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Fibers are often organized in a hierarchical fashion.
After quenching, the semiflexible macromolecules may
coalesce into well-defined filaments, the filaments into
microfibrils, the microfibrils into fibrils, and so forth
(Figure 1). All or some of these slender, fibrillar objects
may be physically and conceptually discernible entities;
the fluctuation in the transverse dimension must then
be small. A fibrillar hierarchy is often witnessed in
natural materials!~? like collagen®~® and elastin’ fibers.
Synthetic fibers spun from liquid-crystalline polymers
have also been characterized in terms of a hierarchical
structure involving microfibrils.8~12 A central unre-
solved problem is how such a fibrillar organization
comes about; why do the macromolecules not congeal
into one more or less uniform amorphous mass without
identifiable transverse length scales? Fiber formation
as a general problem of technological import, is sensitive
to experimental conditions like the flow fields imposed,
the diffusion of coagulative additives, inhomogeneities,
and so on. This is much too complicated to analyze at
present, so | wish to propose an idealized scheme based
solely on lubrication forces which may explain why, for
instance, microfibrils have enough time to coalesce into
well-composed fibrils before the fibrils themselves start
to adhere to each other. This occurs in spite of the rapid
increase of Van der Waals forces with particle diameter.
My arguments are very much qualitative; all numerical
coefficients have been deleted even if they are of order
10. A full quantitative theory of fibrillar adhesion is a
formidable task in view of orientation—translation
coupling and the correlation of zipperlike longitudinal
motion with transverse undulations. At a certain stage,
the elasticity of the resulting fibrillar network also
exerts itself as an energetic contribution holding back
adhesion. The simplified lubrication route to fibrillar
adhesion presented here, is obviously not free from
limitations. Nonetheless, it is conceivable that experi-
ments may be set up—the formation of fibers in con-
centrated suspensions of semiflexible polymers without
additives in a quiescent state—which conform fairly
closely to the present model.

First, it is of interest to consider the adhesion of
filaments?> from a purely static point of view, as a
problem in equilibrium statistical physics. In adhesion
problems involving surfaces or lines, the fluctuations
are generally large, so renormalization theory is the
computational method of choice.’® Self-consistent argu-
ments are sometimes valid provided the fluctuations are
fairly small, as when filaments are confined within a
potential well which is located at a secondary mini-
umum.* For the qualitative purpose of this Note, we
simply balance®® the free energy of confinement against
the unaveraged energy of attraction, here assumed to
be a pure Van der Waals interaction.

The suspension we are dealing with is concentrated:
the fiber volume fraction is typically about 50%. The
typical distance h between two neighboring cylindrical
surfaces is less than the (initial) filament diameter D,.
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Figure 1. Example of fibrillar organization at two levels.
Cross-sections of three well-defined microfibrils within a fibril;
each microfibril in turn consists of three well-organized
microfilaments.

The deflection length?® 1 is then given by
j. ~ h2/3P01/3 (1)
where P, is the (initial) persistence length of a filament

(see Table 1). The extensive free energy of confinement
for a filament of length L is6

Fa=kgTLA™! (2)
with kg Boltzmann'’s constant and T the temperature.

A decrease in the separation h causes the entropy to
diminish since configurational degrees of freedom are

frozen out. But the Van der Waals attraction is
steeper!’
HLD,"?
Uattr == h3/2 (3)

where H is the Hamaker constant. Hence, on this view,
the filaments simply adhere (h — 0) and entropy does
not present a barrier of much consequence. Equations
2 and 3 seem to provide a powerful case against
hierarchical organization. In effect, we may suppose the
adhesion among n filaments to be complete at a certain
stage so that the newly formed filament behaves like a
single unit of elastic material, without the possibility
of sliding motion of any one of the original filaments.
The bending elasticity and the persistence length P are
then not extensive properties (i.e. proportional to n/2)
but rather scale as P = (D/D,)*P, = n2P, in accordance
with the usual Hookean law for bending rods® (D =
n2D, new filament diameter). Therefore, fibrillar
aggregation would entail a positive feedback loop. An
increase in n results in a stronger attraction (eq 3) but
a weaker entropic repulsion (eq 2), which in turn results
in a stronger tendency to enhance n, and so forth. In
conclusion, equilibrium arguments would appear to
favor an aggregational avalanche toward a state of
complete adhesion without a tendency to form indi-
vidual microfibrils or fibrils.

Equilibrium scenarios for the aggregation of rods have
been formulated from other points of view. Percolative
clusters have been analyzed by Warner,'® and Leung
and Chandler,2° but these authors stressed the forma-
tion of open structures at fairly low concentrations,
rather than the dense parallel arrangements seen in
fibers. A micellar type of picture for parallel rodlike
aggregates in dilute solution has been advanced by Van
der Schoot?! who concluded that dimers might be stable
sometimes, though, in general, the tendency is toward
effectively infinite aggregation. On the whole, our
reasoning above and that of others®~2! based on equi-
librium states seem to preclude hierarchical organiza-
tion.
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Table 1. Definition of Length Scales

D, = initial filament diameter

P, = initial filament persistence length

D = filament diameter at a certain level in the hierarchy

P = persistence length at a certain level in the hierarchy

A = deflection length at a certain level in the hierarchy

h = separation between two neighboring filaments

L = total contour length of a filament

| = length of a section within a cluster at a certain level in the
hierarchy

Next, | necessarily turn to the dynamics of a concen-
trated suspension of highly oriented filaments attacted
toward each other by Van der Waals forces, after the
system is quenched by lowering the temperature or
adding a poor solvent. Long-wavelength concentration
fluctuations will be disregarded, as will be zipperlike
adhesion and the elastic energy of the network, as the
final state is reached. Aggregation will be assumed to
occur by the approach of essentially parallel sections of
filaments, which may be reasonable in concentrated
solutions. Let us focus on what will be called a “cluster”
consisting of two, three, or perhaps more filament
sections approach each other. The longitudinal length
| of some cluster is invariably much smaller than L, as
any one filament, at some given moment, will belong to
several consecutive clusters. The supposition will be
made that | will typically be on the order of 1: the long-
wavelength cutoff is caused by thermal undulations. The
filament sections within a cluster are aligned more or
less parallel and orientation—translation coupling is
simply disregarded.

