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2 Y. S. Lipatov

1. General Definitions and Principle Causes of Change of Properties in
Thin Polymeric Layers on Solid Surfaces

Heterogeneous polymeric compositions include most of commercially important
polymeric materials, such as reinforced plastics (including fiber glass reinforced and
carbon plastics), thermoplastic and thermosetting polymers filled with dispersed
fillers. All these systems are two-phase systems in the least of which heterogeneity

is inherent in the very principle of production of these materials. Polymeric mixtures
are noted for a two-phase structure in which both the phases are continuous, and for
this reason it is impossible to tell which of the polymers is the dispersion medium
and which the dispersed phase. In contrast to mixtures, polymers, filled with poly-
meric fillers, comprise systems which are characterized by a specific nature of
distribution of one component in the other. Despite such demarcation, the physico-
chemical properties of the latter two types of systems are similar. In considering the
viscoelastic properties of heterogeneous systems they can de divided into two main
groups: (1) in which the dispersed phase inclusions (fiber glass, inorganic filler, etc.)
are virtually incompressible, as compared with the polymer matrix and (2) in which
both the components possess approximately the same compressibility. These two
types of systems also differ in the structure of the transition region between the two
phases. The first type, due to the adsorption interaction of the polymer with the
solid surface, is characterized by the appearance of a surface layer of varying thick-
ness whose properties differ from properties within the bulk (I, 2).

The thickness of this layer depends on the polymer cohesion energy, free surface
energy of the solid, and on the flexibility of the polymer chains. The second type of
the systems is characterized by the appearance of a transition region in which the
structure and properties of the surface layers of both phases undergo changes because
of the interaction of the components (3}, limited compatability (4), and mutual dif-
fusion. The difference in the structure of the two types can be schematically repre-
sented as in Fig. 1.
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Fig. 1. The schemes of two types of filled systems
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In both the systems, as a resuit of adsorption and adhesion interaction between
the components at the interface, the boundary layers undergo changes, as compared
with the respective properties within the bulk. This brings about the appearance of
additional levels of microheterogeneity (5).

These include:

1) Molecular heterogeneity, manifested by change in the interphase of such physical
characteristics which are determined by the macromolecular structure of the poly-
mer chains (thermodynamic properties, molecular mobility, density of packing,
free volume, etc.).

2) Structural microheterogeneity, which is determined by changes in the mutual
disposition of molecules in the surface and transition layers at various distances
from the phase boundary and which characterizes the short-range order in amor-
phous — and the degree of crystallinity in crystalline polymers.

3) Microheterogeneity on the supermolecular level determined by differences in the
type and character of formation and packing of supermolecular structures both in
the surface layer and within the bulk.

4) Chemical microheterogeneity caused by the effect of the interface on the reaction
of formation of polymeric molecules. This type of microheterogeneity may be an
additional cause of the previous three types of heterogeneity.

The above factors have a complex effect on relaxation and viscoelastic properties
of heterogenic polymeric materials.

2. Some Concepts Concerning Mechanical Properties of Surface Layers
of Polymers in Homogeneous Systems

Mechanical properties of thin polymeric films and the influence of properties of
surface layers on viscoelastic properties have been given comparatively little consid-
eration. In a number of investigations (6, 7) the mechanical properties of thin films
have been studied in terms of their thickness. It has been shown (6) that the elastic
limit rises and the ultimate elongation drops with the decrease of the film thickness.
No changes have been found in another study (7). However, on the basis of the re-
search (8, 9) it can be expected that the mechanical characteristics of thin films,
associated with relaxation processes, should differ from the properties of block
specimens. The difference will be more appreciable, the greater the ratio of the area
of the film surface to the volume, when the contribution of the surface layers into
the general mechanical properties increases. It is evident from (8, 9) that polymer
molecules on the surface and-close to it cannot have the same conformations as
those within the polymer bulk. For this reason the feasibility of changes in the con-
formations of polymer molecules during deformations in the surface layer reduces,
which is equivalent to the increase of the average relaxation time or to the shift of
the relaxation spectrum toward larger periods. This must lead to an increase in the
stiffness of the polymer surface layers.

In the work of (10) an evaluation has been made of the thickness at which the in-
fluence of the surface layer on the general mechanical properties becomes appreciable.
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Using polymethylmethacrylate (PMMA) and nitrocellulose films we experimentally
determined the modulus of elasticity F and tangent of the angle of mechanical losses
tg 8, employing the method of forced flectural oscillations of cantilevered films in
accordance with a technique specially worked out for this purpose (10). The curves
of mechanical losses versus frequency for the thinner films are steeper and are shifted
toward greater frequences, as should have been expected. Those data have been
interpreted as evidence of the narrowing of relaxation time spectrum.

Figure 2 (10) illustrates the relationship between the modulus of elasticity and
the thickness, while the curve of correlation between the surface area of the specimen
S and volume V versus the film thickness is given for the sake of comparison. An
appreciable increase of the modulus is observed just in the region of those thicknesses
in which the correlation rises. This enables us to assert that the noted charge in the
mechanical properties of thin films is caused by the effect of the polymer surface

E kglcm? ShA0%, ey

Fig. 2. Dependence of the elasticity
moduli E (1) and the ratio of the surface
- area S to specimen volume V (2) on the
0 8 16 24 32 d,micron film thickness d

layer. The findings indicate that surface properties of the polymer differ from those
within the bulk because of the shift of the relaxation spectrum of the surface layer
toward greater periods of time. It means that the polymer surface is stiffer than the
bulk.

A tentative estimation of the thickness of the surface layer whose properties
differ from those within the bulk was made in (1), considering a thin film as a
three-layer plate in which the external layers are formed by the polymer surface layer,
as the internal layer is formed by its bulk portion. The following equations have been
proposed for this case:

4872 1*0? [pg (d—ds) + 25 s d) E d-2ds)? (1
s~ B ]
(1.875)% [d® —(d - 24,)} [d—(d—2ds)*]
i} Eo@-2d)° v = Eo@d-2d)
%85 '[1 7 2ds)3]] v T RIS —@—2dy B @

in which E and tg §; = dynamic modulus and mechanical losses of the surface layer

! =length of the rod
v = resonant frequency of oscillations
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Ay = width of the resonance curve

po = density of polymer within the solid

d, = thickness of surface layer

Egy and tg §5"= modulus and losses of polymer within the bulk.

Some results of the calculations are given in Table 1 (11).

Theoretically the mechanical properiies of surface layers were explained in the
work (12). The mechanical properties of surface layers were estimated with the aid
of transient processes of supersonic oscillations of the surface. The transient process
of mechanical oscillations of a system is characterized by the process reaction to the
pertubation factor. This reaction is definitely determined by the mechanical prop-
erties, and for a single action is described by a transient function F(f), i.e. by the
time-dependent characteristic of the mechanical properties. Using a specially elabo-
rated technique, transient processes in surface layers were investigated on electric
circuits. For subsequent transition to mechanical models use has been made of
electric-to-mechanical analogs. This technique has enabled mechanical models of the
surface layer based on direct experimenital findings to be obtained for the first time.
Figure 3 illustrates the mechanical models, and Table 2, their parameters obtained
from the electric circuits. As is evident, the mechanical models of the surface layer
differ one from another both in the disposition of the elements and in the magnitude
of the mechanical constants. It is significant that the parameters of the models differ
in terms of the frequency of the action, which could have been expected in line with
the considerations given at the beginning of the present sectiom
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Table 1. Mechanical properties of polymers in bulk (Eq tg 5g) and at the surface (E5 tg )
(frequency 500 cfsec)

Polymer Eokglem?  tgdg dg mem Ekglem? g5,
11074 11074
Polymethyl-
methacrylate 352015 0.7+0.1 0.6 + 0.2 9+2 0.145 £ 0.02
Nitroceflulose 2 *0.11 0.6 6.1 0.35+0.12 7+1.5 0.13 +0.015

Tabie 2. Values of parameters of mechanical moduls, obtained from the electric circuits

Parameter Vulcanized Polyurethane Polymethylmethacrylate

Rubber

320 kHz 320 kHz 320 kHz 126 kHz
Elasticity modulus a
kg/mm?  E, 212-10% 605 -10% 52 -103 3.99 10
The same  E, - 2.30- 104 - -
Vibrating
mass, g m; 0.00129 0.00018 0.00075 0.00368
The same  my 0.0134 - 0.0011 0.0185
Viscosity, phases  8.05 - 107 8.25- 106 3.64 - 107 3.46 - 108
The same 7.9 - 108 1.48- 107 3.3510° 3.89- 108
The same 6.2 -108 9.20- 108 1.5 -108 1.11- 10°
Electromechanical  3.48°10~2  0.142 0.22 0.44
equivalent 7.3 1074  2.78-103 4.32-1073  1.11-1072

Thus the obtained models, resulting from experiments and not from phenomeno-
logical concepts, also make it possible to trace the change in the relaxation behavior,
when passing from one frequency to another.

The same method of surface ultrasonic waves can also be used for determining
that thickness of the surface layer in which the properties differ from the properties
within the bulk (I3). The values obtained for polymers of various chemical nature
are within 200 and 700 u, depending on the thickness of the surface layers of the
polymers in heterogeneous filled systems (14). It follows from the theoretically
obtained equations that the thickness of the layer derived from the data on the prop-
agation of surface ultrasonic waves, depends both on the mechanical properties of
the bulk and surface layer and on the frequency. The difference in the modulus of
elasticity of the bulk and surface layer are associated with the surface tension forces.
The frequency-dependence of the thickness is determined by the types of molecular
motions involved in the process in accordance with the mechanical models indicated
above.
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3. Effect of the Surface on the Transition Temperatures
in Heterogeneous Polymeric Systems

As is known, the temperature of transition from the highly elastic to the glass-like
state is one of the most important characteristics of the polymer viscoelastic prop-
erties, since it determines the position of the transient region.

In heterogeneous systems, containing a polymeric or inorganic filler, as the
self-contained phase, the interphase interactions can change the molecular mobility,
thus affecting the position of the transition temperatures.

Up to the present a large number of experimental data have been published
indicating a change of T caused by the effect of the solid surface. These data have
been obtained by the use of various methods (dilatometry, dynamic and mechanical
properties, thermal capacity, NMR, and others). Since each of the methods has its
own limitations and describes mainly one type of molecular motions (15), the results
obtained by comparing the data received by different methods do not always corre-
late. Figure 4. (16) illustrates changes of T in PMMA caused by the introduction

Fig. 4. Dependence of the change in the glass

temperature for PMMA (1-5) and PS (6, 7)

on aerosil concentration for different meth-

ods. 1: calorimetry, 2: dilatometry, 3: dy-

namical properties, 5: NMR, 4,6-dielectrical

0 2 4 6 8 10 relaxation, 7: calorimetry, dilatometry,
Filler, voel % mechanical

of Aerosil, determined by different methods. As can be seen, though the general
character of the change of 7, with the increase of the filler concentration is preserved,
the magnitude of change of T is unequal. Tg is a the maximum when methods with
the large time-dependent scale of the test are employed (dilatometry, calorimetry).
The increment of Tg decreases as the frequency increases.

Experimental data concerning the effect of fillers on Tg of elastomers differ
considerably.

In a number of investigations (I 7—21) a certain increase of Ty was noted, while
in other works (22-25) such effect was not indicated. In certain cases they noted
even a decrease of Tg (introduction of 10% chalk to PMMA decreases T, by ~ 10%
(26, 27). The combined effect of fillers and plasticizers on the increase of T is dis-
cussed in (25).
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However, in most cases, particularly in considering Tg of filled thermoplastic
polymers, as rule, a substantial increase of T} is indicated (I, 29—31). Some regular-
ities of the change of T; will be discussed below (30—34). Some data give evidence
to the fact that an increase of Ty, the degree of volumetric filling being the same,
depends on the total surface of the filler.

Since Tg is not a thermodynamic point, though its position is associated with
the beginning of the manifestation of the mobility of chains, the findings indicate
that the formation of physical bonds between polymeric molecules and the surface,
and the conformation changes in the surface layer, lead to a change in the relaxation
behaviour of the polymer. An increase of Tg indicates an appreciable restriction in
the mobility of chains, a restriction which is equivalent to a decrease of their elas-
ticity, caused by the formation of additional bonds or a change in the conformation
of the chains. The restriction of mobility, which manifests itself in the increase of
T;, will be, of course, dependent on the number of chain segments, which participate
in the interaction with the surface. Therefore the increase in this number will lead
to the increase in both the molecular mobility and T;. This was indicated in the work
(35) for the case of studying differences in the increase of T; for fillers of polystyrene
(PS) and PMMA films obtained from solutions in thermodynamically different sol-
vents. An important conclusion which follows from the increase of Tg in the presence
of fillers is that the change in the properties of the polymer on the surface, the
change leading to the increase of 7, concerns not only the polymer layers which
are in direct contact with the surface, but also the more remote layers. Indeed, if
the change of mobility had concerned only the layers of macromolecules which are
in direct contact with the surface, charges of such value as T, which characterizes
the behaviour of a large number of molecules, would not be detected. Glass transition
is actually a cooperative process, and for this reason, limitations of mobility imposed
by a hard surface apply both to the molecules in direct contact with the surface and
to molecules bonded into aggregates (2), and to other supermolecular structures.
Thus the increase of Ty in the presence of a filler is due to the interaction with the
surface of both individual (isolated) macromolecules and their aggregates (I3, 6).
The restriction of mobility of one chain interacting with the surface will lead to the
restriction in mobility of other chains bonded into aggregates. However, in filling,
we could not observe separate transition temperatures for the surface layers and for
the polymer bulk not affected by the surface influence. The possible explanation is
that with a low content of the filler the feasible difference in the transition tempera-
tures in the surface layer and inside the substance is not great, and both transitions
merge into one, shifted toward greater temperatures. With a greater content of fillers,
the surface affects most of the polymer, and again only one transition is observed.
Such position of transitions is highly probable, if one takes into consideration (see
below) that in filling an expansion of the relaxation spectrum takes place, as well
as a spread of the temperature interval between the beginning and end of the glass
transition (which can conveniently be observed with the DTA technique {(37).
Separate transition temperatures associated with the existence of surface layers were
observed only in a few experiments (38-40).

