b@handCg willdepend o, the other hand, in systems with strong “viscoelastic contrast”,
on matrix composition, in a manner that is as yet little ;o e yiscosities of the two constituents are greatly different,
understood. For copolymers, one has the complication of ahe parallel orientation might be favored to distribute the
compositionally heterogeneous environment, such ghaind deformation primarily in the less viscous layer. Entanglements
€s may be functions of position along the chain. Furthermore, ;.4 defect/grain boundary motion may also be implica$éd.
Ca andCp may differ by orders of magnitude from expectation 4 b wicelles. When a block copolymer is dispersed in a
based on an “ideal mixing” rule, so that, numerically this effect |5, molecular weight solvent (S), the structure and dynamics
can swamp all others; these issues remain largely unexplored.ca, pe altered in profound ways. The principal new feature is
The entanglement problem is not likely to be as important he solvent selectivity, that is, the difference betwggg and
numerically, but still raises interesting issuésWhat is the gs. If either is sufficiently large that the solvent does not
appropriate length scale for entanglement of a block copolymer? gissolve that block, large aggregates or micelles will form, even
Is it possible for two blocks to have different entanglement 4; extremely low concentratiod®19 Such structures are of
length scales in a homogeneous mixture? If a chain is reptating,interest for a variety of reasons, including extraction, separation,
is it pos_S|bIe for the_“tube” diameter to vary with position _along and drug delivery systems. Or, if the copolymer is a symmetric
the chain? These issues also await detailed examination. triblock (ABA) and the solvent prefers the B units, the assembly
The rheological properties of block copolymer melts have of the A units can result in a transient network or gel. In the
been examined in some detHt. In the linear viscoelastic limit, limit that yas = xss, the solvent is said to be neutral. Here, the
the frequency dependence®f(w) in the low- and moderate-  solvent serves to disperse otherwise strongly segregated chains
frequency regime varies markedly with morphology. The low- e.g, for processing advantages.
frequency regime, in whicls' ~ w? andG" ~ w for simple The critical micelle concentration (cmc), spatial extent, and
liquids, exhibits interesting intermediate scalings, suc'as aggregation number of spherical micelles in a selective solvent
G'" ~ w'?for lamellae!®> In the disordered state, but near the can be predicted, using a balance of terms similar to that
ODT, composition fluctuations can lead to a low frequency encountered in block copolymer melts and grafted laj&6
shoulder in the terminal regime, particularly @i.286 Cubic For a significantly asymmetric copolymee.@, fa > fg) well
phases tend to exhibit broad plateaussin reminiscent of the above the cmc, two simple limits obtai®. If the A block does
entanglement plateau in homopolymer melts, but here attribut- not dissolve, one anticipates a “crew-cut” micelle: the corona
able to the connectivity of at least one domain. In all cases the block, B, is very short. Or, if B does not dissolve, a star-like
temperature dependence @f in the low-frequency regime is  or “hairy” micelle with long corona chains results (see Figure
an excellent diagnostic of the ODT or of orda@rder transitions 22). In the largegag limit there will be a sharp corecorona

L PEO-PEE

1064 M=8800 f, =072

ML

G',Pa

when they occur; a spectacular example is shown in Figure 21,
where a single copolymer exhibits five distinct ordered ph&¥es.
' Comprehensive theoretical treatments of these various features
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can also lead to entropic frustration: chains become trapped in
conformations that correspond to deep local minima in phase
space.

The chain trajectory may be described by a diffusion equation,
with the addition of a potential term that requires a self-
consistent solution. The enthalpic interactions embodied in this
potential compete with the entropic drive toward randomness
to establish the equilibrium average conformation. This ap-
proach is particularly powerful in describing “tethered” chains:
polymers in which one monomer is confined to an interface.
Steric crowding of tethered chains produces a “brush”: chains
stretch away from the interface to reduce unfavorable monemer
monomer contacts. This produces new values of the size
exponente.g, v = %/ for strongly segregated block copolymers
andv = 1 for chains anchored to a planar interface. Interfaces
also reduce conformational entropy in the absence of tethering,
leading to near-surface segregation effects that decay over length
scales on the order ¢,