The order of magnitude of the characteristic force
driving a test section toward the central axis of the
cluster it belongs to will be

o U (1) _ HIDY? 4
- oh h5/2 (4)

One or several filament sections of diameter D pull in
the test section. Within a cluster, thermal undulations
are disregarded, which is feasible only if its longitudinal
size I(h) decreases as the separation between its sections
diminishes (see Table 1). However, our interest is not
in the clusters themselves but only in that they remain
long enough (I > D) for the following qualitative picture
to apply. Then, we have HIDY2h=32 >>> KkgT, so we
neglect Brownian motion.

Let us first analyze the hydrodynamics of a cluster
of only two sections (Figure 2). For small D, inertia may
be neglected and the fluid of viscosity # moves in
accordance with the Stokes equation connecting the
fluid velocity vV with the pressure p

AV = Vp (5)

Since the separations are generally small (h < 1/;D), a
computation of the velocity field may be carried out in
the lubrication approximation.?22® A simplified scaling
analysis involves a “surface of interaction”. Equation
5 states that there are no special scales pertaining to
the fluid between the two cylinders (Figure 2). Hence,
the separation h is a relevant scale determining an
inner region; the volume in which the fluid motion
varies appreciably extends outward from height h to a
height several times h. By geometry, the width of this
volume is h2DY2 and the surface of interaction has an
area A; = Ih2D12 (see Figure 2; the same rule governs
the Van der Waals attraction given by eq 3: the
interaction between two half-spaces is multiplied by the
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Figure 2. Two cylinders approach each other with velocity
[Vi| with respect to the fluid center axis. The “surface of
interaction” is defined by the width between heights h and
2h. The typical velocity of the fluid flowing out of the inner
region is [Vo|.

area of interaction). The pressure at the center axis of
the fluid volume is |f;|//A; which is exerted across a
distance h2DY2 go that eq 5 reduces to

Ifol = IDpvh " 6)
This determines the outward fluid motion v, (Figure 2).
The fluid is imcompressible so the velocity of approach
Vi is given by vih2D12 ~ yvyh. Accordingly, the force
needed to impose the velocity vi = —dh/dt is

If,] = 1(D/h)*yv; (7)

Equating this to eq 4, we finally get

v, ~ HiyhD ®)
or
_ [ 2 Hty2
h= (ho nD) 9)

Therefore, if the starting position h, is a bit smaller than
D,, on average, in a concentrated solution, the charac-
teristic time needed for two sections within an initially
defined cluster to adhere, is

7, = nD%H (10)

A two-section encounter is probably rare, for three or
more rodlike sections exert a greater inward force per
unit length.?* A lubrication analysis of a three-cluster
differs from that given above because a test rod now
exerts a force on a body of fluid of area Az = ID (Figure
3). The pressure is practically constant in most of the
fluid, except in three inner regions across a distance of
order D¥2n%2, Accordingly, eq 5 becomes

Ifal = I(D/h)**yv, (11)

Continuity dictates voh = viD. The Van der Waals force
(eq 4) yields a steady cylinder motion

v, = H/yD? (12)

and a characteristic time until adhesive contact given
by
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Figure 3. Mutual approach of three cylinders causing ejection
of the fluid from the inner volume across three inner regions
of lubrication.

75 = yD/H (13)

An analysis of a four-cluster would give a similar result.
Escape of the fluid “into the third dimension” at the
filament ends has been neglected here. A comparison
of the rates of transverse and longitudinal fluid trans-
port shows that this is legitimate for long filaments ((L/
D)2(h/D)52 > 1). Note, finally, that though, in reality,
the aggregated cylinders are rough, the lubrication
forces are perturbed by roughness only in the final stage
of coalescence. The volume fraction is approximately
constant during the entire process of aggregation, so at
each stage h = 1/,D at first. Hence, the qualitative
estimate given by eq 13 should remain reasonable.

In the treatment here, fiber formation would be a
problem in “punctuated lubrication”. A typical cluster
of, e.g., three rodlike sections would take a time 3 or
perhaps a bit longer to form a solid unit, i.e. a section
of new filament, which together with two other similar
filament sections would take about 233 to form a new
unit, and so on. Thus, it would seem that there is
enough time for rearrangement within the first cluster
so as to form a new discernible filament section before
the next stage of adhesion. Lubrication forces are
strong enough to offset the strongly increasing tendency

Macromolecules, Vol. 29, No. 13, 1996

toward adhesive states under the influence of Van der
Waals attraction. They slow down the process of
fibrillar aggregation, possibly enough to rationalize, in
part, the hierarchical organization found in fibers. In
real life, there may well exist some effect not considered
here, which singles out, e.g., one basic type of microfibril
as a dominant mode in the aggregation process. The
object of this Note has not been to give a complete view
of fiber formation but rather to show that lubrication
forces are definitely an impediment to a potential
aggregational avalanche induced by static forces deriv-
able from a free energy. Without such an impediment
on all fibrillar levels, it is hard to see how well-defined
fibers would ever form.
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