The increase of the glass transition temperatures, which is clearly observed
during the determination of the jump in thermal capacity in glass transition, is a



Relaxation and Viscoelastic Properties of Heterogeneous Polymeric Compositions 9

magnitude which makes it possible to calculate the effective thickness of the surface
layer. The A C;, magnitude is regularly reduced with the increase of the content of

the filler. The decrease of the magnitude is a definite indication that a certain part

of macromolecules is excluded from the cooperative process of glass transition because
of the interaction with the surface. This part of macromolecules forms the boundary
layer proper of macromolecules close to the surface, where the mobility of macro-
molecules is considerably reduced. In this case the portion of excluded macromole-
cules f can be found proceeding from the relationship

F=1—-ACpe ] ACp 3)

in which ACp¢ = thermal capacity jump for the filled and ACp = for the unfilled
polymer (41). Then the thickness of the surface layer can be approximately evalu-
ated from the equation

Ar+ry3 _ @
( r ) _1_f1—so @

in which r = diameter of the filler particle
¢ = volumetric content of the filler
Ar = thickness of the boundary layer.

The f value is very convenient for the analysis of the dependence of T; on the
filler content.

Most experimental data indicate that T; dependence on the filler content is
non-linear (42), and in the form is similar to the well-known dependence of 7; on
the polymer molecular weight.

It might seem that since the change of T is associated with the restriction of
molecular mobility, it would have to manifest itself the more, the thinner the poly-
mer layer between two particles of the filler, i.e. the greater its concentration. Since
this is at variance with experimental findings, it becomes evident that T; is mostly
affected, not by the thickness of the layer but by other factors. Those were analyzed
in the work of (43). It was found that similar to T, f, with the increase of the filler
concentration, also tends, toward a limiting value. It appears that there is a linear
dependence between Tg of an unfilled polymer and the fraction of polymer in the
boundary layer, namely,

Ty=Ty +fAT 5)

where AT is the maximum increment of Tg for a system in which the polymer
phase is affected by the solid surface (f = I).

The values of f and AT in the above equation are dependent on the density of
cohesive energy Ec and on the stiffness parameter of an individual macromolecule
0 (43). The magnitude of f tends towards an increase with the increase of 6. For
polymers with approximately equal o the value of f changes antipathically to the
density of cohesive energy of the polymer Ec. In a general form f may be represented as
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=18, 0,E¢/E) ©)

in which S = filler surface area
Ey = surface energy of the filler

Indeed, the transition of macromolecules into the boundary layers is facilitated
with the decrease of the decrease of the intermolecular interaction in the polymer
and with the increase of the polymer-filler interaction energy. The value of AT in-
creases sympatically to E.. It follows that the changes of T, caused by the filler
surface are much dependent on the cohesion energy of the polymer. For polymer
with low cohesion energies (e.g. rubbers) the transition to the surface layer state has
little effect on their properties, AT is littie and T changes insignificantly with a
change of the filler concentration. In case of a strong intermolecular interaction,
the presence of even a small portion of macromolecules will result in a substantial
increase of Tg because of a large value of the parameter AT.

4. Volume Relaxation in Filled Systems

In accordance with the concepts developed in (44) the glass transition temperature
is dependent on the mobility of both very small and large structural elements of the
chains, even on the mobility of supermolecular structures. For this reason the glass
transition temperature cannot be considered only as a temperature which determines
the manifestation of segmental mobility.

Obviously, the presence of a loose temperature glass transition interval can be
explained by the fact that various mechanisms participate in the process of glass
transition. Of interest from this point of view is the examination of the effect of
fillers on such relaxation processes in which sufficiently large structural elements
take part. Those phenomena were studied (33, 45—47) by calculating the average
relaxation time proceeding from the data on the isothermic contraction of the
volume of various filled systems by the method proposed in (48).

The analysis of the data obtained for a number of systems, containing both
inorganic and polymeric fillers, shows that the average time of relaxation of the
process of isothermic contraction 7, increases in the presence of hard particles.
However, from the point of view of understanding the mechanism of the processes
which occur in the interface, it is more correct to compare the relaxation time at
corresponding temperatures equidistant from the glass transient temperature, rather
than at equal temperatures.

As s seen in Fig. 5, which represents the relaxation time versus the difference
between the temperature in the experiment and T}, the relaxation time insuch a
comparison for the system examined in the presence of a solid surface, is smaller
than for an unfilled polymer,

The increase of Ty in the surface layer explains the greater relaxation time in
filled systems compared at equal temperatures. However, some of our research indi-
cated a reduction of the density of packing of polymers in the surface layer, and an
increase of the free volume (7). This effect reduces the average relaxation time in
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Fig. 5. Dependence of the average
relaxation time of isothermical
contraction on the difference be-
tween measurement and glass
temperatures for different sys-
tems. 1: low molecular PMMA,

2: the same 5% of glass fiber,

3: the same + 30% of glass fiber,
4: the same + 5% of acrylonitryle
. . , , s L 4 L N fiber, 5: the same + 30% of acrylo-
80 -40 30 20 -0 AT 10 20 30 40 nitrile fiber

filled systems as compared with unfilled systems, provided comparison is performed
at corresponding temperatures.

It is of interest that the phenomena discussed above are most clearly manifested
for linear polymers. When passing over to cross-linked polymers (e.g. copolymers of
styrene and divinylbenzene), the effect of the surface on the relaxation time becomes
less perceptible as the network density increases. This is due to the fact that the re-
duction in the mobility of large segment of the chains caused by cross-linking ex-
cludes them from participation in the relaxation process, thus leveling the effect of
the surface on their mobility.

The data on the temperature dependence of the average relaxation time have
made it possible to calculate the activation energy £,. A certain increase of F, was
noted with the increase of the filler content, i.e. with the reduction of the surface
layer thickness. Above T Ea is virtually independent of the layer thickness. The
activation energy below 7; becomes smaller, the higher the Tg, which resuits from
the loose packing of macromolecules in the surface layer, and from the participation
in the process of solely structural elements with a small relaxation time. The complex
dependence of £, on the content of solid phase within the region of temperatures
below and above T}, is thus connected with the simultaneous influence on the relaxa-
tion process of such factors as loose packing, stiffening of chains in the surface layer
because of a reduced number of possible conformations (2, 8, 9) and other factors.
All the effects are reflected in the temperature dependence of the viscoelastic prop-
erties of filled polymeric systems.

The above discussion confirms that 7, of a filled polymer and relaxation proces-
ses in it are dependent in a complicated manner on the correlation of entropy and
energy effects occurring in interaction with the solid surface. Along with it, the anal-
ysis of numerous data (see Section 5 below) indicates that the mobility change ef-
fects are dependent on the flexibility of the chains. It may be assumed that both the
excessive stiffness of the chain and excessive flexibility will level the effect of the
surface on the change of molecular mobility. Those processes will be most clearly
manifested in chains of flexibility intermediate between the flexibility of rubber
chains and of stiff-chain polymers (i.e. mainly for thermoplastics).
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5. Nuclear Magnetic Resonance and Dielectric Relaxation

The analysis of dielectric relaxation in polymers enables the mobility of functional
groups of chains and segments to be studied separately, since the regions of dielectric
dispersion are manifested in different conditions for different structural elements of
the chains (49, 50).

The method of nuclear magnetic resonance which has been widely developed
for the last decade also makes it possible to estimate the character of molecular
movements in polymers (57). This enables the above methods to be used for the
study of relaxation processes in filled polymeric systems. We began such study for
the first time in 1965 (52), proceeding from the concept that changes in transition
temperatures in the presence of fillers reflect changes in the character of relaxation
processes in thin layers on the surface of the filler. It could be supposed that the
surface forces at the interface exert various influence on one or other relaxation
mechanisms which participate in the general relaxation process. In a number of such
studies we examined in detail the processes of dielectric relaxation in the surface
layers of PS, PMMA, copolymer of styrene and methylmethacrylate, cellulose acetate,
polyurethanes, as well as of some oligomers (52—60). We examined polymers dif-
fering in the character of functional groups and flexibility of chains and surfaces with
high and low surface energies. Changes in the molecular mobility of polymeric chains
can be characterized by the magnitude of the shift of the maximum of dielectric
losses on the curve showing the dependence of tg § the temperature. Figure 6 repre-
sents the temperature curves for PS and PMMA in the presence of aerosil and teflon
powder. The content of the fillers taken with due account to the size of their parti-
cles is such that the thicknesses of the surface layers may be approximately equal.

It can be seen in the drawing that with the reduction of the thickness of the surface
layer one can observe a shift of the maximum of corresponding to the dipole-group
relaxation process, toward lower temperatures, and of the maximum of the dipole-
segmental process toward higher temperatures. This indicates a change in the average
relaxation time of the respective processes in the surface layers. The temperature
dependence for copolymer of styrene and methylmethacrylate also indicate a shift
of the low-temperature maximum to the left, and of the high-temperature maximum
to the right, due to the introduction of the filler.

The findings indicate that the presence of the polymer-solid interface has indeed
a diverse effect on different relaxation mechanisms. The interaction of functional
groups with the surface and the resultant restriction in the mobility of the chains
and formation of a sparse space network should have led to an increase of the relax-
ation time and to a shift of the position of the maximum of dielectric losses toward
higher temperatures. However, this has not turned out to be true. As a rule, the peak
of losses, corresponding to the motion of side groups of the polymer which is in the
interface, shifts toward lower temperatures, the degree of the shift being dependent
on the nature of the polymer and thickness of the surface layer. This indicates an
increase of mobility of polymer chains in the interface and is associated with a re-
duced density of polymer packing on the surface of solid particles. It is known from
the theory of adsorption of polymers on solid surfaces (2) that only a portion of
chain segments is directly bonded to the surface, whereas most of them remain free.
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If we take into account that not only individual (isolated) molecules but also molec-
ular aggregates can bind with the surface, it becomes clear that most of the functional
groups on the surface are not directly bonded to the latter (61). This, combined
with a reduced density of the packing, explains greater freedom of molecular motion.
The mobility of large structural elements of chain segments diminishes in the
interface with the solid. Consequently, a specific “scattering” of maximums of di-
electric losses occurs in the surface layers, which indicates an expansion of the relax-
ation time spectra in the boundary layers as compared with the bulk. Along with it,
the increase of T for the surface layers which points cut an increase of the average
relaxation time, shows this effect is dependent mostly on relaxation time of the
greatest structural elements with low mobility. Changes of properties at the interface
can also be characterized by the width of the relaxation time spectrum which is de-
scribed by the Cole-Cole parameter of relaxation time distribution (62). Figure 7 il-
lustrates circular diagrams of generalized dielectric permeability which we calculated
for copolymer methylmethacrylate with styrene. These were used for computing the
parameter of distribution of the relaxation time « (63). Figure 8 shows dependences
o= f (T) for copolymers. It is seen that the parameter of relaxation time distribution
decreases with the decrease of the thickness of the surface layer in the region of
dipole-group losses and increases in the region of high-temperature dispersion. This
also gives evidence for the expansion of the relaxation spectrum. It follows from
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(64, 65) that that the decrease of the parameter o (region of dipole-group process)
really indicates a smaller density of packing of the polymer in the surface layers and
the formation of a large number of relaxants, as well as the increase of the mobility
of functional groups of chains and of small kinetic units unbound to the surface,
while for the region of the dipole-segmental process the increase of the distribution
parameter also indicates a hindering of the movement of the segments at the interface
(narrowing of the relaxation time spectrum).

The data obtained in our experiments for fillers of various surface energy are
essential in that the observed changes in the mobility of side groups and segments
(dipole-group and dipole-segmental losses) are not very dependent on the nature of
the filler surface. A very important conclusion follows that changes in the mobility
are mainly affected by the geometric restriction of the number of possible confor-
mations of macromolecules near the particle surface, i.e. by the entropic factor.
Specifically, these restrictions inhibit such dense packing of molecules which would
have occurred in the bulk. This principle is confirmed by the results of the studies of
molecular mobility at the interfaces of the stiff-chain polymer cellulose acetate. The
temperature curves for the cellulose acetate in the bulk and on the surface of modi-
fied and non-modified aerosile show that in the stiff-chain polymer, the conforma-
tional set of chains, which is greatly limited as compared with flexible molecules,
cannot change near the interface as greatly as in the case of flexible molecules; and
in this case the effects of changes of flexibility of chains do not manifest themselves.
Similar results were obtained for the surface layers of acrylate-epoxy-styrene compo-
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sitions in which the effects of the surface diminished with the increase of stiffness of
chains (67). However, it can be controlled only in the case of a change in the chemi-
cal nature, and this does not allow the role of each factor to be clearly discriminated.

The increase in the flexibility of chains in the surface layer leads to a reduced
effect of the surface on the molecular mobility. This was shown in experiments on
the use of fillers with molecules of various lengths grafted on their surface (65).
Molecular mobility was studied in epoxy resin in the presence of aerosil modified by
alcohols from butyl to tetradecyl. It was established that a relaxation process charac-
terizing the grafted molecular mobility itself is manifested with the increase of the
length of the grafted molecule. When using such modified fillers in which the grafted
molecules can play the role of plasticizers for polymer molecules with an increase in
the length of the grafted molecules, an ever smaller shift is observed of the maximum
of dipole-segmental losses toward higher temperatures, and a smaller shift of the
maximum of dipole-group losses toward lower temperatures. This bears evidence to
a smaller stiffening of the polymer molecules in the boundary layer and a smaller
loosening of packing of polymer chains in the surface layer in the presence of the
modified additions. Thus, the modification of the filler by organic molecules chemi-
cally bonded to the filler surface, molecules of sufficient length to enable them to
manifest their own molecular mobility in the surface layer, reduces the effect of the
surface on the temperature shifts of the relaxation processes in the boundary layers
of the polymers. Hence, such modification brings about a realization of a more bal-
anced state of equilibrium of the polymer in the boundary layer, and may be used
for the control of the characteristics of filled polymers.