The dynamics of flexible chains are often modeled success-
fully with systems of “beads™point sources of friction with
the environmentconnected by elastic “springstepresenting
the entropy of flexible chain segments. However, such idealiza-
Figure 22. Schematic illustration of “hairy” and “crew-cut’ micelles.  tions break down at short time scales, when local structural
details become important, and at high rates of strain. In dilute
interface. The core radius is dictated by the aggregation number,solution the dynamic properties are rather well understood; the
f, and the bulk density of that component (assuming no dominant force on a chain segment, beyond the frictional and
solvation): Reore = b(fNcord™®. The energy of the interface  spring forces, is due to through-space hydrodynamic interactions
scales aReor/f, the surface area per chain. Both core and among all the segments. In melts chain uncrossability leads to
corona blocks are stretched, with corresponding entropic penal-the phenomenon of entanglement, whereby long chains behave
ties ~(Reord/Neord?) andf 2 In(RIRword, respectively. Forcrew-  as though subject to long-lived, transient cross-links. The
cut micelles, the core contribution outweighs that from the reptation model provides the most successful treatment of

corona, and minimization dfin; + Fcore gives dynamics in this regime, but significant questions persist.
N o Furt_hermore, _the crossover from sem_idilute solution to entangled
f=(b)Nge R~ Ny b (4.6) chain dynamics remains controversial.
Polymer mixtures, particularly copolymers and blends, com-
For the hairy micelleFcoronacompetes withFin to give bine thermodynamics and dynamics in ways that have both
broad fundamental and technological implications. Although
f=(Tb)**Neys R Negre " Negrona 0 (4.7) mean-field theory provides a successful framework for interpret-

ing the phenomenology, quantitative free energy calculations

An interesting prediction of this anaysis is that aggregation are generally discouragingly complicated. Both of these feaures
numbers are determined entirely by the length of the insoluble reflect the large molecular size: many interaction sites per
block. molecule make mean-field theory more relevant but magnify

Block copolymer micelles have been the subject of intense the effect of any uncertainty in computing the local interactions.
experimental investigation for over 30 yea?3!9¢ However, The time evolution of structure in phase separating systems
these predictions have not been rigorously tested. Difficulties remains a fertile area, particularly for asymmetric mixtures and
include preparation of a series of samples with condtigt, blends with copolymer additives. Block copolymer melts
sufficiently largeyag that the narrow interface approximation  continue to provide morphological surprises, and their rich
holds_, sufficiently Iargey_ between core and solvent that the dynamic properties are just beginning to be explored.
core is not swollen, choice of nonglassy core bloakg ( not 5.B. Future Prospects. A recent report examines the state
PS or PMMA) so that equilibration is possible, and the need o holymer science and engineering in both breadth and detail,
for labeled materials so that SANS can be used to reseiye with a particular view toward identifying areas for future
and Reorona research emphasis, based primarily on their connections to issues
of national importancé. Specific recommendations are offered
about advanced technological applications, materials processing,

5.A. Summary. Long polymer chains possess substantial synthesis, characterization, theory, and simulations. These
conformational entropy, that in the absence of monemer reflect the wisdom and input of a wide range of scientists and
monomer interactions leads to a characteristic random walk engineers. Our comments below have a rather different
scaling of chain size with molecular weighRy ~ M”, with v perspective. First, we are much more narrowly concerned with
= 1/,. Excluded volume interactions in a good solvent cause problem areas of potential interest to physical chemists, although
the chain to swell andt = 0.588, whereas in a poor solvent, we encourage a broad definition of that discipline. Second, we
the coils can collapse and= /3. Alternatively, chains that  are not charged with strategic or economic concerns and can
are stiff can exhibit effective exponents that approach the rod concentrate entirely on the underlying science. However, it is
limit of 1. The stiffness may originate in local steric constraints one of the great virtues of polymer physical chemistry that the
or from strong interactions, such as electrostatic repulsion distance between fundamental science and technological ap-
between like charges on a polyelectrolyte. Strong interactions plication is rarely very great. Third, rather than offer specific

5. Summary and Future Prospects
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recommendations, we cater to our own prejudices and simply () Interfacial Properties and the Transition from Two to
identify five broad, interwoven themes that we expect to figure Three Dimensions.Many applications of polymers rely on
prominently in the near future. interfacial properties; adhesives, coatings, and surfactants are