The pattern of dielectric relaxation undergoes no essential changes in passing
over from filled linear to filled three-dimensional polymers. Thus, in the study of
the dielectric relaxation in cross-linked polyurethanes (55) of various nature is was
shown that the maximum of the dipole-group process with aerosil as the filler, shifts
toward lower temperatures, while the high-temperature process shifts toward higher
temperatures. However, for polyurethanes a third peak is indicated on the dielectric
relaxation curves at temperatures above the temperature which corresponds to the
main maximum of the linear polymer. The temperature increase contributes to the
rupture of some physical bonds in the lattice, thus releasing larger structural elements
whose mobility is manifested in the temperature region of the third peak. This (third)
maximum, upon the introduction of the filler, also shifts toward higher temperatures,
which testifies to the formation of an additional number of physical bonds with the
surface of the filler particles, i.e. to the increase of the efficient density of the net-
work. Hence, the analysis of the circular diagrams for three-dimensional polymers
gives evidence for the existence of at least three relaxation processes.

All the findings indicate that the mobility change processes affect not only the
adsorption layers; they extend at greater distances from the surface (if it were not
so, the effects of the shifts of loss peaks would be unnoticable).

Information on the change of molecular mobility in boundary layers of poly-
mers can also be obtained by the use of nuclear magnetic resonance technique. Nu-
merous available date (69) indicate that the research of the relaxation processes in
polymers carried out by the use of the dielectric relaxation or nuclear magnetic reso-
nance methods yield similar results. In a number of works on the objects discussed
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above, we studied the spin-lattice relaxation of protons 7} in polymers and oligo-
mers which are on the surface of filler particles (53—356). As an example, consider
the data on the temperature dependence of the time of the spin-lattice relaxation of
protons for polystyrene and for specimens containing aerosil and polyfluoroethylene
(Fig. 9).
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There are two relaxation regions, viz. high-temperature and low-temperature.
For the high-temperature region the minimum of Ty is shifted toward higher tem-
peratures as the thickness of the surface layer diminishes, and the shift reaches 20°.
At the same time, the low-temperature process is shifted toward lower temperatures.
For a number of the analyzed systems general regularities were established similar to
those explained above for processes of dielectric relaxation, which gives evidence for
the common character of the mechanisms of changes of the relaxation behavior of
polymers in boundary layers. Specifically, the findings support the fact that the
phenomena observed during the study of dielectric relaxation do not result from the
Maxwell-Vagner effect of heterogeneity of medium which is characteristic of objects
with conductive and non-conductive regions (70). The study of filled polymers by
the method of dielectric relaxation and nuclear magnetic resonance discussed in a
number of works by Solomko (71, 72) confirms the general concepts put forth above.

Now consider the problem of the energy of activation E, of relaxation processes
in surface layers. The magnitudes of E, can be calculated separately for the high-
and low-temperature processes in the case of dielectric relaxation from the tempera-
ture dependence data In f;, = f(T) in which f,;, = frequency corresponding to the
maximum of dielectric losses, and from the temperature dependence of the corre-
lation time in the case of the use of the nuclear magnetic resonance technique. It
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should be noted that the values determined by this method for the reason of com-
plexity of the processes which occur at a time, do not represent the true activation
energy but the temperature coefficient of the relaxation time (69).

The principal regularities established in determining the F, magnitudes indicate
that F, of high-temperature processes found both by the NMR technique and from
dielectric relaxation, diminish with the reduction of the surface layer, while E, of
the high-temperature process changes little or even diminishes slightly. Some data
illustrating the latter statement are given in Table 3. The findings on the activation

Table 3. Activation energies of relaxation in thin layers

Aerosil Fluoroplast, NMP activation Dielectric activation
content,% content, % energy, kcal/mol energy, kcal/mol
Copolymer Copolymer
PMMA PS MMA- PMMA PS8 MMA-
styrene styrene

Group motion

0.0 0.0 1.75 - 2.05 23.7 - 14.9
8.83 - — - -1.75 - - 12.6
1.32 - 1.36 - - 18.5 - -
23.08 - 1.18 - - 154 - -
249 - - - 1.47 - - 10.7
- 26.5 - - 1.72 - - 12.6
- 492 1.48 - - 20.0 - -
- 75.0 1.39 - 1.46 18.0 - 10.6
Segmental motion
0.0 0.0 14.5 11.3 133 - 90.0 99.0
8.83 - - - 12.0 - - -
1.32 - 9.78 - - - 60.9 -
23.08 - 9.20 12.3 - - 511 -
- 26.5 - - 12.06 - - -
- 49.2 11.0 - - - 69.2 -
- 75.0 16.1 13.1 11.4 - 63.2 84.6

energy indicate that the reduction of £, of relaxation processes, in accordance with
the stated above, can be explained by the reduction in the density of molecular
packing in boundary layers, which contributes to a better realization of mobility
both by the side groups and by the segments of polymer chains found in the bound-
ary layers. It might seem strange at first sight that £, diminishes also for the segmen-
tal processes, whereas the position of the corresponding peaks shifts toward higher
temperatures. To understand this contradiction, one should bear in mind that the
process of relaxation is explained both by the character of interaction in the inter-
face, and by the conformations of molecules in the boundary layer. The information
on E, makes it possible to suggest that the depletion of the conformation number
near the interface boundary, the depletion, acting similarly to chain increased stiff-
ness, affects molecular mobility much more than reduction in the density of molec-
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ular packing. This concept also finds confirmation in many data obtained in our work
which indicate that with the use of fillers that are potentially either able or unable
to interact with the polymer, the effects of shifts of the maximum peaks are almost
the same, if the comparison is carried out with the correlated thicknesses of the sur-
face layers. It shows that the entropic factor is the determinant in the restriction of
mobility of chains in the interface, since with equal thicknesses of the surface layer
the shift of the minimums of time of spin-lattice relaxation and of dipole-segmental
losses is virtually the same both on the interacting and non-interacting surfaces. Evi-
dently it is of no importance whether the change of conformations is caused only by
the presence of the surface or by some degree of bonding of functional groups with-
in the surface (energetic interaction). The latter factor which is essential from the
point of view of the strength of the adhesive joints is not significant for the reduc-
tion of molecular mobility whose manifestation is not associated with the disruption
of bonds in the interface.

It should be noted that all the above examples did not concern intense specific
interactions in the interface where the picture will differ from that described. Indeed,
it was shown in the work (73) that the use of fillers able to interact chemically with
the polymer causes a substantially greater change of mobility than in the case of
common physical interactions.

From the above point of view it is essential to quantatively divide the contribu-
tion to the free energy of activation of the process of relaxation: enthalpy AH and
entropy AS (74).

It was found that AH and AS of activation depend on the thickness of the sur-
face layer of the polymer (thickness of layer between filler particles). It is clear from
the respective equation that the activation entropy in the surface layers increases
noticeably as compared with the bulk, while enthalpy decreases insignificantly. It
indicates that the entropy factor plays the main role in the change of properties of
polymers and in the mobility of chains in the surface layers (Table 4).

Table 4. Enthalpy and entropy of activation of segmental motion

Filler con- Copolymer Polyurethane from Polyurethane from
tent (a — polyester polyether
aerosil, f —
fluoro-plaste) kcgl/mol ﬁil/mcl. AH AS AH As
grad
- 133 1.10 - - - -
8.83a 12.0 1.52 - - - -
249a 1.5 1.81 - - - -
26.51 12.0 1.50 - - - —
75.0f 11.4 1.82 - — - -
— - — 2.0 0.13 - -
13.3a - - 1.8 0.20 o -
13.3a - - 1.8 0.21

14.8a - - - - 3.8 1.79




Relaxation and Viscoelastic Properties of Heterogeneous Polymeric Compositions 19

This increase of activation entropy in the surface layers can be explained by the
fact that a greater change in the conformations of chains is required for the transi-
tion of molecular segments from one position at the surface to another during the
relaxation because of effective greater stiffness of the chain, than for similar move-
ments in the bulk.

It is also appropriate to stress here that, as follows from the respective compu-
tations, the principal contribution to E, is given from the enthalpy component, where
as the entropy factor plays the main part in the change of E; in the boundary layers.

It should be noted that the effects of changes of molecular mobility in bound-
ary layers are characteristic not only for polymers but also for oligomers. It was
indicated (57, 60) that the decrease of mobility in the boundary layer of a number
of oligomers chiefly depends on the decrease of the number of possible conforma-
tions, since the effects appeared to be little affected by the nature of the surface.
The following considerations can be presented as one more proof of this important
assumption (75).

The appearance of a loose packing in the boundary layers signifies the transition
to a less balanced equilibrium position, to less probable conformation. One should
have expected that a lengthy thermal treatment of the boundary layers similar to
the effect of such treatment on the approach of glass-like polymers to equilibrium,
will also affect molecular mobility. However, the study of PMMA and of copolymer
methylmethacrylate and styrene filled with aerosil indicates that the heat treatment
leads to a smaller shift of the low-temperature maximums, i.e. to a more dense
packing, and yet does not affect the position of the high-temperature maximum.
The data give evidence to the fact that the increase of the stiffness of chains in the
boundary layer reflects the transition of the system to a new equilibrium state,
which is characterized by new equilibrium conformations of the chains. It may be
suggested that during the heat treatment the chains draw closer to one another
without change of conformation, which causes the low temperature processes to
shift to the right (distance between molecules diminishes), whereas the conforma-
tions of the chains, hence, their mobility, do not change.

In connection with the statements above, let us dwell upon the reports (76, 77)
in which during the study by the NMR method of the molecular mobility of rubbers
filled with carbon black, and during the determination of transition temperatures,
no changes or shifts of relaxation processes caused by the filler were detected. In
our opinion, as it has already been stated above, when considering the dependence
of the shift of Tg on the cohesive energy, that those cases concerned systems with
small cohesive energies, due to which the far-reaching influence of the surface could
not manifest itself.

In addition, the findings of the work (73, 78) indicate that even for elastomers
the effect of the filler on relaxation processes may be strong.

Finally, it was shown in (79) that the parameters of distribution of relaxation
time spectra, calculated from circular diagrams, differ for systems with different
filler contents, i.e. with different thicknesses of the boundary layers.

Previously we discussed the findings obtained by the method of nuclear mag-
netic resonance and dielectric relaxation, related to heterogeneous systems with
organic fillers.
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For the case of polymer fillers it should be expected that the properties of the
surface of the polymeric filler will change under the influence of the polymer matrix.
Let us consider the polymer-polymer system in which a stiffer polymer is the
filler and the matrix is more flexible. The work (80) dealt with the relaxation proces-

ses in the boundary layer of an acrylato-epoxy-styrene composition, and of the
epoxy resin on the surface of particles of a styrene copolymer with methylmethacry-
late. In this case a reduction of segmental mobility may be observed on the polymer
surface, since the relaxation process shifts toward higher temperatures. The process
of relaxation copolymer segments shifts toward lower temperatures, which implies
an increased mobility of the polymeric filler molecules. An analogous picture was
noted in the research of those systems by the NMR method. The findings indicate
that the more flexible component in the polymer-polymer system stiffens, whereas
the stiffer one softens.

We also studied the molecular mobility in the epoxy resin polycaproamide sys-
tem at various stages of hardening which were simulated by adding various quantities
of the hardener. A new phenomenon of the inversion of the mutual interaction of
components in such composite materials was revealed. With small degrees of harden-
ing the molecular mobility of resin chains on the surface of the fibrous filler dimin-
ishes, and simultaneously a softening of the filler is observed. However, with a highly
cross-linked resin, a reduction of segmental mobility of the filler (polycaproamide)
is manifested under the action of the greatly hardened compound, as is seen in the
Ty versus temperature curve (Fig. 10). Here the hardened resin itself is characterized
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401 Fig. 10. Temperature dependence
K of Ty, 1: polycaproamide fiber, 2: ep-
20 30 40 50 60 70 80 90 T°C oxy compound, 3: composite (1.1)

by a shift of the relaxation minimum toward lower temperatures through approxi-
mately 8°. It means that in filled systems with a polymer as the filler, the latter in
some cases limits the mobility of molecules of the binder and simultaneously softens,
while in other cases, with a very stiff binder, the latter plays the role of a “solid sur-
face”, restricting the mobility of chains of the polymeric filler. In (87, 82) the behav-
ior of other polymer-polymer compositions was studied by the method of spin-lattice
NMR relaxation with similar results. Thus, for polymers filled with polymeric fillers,
in contrast to systems with mineral fillers, both the change of the relaxation prop-
erties of the binder and the relaxation properties of the filler should be considered.
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From this point of view, of interest is the effect of the introduction of inorganic
filler on the molecular mobility of components of a polymeric mixture, components
possessing macromolecules of different stiffness. In analyzing a composition of
polyvinyl chloride and copolymer styrene and methylmethacrylate, of a copolymer
and diacetylcellulose and PMMA and dimethylcellulose filled with aerosil, it was
shown (83) that as a result of incompatibility of the components and their selective
interaction with the surface of the in organic filler, the more polar or more rigid
component loses its molecular mobility, whereas the mobility of the less polar com-
ponent increases in comparison with its mobility in the non-filled mixture. This
concept is illustrated by the tabulated data (Table 5). The computation of the param-
eters of the relaxation time distribution, on the basis of the dielectric relaxation
findings, has indicated that in the filled mixture the spectrum of the relaxation time
expands, whereas in the mixture without the filler it may be more narrow than in

the initial components.

Table 5. Temperature shifts of maximums of dipole-segmental relaxation

System

To higher tem-
peratures in °C

To lower tem-
peratures in °C

1. PVC-copolymer (styrenemethylmetacrylate), shift
of PVC maximum

2. Shift of PVC maximum in the same blend in
aerosil presence

3. Shift of copolymer maximum in the blend

4. Shift of copolymer maximum in the blend in aerosil
presence as compared to blend maximum (without
aerosil)

5. B8hift of copolymer maximum in the blend with
diacetylcellulose

6. Shift of the copolymer maximum in the same
blend in aerosil presence as-compared to
maximum without filler

7. Shift of maximum of copolymer in the same blend
in aerosile presence as compared with pure copolymer

8. Shift of PMMA maximum in the blend with diacetyl-
cellulose in aerosil presence as compared to PMMA

3.5-30

8 -9
6.65

4.5-5

4-3.5

8-8.5

4-4.5

6. Deformability of Filled Polymer Systems

The modulus of elasticity is most important in specifying the mechanical properties
of polymers. In this connection consider briefly the dependence of the modulus of
elasticity of a filled polymer on the content of the filler. Most work on those lines
was carried out for filled elastomers to which to a certain extent hydrodynamic
concepts can be applied, these concepts underlying the inferences about modulus

dependence on the fiiler content.
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The principal effect of fillers, poorly interacting with the polymer, on viscoelastic
properties is due to the partial filling of the volume by stiff low-mobile inclusions.
Particles of the filler are usually big enough, and so the average distance between
them, even with a large content of the filler, is great as compared with the root-
mean-square distance between the ends of the polymer molecules, for which the
Gaussian distribution holds true. Moreover the filler particles are so remote one from
another that they cannot be interconnected by one molecular chain. For such systems
in which the thickness of the layers between particles is much greater than the inter-
face thickness, the effect of the contribution of interfaces to the total properties of
the system may be neglected. With due account given to such premises simplifying
the actual picture, many various equations have been obtained which explain the in-
crease of the modulus of elasticity with the introduction of the filler. Smallwood
(84), proceeding from hydrodynamic considerations, proposed for the evaluation of
the modulus of elasticity of a filled system an equation which was analogous to the
Einstein equation for viscosity:

E'=E,,(1+25®) 9
in which £' = modulus of filled rubber

E ;= modulus of unfilled rubber
¢ = volumetric fraction of the filler.

This equation has proved useful only for small concentrations of the filler, that’s
why another equation was suggested which depicts the experimental findings more
correctly (85)

E =E;n (1425¢+14.1¢%) )

For non-spherical particles the factor of shape f was introduced as the ratio of
the particle length to its crosswise size (86), and then

E' =Eyn (14067 f0+ 1.6212¢%) ©)

Eilers (87) proposed an empirical equation for the same purpose

pre(10122) ®

1-1.2¢

Kerner (85) theoretically derived the following equation

E _ %Gﬁ ¢/[(7—5v) Go +(8-100) G ] + (1-¢)/[15 (1-»)] } an

Euwn  |Go9ll(7-5v) Go +(8—100) Gi ] + (1—-9)/[15 (1-1)]

in which £’ = composition modulus
v = Poisson’s ratio for polymeric matrix
G¥ = real part of complex shear modulus of the filler
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Go = same for polymeric matrix
¢r = volume fraction of filler.
The Kerner equation was modified in the work (89)

E' AB¢
=1+ 12
Ear 1By (12)
. . _ 15
inwhich A = =T (13)
and
E}[Egn) — 1
g = E2/Eun 14
E/Bur) + A (14)

also the filler modulus £} is taken into account. A further modification was per-
formed in the work (90) which yielded the expression

E' 1+AB¢
UMMM . A 5
Ewa 14Bx¢ s
in which x¢ = function depending on the degree of ultimate filling ¢y,

1
x¢=[1+{—(——2¢i)}¢]¢ (16)
Sm
or
x¢=1—exp[ —2 a7
1-¢/¢m

In recent time the effect of the filler on the modulus of various elastomers has
been examined in the work (91) with due account to the above-mentioned Kerner’s
equation, and presuming that owing to the interaction at the interface, part of the
polymer is bound by the filler into boundary layers, and as a result, the efficient
fraction of the filler should be increased to ¢, which is more than ¢ in accordance
with the equation

¢e = ¢ (1 + Arfro)? (18)
in which Ar/rg = relative increase of the diameter of particles due to the interaction

which can be found from rheological data (see below) or from the comparison of
the loss modulus of the filled and unfilled specimens

E"[Es =1 —¢ (1 +Brfrg)? (19)
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Considering the latter ratio, Kerner’s equation can be transformed by introducing
¢e = ¢B in which B = parameter characterizing the interaction. If V' = 0.5 and Ey >
E,p, the equation will become

E'lEifn=(1+15¢B)/(1 -¢B) 20)
and respectively the mechanical losses will be given by
tg 6. = tg 8p/(1 + 1.5¢.B) (21)

Evidently, the losses decrease with the introduction of the filler.

Those equations differ from the previous ones in that they consider the actual
structure of the filled system and the existence of the boundary layer, though the
contribution of the latter to changes of the properties of the polymeric matrix is
not estimated here. The equation has been verified on a number of elastomers filled
with silica, glass beads, and barium sulphate. The interaction parameter was found
from the experimental data by the value of E”, and the Eq. (17). The parameter B,
as a rule, decreases with the increase of the filler concentration. However, the
introduction of the parameter is of formal character. Its meaning is the relative in-
crease of the size of filler particles owing to the formation of the boundary layer.
But then the result is that the thickness of the fixed layer decreases with the decrease
of the thickness of the layer between the particles, which is difficult to explain. The
dependence of B on ¢ makes it impossible to use the medified Kerner’s equation,
which does not account for this dependence.

As has been noted, the proposed approach is of interest because it takes into
account the existence of the boundary layer, but the dependence of B on ¢ casts
doubt on the validity of the approach, particularly if one bears in mind that the
thickness of the boundary layer must depend on the impact frequency (12, 13). The
found magnitudes of B vary within 6 and 1, i.e. to a case in which there is no bound-
ary layer. For glass beads in which the diameter of particles is 40 um on the average,
a thickness of the layer of 1620 um corresponds to B = 3, which by far exceeds the
thickness of layers determined by rheological methods.

A theoretical estimation of permanent polymeric systems containing a filler was
performed in the work (92). Analytical expressions for Lame effective coefficients
A and u were obtained for medium and large degrees of filling:

=2 +G)x (@) (22)
A*¥ =2.15(C + G) x (9) (23)
in which X (¢) = 0.435 {[(%549”3 ~ 1]+ 115 {(—‘i’;}!‘-)“'3 _ 1]2} -1 4)

Here ¢ = filler concentration; ¢y = maximum degree of packing with the given shape
of particles; C; and C, = Mooney’s constants. Respectively, the modulus of elastic-
ity will be given by
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E=5(Ci +C)x¢ (25)

However, because of a number of assumptions lying in the basis of the calculation,
the theoretical values differ by an order of magnitude from the experimental data.
A further development of those concepts (93) has indicated that the elastic properties
of a filled system are determined by the volume fraction of the filler and are little
dependent on the size of filler particles.

A generalized equation for the modulus of elasticity for two-phase systems was
given by Nielsen (94) in the form

E'[Eya =[1 +(K —1) B¢J/(1 + B x9) (26)

in which E' and E,, = moduli of the composition and polymeric matrix
B = constant determined by the ratio of moduli of the phases
K = Einstein’s coefficient (equal to 2.5 for dispersions of
spherical particles in incompressible medium)
X = parameter determined by the shape of the particles and by
the coefficient of fullness (coefficient of filling by the parti-
cles of the volume with maximum packing).

The effect of the filler concentration on the dynamic modulus magnitude may
be discussed from the point of view of wave propagation in a two-phase medium. In
this case (95) the theoretical values of the modulus are found from the relationships

E'= {Eyn (1-50) + (8—100) Ex — (7—5) (Eun — Ex)/0} |
/(7-5v) Ex + (8—10v) Ex — (8—10v) (Eun — E¥)¢] @7)

in which Eg = filler modulus
v =Poisson’s coefficient.

An interesting observation has been made in the work (96) to the effect that
Kerner’s equation is not sufficiently reliable for a complex system a glass-like poly-
mer-rubber-like-filler-glass beads. In this case the best results can be obtained if the
systems are considered as a single phase of a glass-like polymer with rubber in which
glass beads are dispersed. Then the modulus of the medium is first calculated as a
system filled with a polymeric filler, following which the calculated value is used for
the evaluation of the composite material.

The problem of the effect of the content and size of particles of the filler on
the modulus of elasticity is discussed in detail in 2 number of other works (97—99).

No doubt the deviation of the experimental relationships from those described
by the equations is associated with the finding that the result of modulus changes
cannot be reduced to the hydrodynamic effect of the filler particles only. Thus al-
ready in the work (100), concerned with the amorphous glass-like state of rubbers,
the effect of black on the shear modulus was proposed to be described by the use of
the equation

Gr=Gy¢1 +A" Gy, (28)
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in which G, G, and G, = shear modulus of the system, moduli for the rubber and
black respectively, ¢; and ¢, = their volume fractions and 4" = factor characterizing
the adhesion of black to rubber.
Payne (101) indicates that the dynamic properties of the rubber-black system
in a highly elastic state are determined by the following inter-related factors:
1. Structural effect (black structure) specifying the rigidity of filled vulcanizes at
small deformations.
2. Hydrodynamic effect of black particles distributed in the viscoelastic medium.
3. Adhesion between black and rubber, the role of the adhesion being increased
with the increase of deformation.
On the basis of the above points, Payne proposes the following general equation:

G'=Gun f(f,9) F(4) (29)

in which £ is the hydrodynamic effect, depending on the factor of the shape of par-
ticles and their volume concentration ¢; F(A4) characterized the bonding of the filler
and polymer particles. The value of F(4) may be found from the data on the swelling
of filled vulcanizates, and reflects the number of effective cross-links as a result of
the interaction of polymer molecules with the filler. If £(f, ¢) is found for inert fillers,
assuming that f(f, ¢) G’ /Gyn and F(A) is found from the swelling data, a good cor-
relation of experimental data on G’ /G, can be obtained calculated with due ac-
count f(f, ¢) and F(A4).

It follows from the dependencies of the relative modulus (ratio E'/Ey,) on the
content of the filler discussed above, that though £’ and E,,, depend on the tem-
perature, the relative modulus must be almost independent of temperature, despite
the prediction by Kerner’s theory of its slight rise caused by the increase of Pois-
son’s coefficient with the temperature. According to Nielsen (90, 102) the tempera-
ture dependence may be associated with the difference in the value of the matrix
modulus in a filled system as compared with an unfilled system. It is known that
stresses develop around the filler particle in an isotropic medium because of dif-
ferences in temperature coefficients of expansion of two phases in cooling the mate-
rial after its formation. Since polymers are noted for a non-linear stress-deformation
dependence, the modulus of elasticity decreases with stress. As a result, the polymer
has a smaller modulus near the border than the filled polymer, even if the total
modulus of the system is higher. The magnitude of stress around the particle de-
creases with the rise in temperature, and the modulus increases respectively. A cor-
responding theory has been developed in the work cited which yielded the following
equation for the temperature-modulus dependence:

d(EJEo) _ | Eeo ) (—02) f ()
T "‘( Eo) ej (30)

in which £ = modulus of unstressed matrix
E¢,, = modulus of filled material in the absence of thermal stresses
€, = elongation in the curve-point stress o-strain € where do/de = 0 and
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@, and a, are the coefficients of thermal expansion of the matrix and filler. The
function of f(¢) may be of various forms, for example

en x>
O3-1)

where x = (O /¢)1" 3, ¢=the volume fraction of the filler and ¢m = maximum content
of the filler in case of dense packing of its particles. The equation proved satisfactory
when checked by the filled polyethylene and epoxy resin data. Thus the rigidity of a
reinforced material can change greatly with temperature, even if the moduli of the
components are little dependent on temperature. The authors have also shown that
the temperature dependence of the relative modulus is determined by the ratio of
the filler modulus to the matrix modulus which differently affects the relative mod-
ulus above and below the glass point.

It becomes evident from this point of view that the equations explaining the
dependence of the modulus on the filler content are inapplicable for the tempera-
ture transition region. Indeed, it was shown (103) that the dependence of the loga-
rithm of the relative shear modulus in the transition region for the epoxy resin-finely
dispersed quartz is close to linear, but the slope of the curves is different for different
temperatures. This is equivalent to the assumption that one and the same value of
the relative modulus at different temperatures corresponds to different contents of
the filler ¢. However, a non-linear dependence on temperature is indicative of a more
complex mechanism of modulus changes in the temperature transitional regions.

All the works cited above do not take into consideration the contribution of
the change of polymer properties in the interface in relation to the dependence of
the modulus of elasticity of the filled polymer on the filler concentration; yet the
separation of those effects is essential. This was attempted in the work (104) in the
analysis of dynamic mechanical properties of polyurethanacrylates, filled with quartz
powder, with one and the same volume fraction of the filler and various sizes of its
particles. The dependence of E and #,  on the filler concentration has been analyzed
with particles of sizes that permit the contribution of the surface layers to be ne-
glected. Then, studying the properties of the filled polymer with various sized par-
ticles, the effect of the filler associated with its own volume can be excluded, and
the effects determined by the surface layers of the polymer may be isolated. In the
filler low-concentration region the dependence of the modulus on the filler content
is well depicted from the empirical correlation (103):

f(9)= 31)

E'|Eg =1+ 175¢ + (1.75¢)* 32)

Figure 11 illustrates the temperature and frequency dependences F and tg § of
the filled polyurethanacrylate. The reduction in the sizes of particles leads to a re-
duction in the thickness of polymer layers between them, thus increasing the fraction
of polymer in the boundary layers. The approximate thickness of the layers calcu-
lated on the assumption that the filler particles are of the cubic shape and form a
regular body-centerd lattice in the polymeric matrix, with the volumetric concen-
tration of the filler of 0.1, amounted to 3, 5, 7, 40, and 50 microns in the examined
fractions.
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Fig. 11. Frequency (at 293 cHz a, b) and temperature (at 0.004 Hz) dependences (c, d) of Eg
and tg & (e, f) of filled polyurethanacrylate at ¢ = 0.11 and various size of filler particles 1-3,

2-7, 3—45 mem

As is evident from Fig. 11 for specimens with thinner polymer interlayers, the
curves are positioned higher and to the right, as compared with specimens with rela-
tively thicker layers. Taking into account the constancy of the concentration of the
filler, such arrangement of the curves can be explained by the dependence of the
mechanical properties of the polymer interlayers on their thickness. It is obvious
that in this case £\, stands for the elasticity modulus of the binder whose proper-
ties have been changed under the action of the filler surface. Using the formula, the
equilibrium modulus Ey o of the polymer interlayers can be calculated from the ex-
perimental equilibrium values of the high elasticity modulus of the filled specimens,

E okglem?
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Fig. 12. Dependence of £, of filled PUA on
specific surface area of the filler (¢ = 0.11)

Figure 12 illustrates the dependence of the equilibrium high-elasticity modulus
E o of polymer interlayers on the filler surface calculated from the formula. One can
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see that the increase of the specific surface of the filler brings about an increase of
Eqoo. Since this effect is more expressed in specimens with a higher specific surface
fillers, a logical conclusion follows that it is associated with the presence of the
boundary layer of the polymer on the filler surface which (layer) either does not
take part in the deformation or possesses properties differing from the properties of
the polymer remote from the filler.