(i) Polymers as Model Thermodynamic SysterRslymers obvious examples. Yet, only recently has a molecular under-
afford unique opportunities for detailed study of the thermo- standing of polymers near surfaces progressed rapidly. Poly-
dynamics of “soft” condensed matter, such as self-assembly Mmers are rarely strictly confined to two dimensions, as molecular
processes and phase transitions. There are at least five reasorfdze guarantees that effects of a surface are felt tens to hundred:s
for this. First, polymers, by virtue of their molecular size, tend ©Of angstroms away. There are thus many “bulk” polymers,
to be more amenable to mean-field analysis. Second, interactionPlock copolymers being a prime example, for which the majority
strengths may be tuned with exquisite resolution, through control Of the material is interfacial in character, and the resulting
of either molecular weight or chemical structure. Third, the Properties are not simply reflective of either two- or three-
natural length scales are ideally suited to quantitative analysisdimensional materials. Recent work has emphasized structural
by scattering and, increasingly, by microscopy. Fourth, the features along the direction normal to the surface, and rather
inherently long relaxation times permit monitoring of compli- little is known about the gontrol of in-plane molecular arrange-
cated kinetic processes in full detail. Fifth, the evolving Ment or pattern formation. Such control could open new

microstructures are often sufficently robust that they may be horizons in the preparation of tailored surfaces and interfaces;
quenched, for example for off-line structural ana'ys|s the function of a cell membrane prOVIdeS another relevant

biological paradigm. The design of interfaces between polymers
and other classes of materialmetals, semiconductors,
ceramics-also promises to be a fruitful area.

(i) Bridging the Gap between Nanoscale and Microscale.
Materials with precise two- or three-dimensional structures tend
to be assembled from atomic or small molecule constituents,
with features on the110 A scale, or processed from the bulk,
with resolution on the 0:21 um scale. Polymers naturally
bridge this gap, as their characteristic dimensions lie in the 10
10% A range. Block copolymers, blends, and semicrystalline
and liquid crystalline polymers are all examples of systems
which can form controlled morphologies in this regime. The
thermodynamic factors that underlie a given equilibrium mor- (1) Polymer Science & Engineering: The Shifting Research Frontiers
phology generalyfeature a sublle competiion between eniropic \*/e0eL ACademy s Washnglon, 1098
and energetic terms, while kinetic considerations bring in all press: Ithaca, NY, 1953.
the complexity of cooperative chain dynamics. Sophisticated (3) Volkenstein, M. V.Configurational Statistics of Polymeric Chains

theoretical analysis of such materials under processing condi-'”teagi?:’rgf; “éev"JYS"t;‘i}S%ig?-Mechamcs of Chain Moleculetnter
tions presents an important challenge. science: New York, 1969.

(iii) Biological Paradigm I: Increased Control of Molecular (5) Yamakawa, HModern Theory of Polymer Solutignslarper &

Architecture. Free radical copolymerization and biological Row: New York, 1971.
thesis of tei pt yt in th gt' f (6) de Gennes, P. Gscaling Concepts In Polymer PhysicSornell
synthesis of proteins represent extremes in the preparation ofyynversity press: lthaca, NY, 1979,

polymer materials. In the former, there is little control over (7) Doi, M.; Edwards, S. FThe Theory of Polymer Dynamics
chain length, chain length distribution, composition, monomer Clarendon Press: Oxford, 1986.

; e ; (8) des Cloizeaux, J.; Jannink, ®olymers in SolutionClarendon
sequence, or sterochemistry of addition, whereas in the Iatter,Press: Oxford, 1990.

nature draws from a”p00| of 20 monomers a_nd exerts precise  (g) Freed, K. FRenormalization Group Theory of Macromolecyles
control over the addition of every unit. A major current focus Wiley: New York, 1987. _ ‘
of polymer synthetic chemistry is to emulate nature to a greater 82; EAUJ'tfr kH-POWHR/fI?f SEﬂUt'OgSElzevifrilé\'eW YOth 1_99g- |

. . uthukumar, - wards, . omprenenge Polymer
degree_ and particularly _'n the (_:omml of seq_uence. AlthO_UQh ScienceBooth, C., Price, C., Eds.; Pergamon Press: Oxford, 1989; Vol.
this might appear to lie outside the province of physical 2 p1.
chemistry, it does not; the design of appropriate target molecules, (12) More properly, the local stiffness is characterized by a persistence

“heteropolymers” with particular functionalities in partic- length, which is closely related to, but logically distinct from, the statistical
segment length. However, the latter is more useful in computing flexible

ular locations, depends on clear ideas for desired properties.chain dimensions and will be used exclusively throughout the paper.
For example, efficient imitation of sophisticated biological (13) Edwards, S. FProc. Phys. Soc., Londot965 85, 813.
functions by synthetic polymers will require explicit models for (14) Debye, PJ. Phys. Colloid Cheml947 51, 18.

o : oti (15) stauffer, D.; Aharony, Aintroduction to Percolation Theoryraylor
a minimal set of necessary molecular attributes. The statlstlcal& Francis: London. 1992.

mechanics of nonergodic systems will play an increasingly — (16) Muthukumar, M.J. Chem. Phys1996 104, 691.
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