Taking into consideration that the thickness of the polymer interlayers between
filler particles by far exceeds the length of the macromolecule and square mean root
distance between its ends, for a filled polymer the Gaussian distribution of distances
between the ends of macromolecules must hold true. Temperature dependence of
relaxation time in such system can be described with the aid of Williams-Landell-Ferry
(WLF) equation whose applicability to filled systems was checked by many scientists.
Therefore, for a further analysis of the experimental findings, use has been made of
the WLF equation and of the free-volume conception.

The shift factor ap was determined from the temperature dependences E and
tg & using the formula proposed by Ferry (105):

- T8
ar w15 (33)

in which 7 = internal friction coefficient
T = temperature in °K
& = specimen density

The index “S” is given to characteristics of the specimen at reduced temperature
T, 50° above the position of the losses maximum tg 8.

It was shown that the shift factor ap in the polymer with a coarse filler is vir -
tually the same for both large and small concentrations of the filler, whereas for a
fine-grained filler the curve is steeper and lies lower. It indicates that the boundary
layers take part in the deformation process, and that their properties differ from
those of more remote layers.

Using the values of ar and the formula from the work (105)

gor —-—B(}l—r —?i—) (34)

we have calculated the free volume fractions in the filled specimens at various tem-
peratures. For the calculations, use has been made of the universal value of the frac-
tional free volume at the glass transition temperature f; = 0.025. It was found that
the temperature-dependence curve of the free volume fraction for specimens with
a more developed surface was higher than for specimens with a coarse-grain filler. It
points to the increased fractional free volume in the boundary layers which agrees
well with the previously established reduction of packing density in boundary layers
).

To obtain a more unambiguous interpretation of the findings of the mechanical
examinations we have carried out a calorimetric study of the same objects. Tempera-
ture dependences of the specific heat C,, in the transitional region were obtained,
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and on their basis the fraction ¢, of the polymer found in the boundary layer was
analyzed.

Figure 13 illustrates the fraction of polymer in the boundary layer versus the
specific surface of the filler with a constant concentration of the latter. As is evident
from the drawing, the boundary layer fraction rises as the filler surface increases.
Comparing this fact with the increase of modulus of elasticity with the increase of

gn

03r

0,2+ -~

¢
ol /o/
Fig. 13. Dependence of surface layer fraction on

0 0,5 10 S,m2/g filler surface at ¢ = 0.11

the filler specific surface, a conclusion can be drawn that changes in properties of
the filled polymer are due to the transition of part of the polymer to the boundary
layers with accompanying changes of properties.

To estimate the effect of the filler on the polymeric medium, a concept has been
introduced in the work (106) about a critical concentration of the filler at which
the entire mass of the polymer changes to glass under its influence. This concen-
tration ¢, is found as the point of intercept of the log modulus to filler concentra-
tion curves in the regions above and below the glass point.

The introduction of the critical concentration concept makes it possible to ob-
tain curves for filled compositions which are invariable with respect to the filler na-
ture. For plotting such curves the concentration of the filler is replaced with the re-
duced value which defines the degree of change of the composition at the given con-
centration ¢ and varies from 0 to 1. This reduction helps toobtain generalized depen-
dences of a number of properties (including modulus, glass transition point, etc.) on
the reduced concentration, irrespective of the nature of the filler. At ¢;eq the poly-
mer changes into the surface layer state, and then the thickness of the layer can be
readily found from ¢eq as & = V/S (in which ¥V = polymer volume, S = total surface
of the filler at §/¢., = 1). The values thus obtained for different fillers are within a
resonable range (80—400 A). However, since ¢, is defined from the data on the
mechanical properties, the thicknesses reflect just those characteristics.

The work (107) also states the need to estimate the characteristics of filled sys-
tems from the equations taking into account the characteristics of the interface whose
properties substantially differ from those of the polymer hardened without the filler.
Indeed, it follows from the above-stated that the change in the structure of the sur-
face layer, as compared with the properties in the bulk, is a factor determining the
physico-chemical properties of filled polymers. However, up till now there have been
no direct data which would make it possible to estimate the contribution of the
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property of the surface layer in a filled system to the properties of the composition
material as a whole. It is necessary to calculate a filled system as a three-element one,
consisting of the filler, interface with changed properties, and of an invariable binder.
In this area of interest is an attempt made in the studies (108, 109). The authors
estimated the critical content of the filler ¢, above which no changes in the density
of the polymeric fraction of the composition occur, and suggested that under those
conditions all the polymeric component is in the interphase layer. Such a system
may be represented as a two-component one. For the system under study (thermo-
setting binder-inorganic filler) the authors have found that the density of the poly-
meric composition is higher than the additive value which was attributed to the inter-
phase layer of a higher density. The density of the interphase layer was found from
the function of density of the filler fraction at the ¢ value, and this value was used
to estimate the volume fraction of the interphase layer from the additivity equation
for a three-dimensional system.

The latter can be used for the calculation on the mechanical properties of a
system, if at ¢, the binder modulus is replaced with the interphase layer modulus.
Then the composition modulus will be defined from the equation:

E = EsEv By
¢ EgEetp + EyEc¢s + EsEp,

in which E,, Ey, E), Ey, are elasticity moduli of the composition, filler, interphase
layer, and binder; ¢y is the filler fraction ¢, = binder fraction, and ¢; = interphase
layer fraction.

Thus it has been established that the interphase layer characteristics differ greatly
from those of the binder, and these differences are associated with the natuze of the
polymer and filler i.e. with adsorption interaction, hardening conditions, etc.

7. Viscoelastic Properties of Polymer
Compositions with Dispersed Polymeric Fillers

Mechanical properties of polymeric compositions were studied by many scientists
(e.g., see 110—113). That is why this section will deal only with some general prob-
lems mainly related to relaxation properties.

Dynamic mechanical properties of polymers filled with polymeric and non-poly-
meric fillers can be described for the case of absence of interaction between the com-
ponents on the basis of mechanical models proposed by Takayanagi (I 14). The com-
position can be schematically illustrated by his sketch 14a, in which the system type
is at the left and the equivalent model at the right. The upper drawing refers to a
homogeneously distributed dispersed phase, and the lower drawing, to a heteroge-
neously distributed phase. If the phase a is dispersed in the phase w two equivalent
models for systems I and II are possible, respectively (Fig. 14b). The complex mod-
ulus of elasticity for those models will be given as
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Fig. 14. a) Scheme of two-phase mixture and of equiva-
lent model [Ref. (114}
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in which EY and E(, are the complex moduli of the two phases, magnitudes A and ¢
correspond to the fraction occupied by phase a in the thickness and length of the
specimen (see diagram) and Ay is equivalent to the volume fraction of phase a. Values
A and ¢ may be called the composition parameters, since they vary for different
types of composition, Ay remaining constant. The greater ¢, the closer the model to
the common paralled connection of the elements; and the greater A, the nearer it is
to the series connection of the elements.

It has been established that those equations can be applied to many systems in
which two components form two separate non-interacting phases. Thus, in (115) the
model of Takayanagi was employed to denote the dynamic modulus and mechanical
losses of butadiene-styrene rubber reinforced with polystyrene particles 400 A in
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size. It has been established that in the high-elastic region the filler sharply increases
the modulus, but has little effect on it in the glass-like state region. No changes in
the glass-transition points of the components have been revealed in the mixture, as
compared with the pure components. The behavior of the system is adequately de-
scribed with the aid of the equations based on the model, without depicting the ef-
fect of the fillers on segmental mobility of macromolecules of the rubber phase. The
same model was advantageously employed for the polymer-glass sphere system (167).
Proceeding from the assumption that the indeterminancy in the disposition of
the elements in the series paralled connection makes operations with the model dif-
ficult, another model was proposed (I 16) which removes a number of difficulties
without the introduction of additional parameters. The model is schematically repre-
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sented in Fig. 15. Its geometric parametersa and b are unequivocally connected with
the volume fraction of the dispersed phase, as the other component, by means of the
ratio

V, =a* (3b — 2a) 37

Figure 15 illustrates two methods of arrangement of the elements of the model,
which are the limiting cases of the series-parallel (A) and paraliel-series (B) connec-
tions. Evidently the isotropy of this model is more preferable from the physical point
of view, as compared with Takayanagi’s model. The authors stress that the proposed
models represent only a phenomenological method of describing experimental data,
and that in connecting the model, empirical rules are used, which is justifiable only
when correlating the results of theoretical estimations with the experiment.
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The moduli in various models are found from the following equations:
Isotropic model A

ay

£= (-b)E, +bJE, = [(1—a)* +2a (1-B)/E; +2a (b—a)/] (1-a)/E; +a/E, (38)

Isotropic model B
-~ 2y} 1
E= a o (b—a) i ¢ b)} 39
a(2b——a)[:’2 +(1-—ﬂ) El a E2 +(1—a) El El

Ey and E, are complex moduli. Their components elasticity and loss moduli are
found for the mixture by a direct substitution of the respective values in those re-
lationships with a subsequent division into real and imaginary parts. In the cited work
both the models were correlated with the experimental data and with calculations by
the equation of Takayanagi, and the conclusion was made that the formula (38)
agrees with the experimental data best.

The theory of viscoelastic properties of geterogeneous composites of the poly-
mer-polymer type was developed on the basis of the well.know equation of Kerner
(117). This equation is represented for the shear modulus G in this form

G (-G +(at V)G (40)
Gm (+aV)Gu+a(1-V)G

where v is the volume concentration of the second phase, m and i are the matrix and
filler indexes and a = 2 (45 vy, ) (7—5 vy ) in which vy, is the matrix Poisson’s ratio.
A similar expression can be derived for the complex dynamic modulus

E* : (I—V)E:l +ﬂ(0(+ V)E:‘ (41)

B T 0 anES v ap(-NET

where 8= (1 +vg)/(1 + V),
7 =(1+v)/(1+vm)
in which v is Poisson’s ratio for the composition.

A composite is described with the aid of the same Takayanagi’s models which
were discussed above. The equivalence of both the models enables them to be de-
scribed with the aid of one equation. If viscoelastic Poisson’s ratio (v* = v + iv")
isequal tov* =»! =, then the dynamic shear modulus

(21 (1—901) -1
G*= -
[ MGT+(1N)Ga | GE ] (42)

of the 2-model equations for the moduli may be reduced to the Eq. (40) if we find
the parameters of the model v, = V (1 + o)f(a+ V) and A; = (a + V)/(1 + o) after
an experimental check up of the dependence of the modulus on the volume fraction
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Fig. 16. Scheme of the composite material
with simple (a) and complicated (v) inclusion
[Ref. (1271

of the second component, of Poisson’s ratio for the matrix and of other properties
of the phases. Two types of inclusions have been considered: a simple inclusion of
one polymer in another (Fig. 16), and complex inclusion in which part of the poly-
mer, forming the dispersed phase, occludes part of the continuous phase. Properties
of such particles can be calculated from the equations, and then the values obtained
again substituted into the same equations for the estimation of the composite prop-
erties. A good relationship was established between the experimental and calculated
values for systems which are particles of a soft filler in a rigid polymeric matrix. The
estimations indicate that part of the complex modulus associated with the included
component depends on the volume concentration of the dispersed phase, and the
part associated with the matrix depends both on its concentration and morphology.
The considerations were checked against specially synthesized model systems (118).
During the calculations with the aim of correctly depicting the results, the values of
vy, taken varied from 0.2 to 0.5. For the model systems (dispersion acrylate latex in
PMMA and the like) whose structure was estimated by the electronic microscopy
technique, calculations of the dependence of the modulus of elasticity on the com-
position were carried out using the Kerner's equation. It has been found that in a
number of cases the effective fraction of the volume dispersed phase should be intro-
duced into the theoretical equations instead of the real volume, taking into account
the dependence of the former on the temperature. The authors emphasize the im-
portant role of the phase inversion which may lead to a change in the process of
mechanical loss dependence on the temperature. The model concepts were taken as
the basis for the study of the effect of morphology on the properties of polymeric
compositions in the work (119) in which morphology is understood to be the
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character of distribution of filler particles and their sizes in the polymer-matrix place.

A drawback of all the considered model concepts is that the possible interaction
between the components in the inferface is neglected.

As a consequence of the above statements, changes in the relaxation properties
of the polymers themselves, properties resulting from the adsorption interaction
should be taken into account, as well as the possibility of the formation of additional
cross-links in the physical structural network, as a result of the polymer-surface
interaction (7). The possibility of the formation of structures as a result of the inter-
action of the filler particles with each other should also be taken into account. Thus
viscoelastic properties will be determined not only by the existence of two indepen-
dent phases, as considered in the model discussed above, but also by many other
factors. Of much interest from this point of view is the work (120) in which a three-
phase model accounting for the formation of the layer with properties, differing from
those in the bulk, is proposed for the case of the effect of a filler with a high surface
energy on the formation of transcrystalline regions of polyethylene on its surface.

The research of viscoelastic properties of filled polymeric systems is very impor-
tant for the estimation of the behavior of articles made from them under operating
conditions and under impact of considerable loads.

Now consider general regularities in the viscoelastic behavior of filled polymers
against their chemical structure and flexibility of chains.

Here the theory of viscoelastic properties stated in a number of manuals will
not be discussed.

The principal regularities of viscoelastic properties of polymers are revealed in
analysis of their temperature-frequency dependence. Such properties are described
in the theory of reduced variables (1 05). Williams, Landell, and Ferry worked out
amethod of transformation of temperature and frequency scales with the aid of
which experimental data, specifically the dynamic modulus, can be put on one gen-
eralized curve, covering a very wide range of frequencies and temperatures (WLF-
method). In a number of studies carried out up till now the applicability of the
WLF equation to filled systems, mainly to rubbers, has been proved (121-126).

Temperature dependence of relaxation and retardation time of various filled
vulcanizates can also be depicted with the aid of the WLF equation

_ —886(T-Ty)
lBor = yo16+ 7T, (43)
in which a = reduction coefficient which defines the shift of the given character-
istic in the frequency log dependence curve
T = temperature in the experiment
T = reduction temperature which is an empirically selected magnitude.

The application of the WLF theory to filled rubbers has indicated that the
filler has little effect on the temperature-frequency dependence, and that T is
approximately linear-dependent on the filler content (127).

In most studies the WLF method was used to plot generalized curves of vis-
coelastic functions for specimens with varying content of the filler. Validity of
principle of temperature-frequency superposition for filled polymers has been dem-
onstrated. It has been established during the experiments that in the comparison
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of specimens with different degrees of filling at the respective temperatures (i.e. at
reduction temperature T for the unfilled polymer and T + A 7 for each of the
filled specimens), the retardation and relaxation spectra agreed well at short time
periods and filler volume fractions up to 0.2, while with greater filling degrees the
relaxation-time spectrum maximum increases, whereas the average relaxation-time
monotonously decreases.

Calculations of the relaxation-time spectra for black-filled rubbers were also
performed in the study (128) with similar results. It was demonstrated that with
increasing activity of the black, the planar is the relaxation-time spectrum, i.e. the
more significant is the role of the relaxation time of filled systems, which is con-
nected with the restriction of mobility of macromolecules in the strengthened struc-
tures of the polymer.

Generally, the effect of the filler on the relaxation-time temperature dependence
can be described as the increase of the values 7;; (124, 126, 127, 129).

The actual mechanism of relaxation processes in filled compositions is very intri-
cate and insufficiently studied. It is conjectured that the active filler causes the in-
crease in the number of relaxation elements with greater relaxation periods. Barten-
jev and Vishnitskaya (130) have ascertained the existence of three relaxation ele-
ments connected with the chains relaxation proper with the detachment of rubber
chains from the filler particles and with regrouping of the filler particles (filler re-
taxation). In the work (131} the nature of high-temperature peaks of mechanical
losses of black-filled rubber was studied and the conclusion was made that their
existence is connected with the inversive destruction of black structures and of the
polymer structural lattice associated with them. Lyalina, Zelenev and Bartenev (132)
have also studied the effect of the black surface nature on the relaxation processes
and have confirmed the above-stated concepts. They also observed the multistage
relaxation mechanism in black-filled rubbers and indicated that the process activa-
tion energy associated with the relaxation in black-rubber complexes is dependent
on the filler content (133). The effect of deformation of the structure formed by
the filler was accounted for in the work (134). It was demonstrated that the prin-
ciple of the temperature-time superposition is inapplicable with high filler contents
when additional relaxation mechanism come to light. The appearance of a com-
pacted structure of the polymer (135, 136) caused by its interaction with the surface
of the filler particles making up the structural network, leads to the appearance of a
number of new features in the relaxation behavior, features associated with a change
in molecular mobility. The analysis of the relaxation spectrum for the black-filled
vulcanizate of the butadien-styrene polymer (I37) has shown that the introduction
of the black filler increases the height of the spectra, and that the character of the
spectra is dependent on the black energy characteristics. In the case of small defor-
mations the spectrum of the vulcanizate with black, characterized by a homogenous
surface, shifts toward greater relaxation time, whereas for an active black with a
heterogeneous surface the spectrum falls abruptly in the large relaxation-time region.
In the case of great deformations (> 50%) the spectrum of vulcanizates with active
blacks shifts toward the large relaxation time region the more, the greater the rein-
forcing action of the black. Under such conditions the increase in the height of the
relaxation spectrum and its shift toward greater relaxation periods is associated with
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the compactness of the structure and presence of strong polymer-filler bonds. The
increase in temperature accelerates the relaxation processes and brings about a de-
struction of weak bonds, which cause the spectrum to diminish in height.

A molecular theory of the relaxation properties of filled elastomers has been
developed by Sato (138) on the basis of the statistical concept of rubberlike elastic-
ity. He has derived expressions for the estimation of Young’s modulus stresses and
mechanical losses of filled polymers.

While the question of the viscoelastic properties of filled rubbers has been ex-
amined in greater detail, the dynamic properties of thermoplastics and thermosetting
plastics have not been sufficiently studied.

Relaxation processes in filled cross-linked phenolic resin have been investigated
in the work (139). The authors stress that changes in the interaction between the
resin and filler against changes in the temperature or speed of the deformation lead
to changes of the system’s mechanical properties with the filler introduction. On
the basis of the findings they calculated the relaxation-time spectra and estimated
activation energy of relaxation processes. There was a good agreement between the
theoretically calculated and experimental spectra of relaxation time, though they
did not reveal a simple correlation of the resuits obtained with different rates and
temperatures in the experiment. Unfortunately the authors did not examine the
physical essence of the processes which occur in the interaction with the filler, and
confined themselves to a formal application of the viscoelastic theory to the filled
system, and to the establishment of certain differences in the relaxation-time spectra.

The effect of the filler on the dynamic mechanical properties of PVC composi-
tions filled with aerosil and black has also been analyzed (140, 141). As has been
established, the existence of strong cohesion in the boundary layers changes the mo-
bility of the chains and the spectrum of relaxation properties. The filler brings about
an increase of G* and slightly affects the character of its temperature dependence.
The reduction in temperature increases the ratio of the moduli of filled and unfilled
polymers in the glass point region. The changes in the spectrum are explained by the
formation of boundary layers with an increased free volume. The authors also stress
the importance of the filler effect on the properties of the polymeric matrix. The
effect of the filler size on the dynamic properties of epoxy resin compositions with
aluminium powder is discussed as well (142) and a conclusion is made that the in-
crease in the dynamic characteristics is indicated with the optimum size of the par-
ticles.

It should be noted that the formation of the filler structural lattice in thermo-
plastics can also affect the viscoelastic properties (143). The viscoelastic properties
of and PMMA filled with aerosil and glass fiber have been examined in (149) in which
the role of the filler and polymer nature was demonstrated as well as their interaction
in response to those properties. The dynamic properties of filled polyethylene, poly-
propylene, and of a number of other polymers have been investigated in (72) where
they are treated from the point of view of changes in the molecular mobility. A
number of other reports on those problems have been published (145—148). The
principal findings of these studies confirm our concepts related to effects of molec-
ular mobility on the viscoelastic properties. However, in contrast to the studies of
filled resins, the filled thermoplastics were examined only by the use of common
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methods of dynamic analyses without any attempts at a detailed examination of the
relaxation spectra and quantitative description of the results with the aid of the WLF
theory. Only one report (149) is concerned with the examination of the spectra of
relaxation time for amorphous PS and PMMA, filler presence. The change in

aerosil. These spectra are also noted for a shift toward greater periods and an increase
of the contribution of medium relaxation periods in triller presence. The change in
the spectrum shape is approximately proportional to the filler surface area.

From the point of view of the effect of the formation of interphase transition
layers on the viscoelastic properties, of interest is the report by Romanov and Ziegel
(150} who studied the dynamic mechanical properties of filled elastomers, using the
ethylene-vinylacetate copolymer with polyamide, PS, and PMMA as the fillers taken
in various contents by volume. They have attempted, on the basis of the temperature
dependence of the moduli of the components and the modulus of the composition,
to calculate the parameter which specifies the interaction of the components by the
agency of the increase of the volume of the particles owing to the adhesion of the
adjoining interphase layer. It has been found that this parameter is constant above
the glass point of the polymer matrix and reduces at temperatures below this point,
and that it is independent of the filler content. The dynamic mechanical properties
of a number of incompatible polymeric compositions have been investigated in a
number of works by Zelenev et al. (151, 152). It has been shown that the main re-
gion of relaxation of the components expands as a result of the diffusion distribution
of the components. However, typical for all the cases is the manifestation of two
relaxation regions whose positions are constant, though the heights of peaks of me-
chanical losses may change with a change in the mixture composition. Zelenev also
observed in the mixtures butadiene-styrene rubber with PS a shift of the peak to-
ward lower temperatures. Additional relaxation peaks have been displayed which are
associated with the “defrosting” of the mobility of the segments in the transitional
layer zone (for the elastomer-PVC systems).

From the point of view of a general description of properties of systems filled
with polymeric fillers, of much interest is the report {153). In contrast to the com-
mon-type filled systems, in which the filler is introduced into the bulk of the poly-
mer matrix, a system is under study in which the immobilization of the polymer
regarded as the filler, was performed by impregnating the surface layer of cellulose
specimens with diluted solutions of the polymeric filler. Used in the experi-
ment were incompatible systems, which make it possible to determine the properties
of the “bonded” surface polymer, the properties which reflect the adhesive interac-
tion. Copolymers of styrene and acrylonitrile with butadiene have been analyzed
with the determination of the mechanical properties of the starting materials and of
the compositional material. Changes in the rubber-glass transition points have been
determined on the basis of the data on temperature dependence of the imaginary
part of the complex elasticity modulus with different amounts of the polymer intro-
duced into the surface layer. It turned out that the temperatures (T) are always
higher for the polymer in the surface layer than for the same polymer within the
bulk. The increase in the glass transition point is regarded as a measure of the inter-
phase interaction. The interaction depends on the material composition and on the
composition of the polymer and increases as the parameters of solubility of the poly-
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mer and cellulose draw together. The experimental findings were compared with
mechanical characteristics computed on the basis of mechanical models for poly-
meric mixtures in which the components do not interact.

An interesting method of producing systems filled with a polymeric filler is the
method of polymerization of a monomer in which a polymer is dissolved incompat-
ible with the resulting polymer. The relaxation properties of such a system will de-
pend on the initial concentration of the polymer in the monomer. In the work (154)
a number of such systems based on PBMA-PMMA have been examined by determin-
ing the parameters of the Kolrausch relaxation equation

E(t)=E.. +Eq exp E(-;)x (44)

in which E(¢) = modulus at a time point ¢
E.. = equilibrium modulus of elasticity
E, = relaxating part of the modulus
7  =relaxation time.

Systems have been studied with various contents of PBMA and sizes of its parti-
cles and various distributions of particle size. The difference in sizes of particles was
caused by a diverse viscosity of the reaction medium with the dissolved polymer
which affected the character of aggregation of the PBMA molecules.

A sharp reduction in the equilibrium modulus of elasticity corresponds to the
introduction of a low molecular PBMA. The minimum of the equilibrium modulus
and the maximum of the relaxation time correspond to the maximum sizes of the
particles. However, the non-linear change of the module is explained by the authors
by the finding that the relaxation properties are affected not only by the properties
of the two components but also by the processes occurring at the interface. The in-
crease in the size of the particles brings about a reduction of the interface- area val-
ues. For this reason the effects associated with the change of molecular mobility at
the interface will be manifested in those areas in which the particles are smaller and
their number greater, i.e. either with small or great concentrations of PBMA in the
system. A delay in the change of the equilibrium modulus occurs in the reagion of
30 to 40% of PBMA in which an abrupt increase in the number of particles and in
the surface area takes place. The plateau region corresponds to the maximum of size
and minimum of number of the particles and is due to the presence in this region
of the concentration of a great number of small particles, owing to which a solution
of PBMA in PMMA actually makes up a continuous phase in this region. The authors
conclude that the character of distribution of the components in the system has a
significant effect on their relaxation behavior which is the function of both the com-
position and distribution of particles of the dispersed phase in the polymer matrix.

Heterogeneous polymeric systems on the basis of two polymers can be also re-
alized in the form of interpenetrating polymeric networks (155, 156). Such systems
are interesting in that they consist of two continuous, not chemically inter-connec-
ting polymeric networks which cannot be separated because of mutual penetration
of segments of one network into the cells of the other. The appearance in IPN of a
transitional region caused by the incompatibility of the components increases the
heterogeneity of such systems and can be noted on their viscoelastic properties (157).
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Changes in the concentration of the second network has a non-monotonous effect
on the apearance and position of the temperature curves of the real part of the com-
plex modulus of shift of the mechanical losses tangent. The effects are associated
both with the change in the relation of phases and fraction of the transitional region,
and with the effects of the first network on the properties of the second network,
the effect which is similar to the effect of the filler on the properties of polymers
(1). It has also been found that the introduction of the second network has a great
effect on the relaxation spectrum, the effect which is similar to the effect of the fil-
ler (see below) and is associated with the reduction of molecular mobility in the
second network because of the adsorption interaction with the first network.

Interesting aspects of the effect of fillers on the relaxation behavior were noted
in (158) illustrated by experiments with segmented polyurethanes. In this case the
presence of segregations of blocks of different chemical structure, typical for block-
copolymers, causes the appearance in such systems of selective interactions with
blocks of different nature, and brings about a complex effect on the temperature
curves of the viscoelastic characteristics, as well as on the modulus-filler concentra-
tion curve.

The findings of the research of viscoelastic properties discussed above are based
on the study of properties of the entire filled system. It is assumed that with a suf-
ficiently high concentration of the filler, having a large specific surface, the thickness
of the polymer layers between particles becomes commesurate with the thickness of
the polymer boundary layeis on the surface of the filler, and the boundary layers
contribute appreciably to the general mechanical behavior of the filled polymer (§ 1).
However, quantitative data can be obtained with the aid of an equation depicting
the dependence of viscoelastic functions of a filled polymer on the concentration
and viscoelastic characteristics of the components in the absence of a specific inter-
action between them. Though there are such correlations, no one of them is suffi-
ciently correct. This may be because of a substantional heterogeneity of the strain-
stress state of the polymeric layers because of their irregular thickness and differences
in the structure at different distances from the interlace. Moreover, some of the layers
may be under tensile strain, while others may be under shear or compression. There
is a possibility that some part of the polymer owing to virtual non-deformability of
the mineral fillers will be under conditions of all-round compression or tension.

Homogeneity of the polymer strained state can be maintained by the use of the
method of examining the mechanical properties of a pile of layers (159). The concept
of the method, as is known, consists of the measurement of the total strain of n-
number of the boundary layers of the polymer applied to thin high-molecular plates
stacked in a pile. Knowing the total deformation of the pile and the deformation of
the high-molecular plates, the deformation of the polymeric layers can be readily
calculated. Since in the study of linear viscoelastic properties the strains measured
on alayer of, say, 10 um thick will be very small, a special technique of measurement
of dynamic mechanical properties of a pile of layers has been elaborated (159).

The study and comparison of the viscoelastic properties of multi-layer polymer
specimens with various thicknesses of the polymer layer will make it possible to
elucidate the effect of the nature of the solid surface on the layer thickness and proper-
ties of the surface layer. Let us discuss some of the findings. The viscoelastic charac-
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teristic of solidified epoxy resin with the thickness of layers of 7.5 to 100 were ex-
amined by the use of quartz plates.

It follows from the data on the temperature and frequency dependence of the
real part of the complex shear modulus £’ will rise and tg § drop with the reduction
of the layer thickness. This phenomenon can be explained as follows: The modulus
changes are associated with stiffening of the polymer in the thin layer near the solid
surface. Suppose that part of the layer in the immediate vicinity to the surface differs
from the more remote layers and serves as a “rigid” filler for those layers. In such a
case the higher values of E' can be attributed to the increased concentration of the
filler, or to a reduced concentration of the polymer in the interlayers owing to the
transition of polymer particles into the boundary layer. For such a model the thick-
ness of the boundary layers can be estimated from the experimental data by the ef-
fect of the polymer concentration on the modulus. The analysis of the calculated
thickness of layers has indicated that they are temperature dependent. This depen-
dence can be explained on the assumption that the temperature dependence of the
boundary layer of the binder is close to that for a pure binder, but is shifted toward
the higher temperature region. As a result, the more spectacular differences in prop-
erties of the boundary layer and the rest of the polymer should occur in the transi-
tion-state temperature region, when most of the polymer has already passed into the
state with low values of the modulus, whereas the boundary layer is still in the high
moduli state. It actually means that not the thickness of the boundary layer but its
contribution to the mechanical behavior as a layer with changed mechanical charac-
teristics is temperature dependent. Indeed, in the glasslike state the modulus of the
binder is large and the efficient contribution of the boundary layer with a high mod-
ulus is not very significant. All this similarly holds true in the highly elastic state, and
the difference is manifested only in the transition state with a high temperature de-
pendence of the properties. For this reason the transition state is most convenient
for the study of properties of the boundary layer and their differences from bulk
properties. Experiments prove that the efficient layer thickness temperature-depen-
dence curve passes through a maximum whose position corresponds to the mechani-
cal loss maximum. Assuming the thickness of the boundary layer equal to the maxi-
mum efficient thickness and using the formula for composite specimens with succes-
sive work of the layers (160) we have

s, P\ ( Ys . Yo ) ( Y5 Yo )’1
Ge= G ; 8= 4 + ’ ' + r
) ( G, GO) 1® Gy G ) \188:G, tg8,G (45)

in which ¢, = boundary layer concentration with shear modulus G in the polymer
layer
o= concentration of the bulk portion of the polymer with modulus G§
and yp,, = efficient characteristics of the polymer layers calculated from
the ratio

G' i

Eg Vs + o)

(46)
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The temperature dependences G and tg §; have been evaluated. It was shown that
in the transition-state temperature region the shear modulus of the boundary layers
is higher and the maximum of losses is shifted toward higher temperatures.

The findings indicate that the polymer properties in the layer are perhaps not
uniform. To throw light on this non-uniformity in (161) temperature dependences
of mechanical losses of the same epoxy resin polymer have been studied in its suc-
cessive proximities to the support by the use a technique based on the determination
of the temperature dependence of mechanical losses of a three-layer cantilever rod
in which the internal layer is a metallic foil and the two external layers are the poly-
mer under examination (162). The initial thickness of the layer in the subsequent
experiments was reduced either mechanically (polishing) or by way of sublimation
under the action of low-temperature plasma (63). It has been found that for very
thin layers of the polymer, the maximum is shifted toward higher temperatures.
Figure 17 illustrates the dependence of the temperature of the maximum on the
polymer layer thickness. The findings indicate the non-uniformity of the structure
of layers in agreement with the findings of the experiments (2, 5).
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Fig. 17. Dependence of tempera-
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0 10 20 30 losses on the thickness of polymer

d,micron layer

In this way the data given above show that the viscoelastic properties of the
systems under study are much dependent on the existence of the macro- and micro-
heterogeneity of structure and on the interphase interaction in the interface. The
latter, by virtue of the reasons explained in Section 1, changes molecular mobility
of polymer chains, and consequently, the entire complex of relaxation and mechan-
ical properties.

8. Effect of Inorganic and Polymeric Fillers on Relaxation Spectra

As has already been indicated, the restriction of molecular mobility because of ad-
sorption interaction leads to an expansion of the relaxation spectrum. It was shown
in (35, 58) on the basis of the data on the distribution parameter calculated from
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dielectric measurements by the method of circular diagram of Cole-Cole (62).

The increased average time of relaxation on the surface of solid particles (1, 46,
47) and the increase of the relaxation spectrum are connected with changes in the
surface layer structure {2). From this point of view a systematic reduction in molec-
ular mobility and the increase of average relaxation time with the increase of the
interface must occur until all relaxants with greater relaxation periods are excluded
from the relaxation process as a result of a strong binding of large numbers of poly-
mer molecules with the surface, as takes place during the vulcanization of elastomers.
Therefore, it can be assumed that regular changes in the character of mechanical
relaxation time spectra will occur with changes in the concentration of the filler.
Since this problem has not been specially investigated, we have carried out the study
of viscoelastic properties of filled polymers under dynamic loading conditions (164)
with the aim of checking the hypothesis. We have studied frequency and temperature
dependences of the complex shear modulus G* and mechanical loss tangent tg § for
an epoxy resin composition with different concentrations of the filler. Relaxation-
time spectra have been computed from the resultant dependences of the real part
of the complex shear modulus on the strain frequency by the method of Ninomia-
Ferry with the aid of punch cards.

The curves of the spectral function of H for relaxation periods more than 10 sec.
and for various concentrations of the filler are illustrated in Fig. 18. It is clear that
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: Fig. 18. Relaxation spectra of filled with quartz

. . , . powder polyepoxy resin at 80°,1: initial, 2: ¢ =
102 104 106 1087 sec 0.04, 3: = 0.31, 4: o= 0.44

with small concentrations of the filler (p = 0.04 by volume) the relaxation-time
spectrum undergoes percepiable changes only in the short-time region, somewhat
shifting toward the small relaxation-time side.

An increase in the concentration of the quartz filler (curves 2 and 3) also results
in an expansion of the spectrum and its shift toward larger periods. In addition, the
spectral function # increases with the increase of the filler concentration, and the
slope of the spectrum linear portion in the filled specimens is less prominent than
in the unfilled ones.

Taking into account that the quartz relaxation-time spectrum does not overlap
the binder spectrum, the indicated changes in the spectra are evidently associated
with changes in the properties of the polymer matrix, changes stipulated by the ef-
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fect of the filler surface and by changes in the conditions of its strain caused by the
influence of the bulk of the high-modulus filler.

Let us dwell upon the changes of polymer deformation conditions in the pres-
ence of the filler. It should be noted in first place that a high-modulus filler is
practically not deformed during the deformation of the filled specimen, since its
modulus is thousands of times greater than that of the binder. That is why the de-
formation of the filled specimen occurs only on account of deformation of the
binder. The presence of a sufficiently large number of non-deformed filler particles
results in the relative strain of the polymer layers between the filler particles being
able to exceed many times the total deformation of the filled specimen (165). Owing
to this, stresses in polymer layers also have a large amplitude. In accordance with
(166) an increase in stresses leads.to a reduction of the relaxation periods, which can
explain the initial shift of the spectrum toward smaller periods. To confirm this sup-
position we performed an experiment in which the amplitude of deformation of the
specimen was increased several times.

Relaxation-time spectra versus various deformation amplitudes are 1llustrated in
Fig. 19. It is seen from a comparison of the positions of spectral curves that, indeed,
the increase of the deformation amplitude substantially shifts the spectrum toward
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Fig. 19. Relaxation spectra at various
\ . R deformation amplitudes at 80°, 1: ¢ =
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shorter periods. It signifies that the presence of the quartz filler would have shifted
the spectral curves to the left and the shift would have increased as the filler concen-
tration increased. However, it is evident from Fig. 18 that such a shift does not occur.
Moreover, the spectra shift to the right, as the filler concentration increases, expand,
and the slope of the linear part of the spectral curves changes. This gives reason to
suggest that the increase of the filler concentration enhances the role played by the
filler surface which reduces binder mobility, thus shifting the spectra toward greater
periods. This surface effect not only compensates for the shift of the curves to the
left, expected to be due to the filler incompressibility, but even shifts the spectral
curves to the right. Particularly noticeable are the shifts in the larger relaxation-time
region. It means that the filler surface has the greater effect on the limitation of
mobility of the longest structural elements, which brings about an increase in the
average relaxation time. A slight expansion of the spectra toward smaller relaxation
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periods may be interpreted as a result of an increased imperfection of the poly-
mer network due to the presence of the filler as well as due to a loosening of the
molecular packing in the polymer boundary layer (1, 2).

Thus, the experiments with quartz filler have indicated that the shift of the
spectral function curves for polymers filled with a high-modulus filler is due to the
action of at least two causes, one of which is a change of the deformation conditions
in the presence of filler particles (shifts the spectrum to the left) and the other is the
effect of the filler surface on the properties and structure of the polymer matrix
(shifts the spectrum to the right).

It seemed expedient to continue with the experiments, omitting the effect of
one of the factors. It turned out to be convenient to exclude the changesin the poly-
mer matrix deformation conditions by choosing the filler approaching in its mechan-
ical properties those of the binder. Most suitable in this respect was the powder of
the same solidified epoxy resin, which was used as the binder.

Figure 20 illustrates relaxation-time spectra for specimens with such filler versus
various concentrations of the filler. For the sake of comparison the same Fig. 20
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represents a curve for a specimen from which the filler was made (epoxy resin solidi-
fied in the absence of the filler). In the analysis of the experimental results, atten-
tion is drawn to the significant shift of the spectral curves toward greater relaxation
time as compared with the spectrum of epoxy resin solidified without the filler. An
expansion of the spectral curves and a change in their slope also occur in the pres-
ence of the filler. It is significant that the shift and expansion of the spectra in this
case is appreciably greater than for the specimens with quartz filler. This in associated
with the exception of the factor of non-deformability of the filler, which causes the
effect of the filler surface on changes in the properties of the boundary layers of

the binder hardened on this surface to be manifested more clearly.

From the point of view of the increase in the concentration of the boundary
layers with the increase of the filler concentration one would have expected a regular
arrangement of the spectral curves, Indeed this regularity can be traced in Fig. 20;
however, it turned out to be more complex than could have been expected. Really,
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it is seen directly in Fig. 20 that with the increase of the concentration of the filler
the right-hand parts of the spectrum shift toward greater periods. It indicates that
the spectra of the boundary layers of the binder hardened in the presence of the fil-
ler are substantially not identical to the spectra of a polymeric filler of the same
nature. With the aim of simplifying the analysis, consider the concentrational depen-
dence of the average relaxation time of the systems which have been studied.

Figure 21 illustrates a filler concentration versus average relaxation-time curve.
As is seen in Fig. 21, the dependence is of a non-monotonous nature with the mini-
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mum in the region of 15 to 20% of the filler concentration. Along with the reasons
stated at the beginning of the article, this nature may be due to the fact that the in-
crease in the filler concentration reduces the average relaxation time of the system,
inasmuch as the average relaxation time of the filler itself is less than that of the
binder solidified in the presence of the filler. At the same time, the increase in the
filler concentration increases the part of the boundary layers, and the increase in the
concentration of boundary layers with greater relaxation time increases the average
relaxation time of the system. As a result of the counteraction of those two factors,
the average relaxation time of the polymer filled with a polymer filler becomes a
a non-monotonous function of the filler concentration. The noted non-monotonous-
ness of the change in the viscoelastic properties can also be associated with the non-
monotonousness in the changes of the structure of polymer boundary layers on the
surface of particles occurring with changes in their volumetric part and thickness.
The study indicates that the filler surface indeed exerts an appreciable and com-
plex influence on the spectra of relaxation time of filled polymer systems, owing to
changes in the conditions of deformations of polymer binder layers and changes in
the properties of the polymer boundary layer,

9. Principle of Temperature-Time-Filler Concentration Superposition
and Its Application to Polymer Compositions

Since the restriction of molecular mobility in boundary layers is equivalent to an
increase in the chain rigidity or to a formation of an additional number of bonds in
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the polymer structural network, it may be assumed that the introduction of the
filler in its effect is similar to a reduction in temperature or to an increase in the
frequency of deformation. It follows that together with the well-known principle of
temperature-frequency superposition, a principle of frequency-temperature-concen-
tration superposition should also be maintained. This principle may be formulated
in the following way: An increase in the concentration of the filler in a system leads
to an increase in the real part of the complex elastic modulus, which is similar to an
increase in the frequency of deformation or a reduction in the temperature of the
latter. Prior to our studies experimental data on this question were stated in one
work only (167).

The effect of the filler concentration was studied (up to 84% — in copolymer of
butadience with acrylic acid) in the presence of 0—84% solid filler on the tempera-
ture dependence of parameters of mechanical dynamic properties. For the first time
a principle was stated in that work to the effect that the filler influence may also be
described by the reduction method similar to temperature reduction. For this, use
was made of an equation equivalent in its form to the WLF equation but with dif-
ferent numerical values of the constants Cy and C,. Its most general result is the
stress-strain representation in a twice-normalized state-by temperature and by con-
centration of the filler. However, not all the parameters can be represented in the
concentration-invariable form by the use of the same method of filler concentration
reduction. Specifically, the effect of the filler at the initial section of the stress-strain
curve is greater than was predicted by the general reduction method. The relative
strain at rapture can also be represented in the concentration invariant form, if the
vertical shift of the experimental curves is used in addition to the common horizontal
one. The author has proposed empirical formulas describing the concentrational
dependence of the reduction coefficient.

In the reports (103, 104) we have substantuated in detail the concentration-
temperature and concentration-time analogies for the description of properties of
polymers filled with dispersed fillers, and proved the feasibility of plotting gener-
alized log G’ versus log w oy curves for specimens containing various quantities of
the filler. The dependence log ap = f (T—T) furnishes some proof of the applicability
of the Williams-Landell-Ferry method. It was of importance to investigate the effect
of the filler concentration on the average relaxation time of the polymer matrix in
the filled material. With this aim, a generalized tangent of angle of mechanical losses
to deformation frequency curve was drawn. It was shown that the maximum of
mechanical losses shifts toward lower frequencies with the increase of the filler con-
centration. Making use of the relationship tg 6 = f(w) and bearing in mind that the
relaxation time 7 = 1/wn, (in which wy, is the frequency corresponding to the maxi-
mum of mechanical losses) the functions of log 7 = f(¢) were evaluated. The relation
is close to a linear one which indicates an exponential dependence of the relaxation
time upon the filler concentration. This makes it possible to draw a conclusion about
the existence in filled polymers of the filler concentration-time superposition. Indeed,
a characteristic shape and position of the log G' = F (log w) curves with various ¢
make it possible to believe that the WLF method is applicable to those systems. A
generalized curve of log G’ = f (log way) can be plotted after reducing the term to
the lowest concentration of the filler and introducing the concentration-reducing
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coefficient (o). The dependence curve of log .y = f(9) also confirms the applicabil-
ity of the WLF method. Obviously, the reduction coefficient oy, represents a ratio
of average relaxation periods in specimens with various contents of the filler
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@ also characterizes the shift of the curve of log G' = f(w) on the complex modu-
lus similarly to the increase in the deformation frequency. The existence of such
superposition makes it possible not only to examine the effect of the filler on dy-
namic and mechanical properties, but also to significantly expand the frequency
range for predicting the properties. Since average relaxation periods increase with
the increase of the filler concentration, an important problem arises about the effect
of the filler on the temperature dependence of the relaxation periods. Fig. 22 illus-
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trates the temperature dependence of the real part of the dynamic modulus with
various concenfrations of the filler. Apparently, an increase in the filler content shifts
the curves of log G’ = f (T)) toward higher temperatures. Those data can be used for
deriving the concentrational dependence of the modulus at various temperatures
(Fig. 23). As is seen, the curves of log G’ = f (¢} have a characteristic shape and are
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equidistant, which makes the WLF method also applicable to them. The generalized
curve is represented in Fig. 24. The log a1 4 = f(T) dependence is nearly linear. Thus,
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in the latter case as well, an increase in the filler concentration results in a rise of the
real part of the modulus equivalent to a reduction in temperature which can be
characterized as the concentration-temperature superposition. Its existence makes

it possible to expand the feasibility of predicting the effect of the the filler on the
properties.

The possibility of the frequency (temperature)-filler concentration superpositions
results from the exponential dependence of viscoelastic properties on the filler con-
centration; their physical significance is that, owing to a considerably higher modulus
of the mineral filler, the latter undergoes virtually no deformation, and this changes
the deformation conditions of the polymer matrix. In filled specimens the amplitude
of deformation of the matrix increases substantially with the rise in the filler content,
the total deformation of the specimen remaining the same, which can also be a cause
of the increase of the stress and modulus (168, 169). As was already noted, the tran-
sition of part of the polymer into the surface-layer state with a change of the me -
chanical characteristics and reduced molecular mobility is another important cause
of the modulus increase.

1gGYGy
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The existence of such a rigid or undeforming layer is in fact equivalent to an in-
crease in the apparent size of the particles or volumetric concentration of the filler.
Consider the magnitude of the relative modulus which is the ratio of the modulus of
the filled specimen ', to unfilled G};,. Gy, is a value obtained by the extrapolation
of G, to the zero concentration of the filler. Some of the data are given in Fig. 25.
They indicate that the dependence of log (G'/Gy,,) on the filler concentration is lin-
ear, but the slope of the curves is different for different temperatures. Hence, one
and the same values of the relative modulus at different temperatures correspond to
different concentrations of the filler. For example, the value of log (G'/Gy,) = 0.4
at 110 °C it corresponds to ¢ = 0.12, at the same time at 90 °C ¢ = 0.3. If we attri-
bute this phenomenon to different contributions of the surface layer to the total
properties at different temperatures, then changes in the thickness of the surface
layer with temperature can be approximately evaluated, Indeed, with a constant
number of filler particles their volumetric fraction in the polymer is proportional
to the volume of the particles V = d? (d = diameter of particle with the surface
layer). Then for spherical particles

e e 2 (48)

in which the indices 1 and 2 apply to two temperatures. If we denote the slope of
the curve of log (G'/Gy) Vs ¢ as a, then

tg a=log (¢'/Gyn) ¢ (49)
whence

difd3 = g1 loy = tgcaftg oy (50)
Hence

dy/d; = *Vigogligey 51)

Taking as a basis for comparison the size of particles with the surface layer at
90 °C we calculated the ratios d, /d, for different temperatures. The dependence is
characterized by the maximum in the region of the maximum of mechanical losses.
This coincidence is evidently associated with the fact that at this temperature the
time of the experiment is comparable with the average time of relaxation of the poly-
mer matrix (as was already indicated above, the thickness of the surface layer is
dependent on the frequency of action).

It is apparent that at a temperature corresponding to the maximum of mechani-
cal losses, the relaxation periods in the surface layer exceed the time of the experi-
ment, and therefore that layer cannot be deformed substantially. At the same time
at greater distances from the interface, the relaxation periods are comparable with
the experimental time of action, and for this reason the total deformation is depen-
dent on the deformation of those more remote layers.
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Of interest is the application of the principle of temperature-time superimposi-
tion or the method of reduction of variables also to systems containing a polymeric
filler and polymer mixtures. The applicability of this method to the desdription of
heterogeneous polymer mixtures was demonstrated in (I 70), which made it possible
to enlarge the frequency range in which the characteristics of the material could be
found. However, it was established that the coefficient of reduction at for two-
phase systems can be the function of time, and that superposition is observed only
within a limited temperature interval. The transition from one reduction tempera-
ture to another brings about a change in the shape of the curves (I 71).

In considering the relaxation properties of polymers filled with mineral fillers
we ascertained the existence in the filled polymers of the filler frequency-concentra-
tion superposition. In (164) the existence of such superposition was checked for
systems containing polymeric fillers. The advantage of such an approach is that it is
based on general theoretical concepts, and is not associated with the choice of any
definite model of structure of the composite material and with the need to specially
account for the interaction on the interface and for the existence of transitional
layers.

Dynamic and mechanical properties of the epoxy resin powdered polystyrene
(hardening with polyethyleneamine) have been examined. The average size of the
filler particles was 50 u. The filler concentration varied from 5 to 50% by volume.
The specimens were deformed according to the harmonic law within the temperature
range of 80 and 140 °C. In the experiments the amplitudes of deformation and stress
were changed and so was the phase angle between them, and the data were used to
evaluate temperature dependences of the real part of the complex shift of shear
modulus G’ of the filled specimens. Figure 26 illustrates the frequency dependence

G,N/m?2

104

Fig. 26. Frequency dependence of the real part

of complex modulus at various filler concen-

, . tration. 1: epoxy resin, 2: epoxy resin + 5% PS,

103 102 1071 3: epoxy resin + 10% PS, 4: epoxy resin + 25%
Frequency, Hz PS, 5: epoxy resin + 50% PS

i\

of the real part of the complex modulus for the specimens with various concentra-
tions of the filler. It is evident directly from Fig. 26 that the increase in the concen-
tration of the polymer filler shifts the curve of log G’ = f(w) toward higher frequen-
cies. Similar curves have been obtained at other temperatures in the region of the
o-transition of the epoxy resin.

Generalized curves reduced to the filler concentration of log G' = f(log w ay)
were plotted in accordance with the data of Fig. 26 and the concentration shift fac-
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tor log o, was then found. The generalized curves of log G’ = f(log way) for tempera-
tures in the transition region are represented in Fig. 27. The fact that the generalized
curves are smooth and the experimental points fit well into the curves (matching of
shape of adjacent curves) indicates that the criteria of applicability of the method
hold true and that the frequency-concentrational superposition does take place.

g G, kg/em?

90°C
3,0

100°C

°C
25t 110
20+
Fig. 27. Generalized curves log G’ =
15 X L fllog w ay) for transition region:
2 -4 061 2 3 4 5 6lglwaylHz 1: 110°, 2: 100°, 3: 90°

The filler concentration dependence close to the linear one is one more reasoning
in favor of this conclusion. It is evident from the method of obtaining the log a,,
value that it characterizes the shift of the curves along the frequency axis log w with
various concentrations of the filler, i.e. the difference between the frequencies at
which one and the same value of the real part of the complex shift modulus is ob-
served on specimens with different concentrations of the filler. It follows from the
type of dependence of log a,, = f(9) that an increase in the concentration of the fil-
ler results in the same reduction of the real part of the complex shift modulus as a
reduction in the logarithm of deformation frequency. However, in contrast to a sys-
tem with a rigid filler, the superposition here is of an opposite character, ie. an
increase in the filler concentration is equivalent to a reduction in the deformation
frequency and not to its increase (frequency derivative is negative) (Fig. 24).

Several feasible causes of such superposition in the “polymer-polymeric filler”
system can be named.

The most probable cause is an excessive imperfection of the binder polymer
network, the binder which polymerizes in the presence of the polymeric filler. This is
manifested by a reduction in the equilibrium modulus of the rubberlike elasticity
of the epoxy resin binder with an increase of the filler concentration, despite a com-
plete exhaustion of the epoxy groups in the specimens, which is confirmed by the
use of infra-red spectroscopy.

An increase in the network imperfection also takes place in the case with the
quartz filler, but because of a high surface energy of the filler there is a great proba-
bility of the formation of adhesive bonds of macromolecules with the filler surface
which is equivalent to an increase in the network density.

Another cause, in our opinion, is associated with the temperature dependence
of the mechanical properties of polystyrene, which is characterized by excessive soften-
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ing in the region of transistion-state temperatures of the epoxy matrix. Naturally,

the increase in the filler concentration in this case must also reduce the real part of
the complex modulus of elasticity of the system. The reduction of the shear modu-
lus with an increase in the polystyrene concentration and a reduction in the average
relaxation time can be interpreted as a result of an increase in the segmental mobility
in the epoxy resin matrix. Therefore, the temperature dependence of the free volume
for specimens with different contents of the filler was calculated by the use of the
formula (34) in which B =1 and f; = 0.025, after determining the temperature de-
pendence of the shift factor a1 from the experimental curves. It was found that the
free volume fraction of the “polymer-polymeric filler” system increases with the
increase of the filler concentration. Assuming that the free volume of the system is
the additive function of the free volume of the components and using the tempera-
ture dependence of the polystyrene fractional free volume, we calculated the tem-
perature dependence of the epoxy resin matrix free volume fraction. The calculations
were performed by the use of the formula

f; syst — [, pstPpst t fede (52)

With an increase in the filler concentration the fractional free volume of the epoxy
resin becomes higher than in pure epoxy resin. In this way, the increase in the seg-
mental mobility in the systern can be explained perhaps by a more loose structure
of the polymer in the epoxy resin matrix. Since the increase in the free volume frac-
tion occurs with an increase in the concentration of the boundary layers, it may be
assumed that the increase in the free volume fraction occurs chiefly in the polymer
boundary layer.

Since the epoxy resin binder is a rigid three-dimensional polymer, the findings
should be interpreted from the point of view of a change in the density of the net-
work cross-links. With this aim we carried out measurements of the equilibrium
modulus of rubber-like elasticity of filled specimens. It was shown that the network
density with the polymeric filler concentrations reduces.

Temperature dependences tg 6 in the region of glass-transition temperature of
the polymer matrix were obtained for the same specimens filled with PS. The in-
crease in the concentration of the polymeric filler shifts the maximum of losses
toward lower temperatures. It indicates that in specimens with a greater degree of
filling the molecular interaction weakens as a consequence of a looser packing of
segments in the boundary layer.

10. Conclusion

The results discussed above indicate that in heterogeneous polymeric materials, in
accordance with general physico-chemical principles stated in section 1, the visco-
elastic properties of a polymeric matrix are strongly dependent on the type of het-
erogeneity and on the nature of the interphase interactions. In all cases the changes
in molecular mobility and structure of the polymer in the boundary layer close to
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the interface are the principal causes of changes in the viscoelastic characteristics.
In those cases when the changes affect most of the polymeric matrix bulk, the
boundary layer properties will contribute most to the viscoelastic properties. In
their turn those properties will be determined by the nature of the interphase and
intermolecular interactions, flexibility of the macromolecules and, for cross-linked
polymers, by the degree of cross-linking. Resulting from these factors, changes in the
density of cohesion energy and free volume as well as changes in the conformational
set of macromolecules associated with energetic and entropic factors lead to changes
in the manifestation of molecular mobility of segments and side groups, as well as
molecular aggregates.

Thus the viscoelastic properties of the matrix undergo alterations as a result of:

1. Changes in conformations of chains near the interface, the effect of which is
transferred through intermolecular interaction to more remote layers.
2. Formation of additional adsorption bonds of macromolecules and of submolec-
ular structure with the surface.
3. Changes in the structure of the boundary layer caused by formation of the poly-
meric matrix in the presence of solid of the non-polymeric or polymeric nature.
The first two factors manifest themselves in the existence of superposition
“temperature-frequency-filler concentration™. The latter factor depicting the dynam-
ical mechanical properties leads to non-linear effects of changes in viscoelastic prop-
erties,
All the stated factors must be taken into account in selecting the optimum con-
ditions for operation and processing of polymers and in predicting the properties of
heterogeneous compositions.
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A brief survey is presented of a number of methods which are used to characterise
the optical, electrical and geometrical properties of macromolecules in dilute solu-
tion. In the presence of an electric field, molecular order is introduced with resulting
changes in the optical properties of the solution as a whole. Principles of the methods
and illustrative data are given for electrically induced birefringence, dichroism,
optical rotation and light scattering. The methods are not only able to lead to values
of size, shape and dipole moments of molecules, but also to give discrete polydisper-
sity averages for rigid particles and to indicate molecular flexibility. The methods are
extremely rapid. Finally some novel experiments, in which the electric field associated
with a laser beam is used to impose order and hence induce electro-optic effects, are
mentioned.

1. introduction

The optical properties of a material have long been recognised as characteristics of
the structure of that material. The information is especially of value when crystal-
line or highly ordered samples are studied as one can relate the optical functions
directly to the atomic or molecular array. With solutions or suspensions of macro-
molecules, order is generally only of very short range when compared with the
molecular dimensions, as the molecules themselves adopt a random arrangement
within the bulk of the medium. It is for this reason that optical methods are gener-
ally restricted to intramolecular information for such systems.

Currently, there is a growing interest in novel electro-optical methods for the
study of polymer and biopolymer solutions. Briefly stated, the principle is as follows.
The majority of polymers, biopolymers, viruses and colloidal particles are anisotropic
in their optical properties. It is easy to visualise that the bonding along a polymer
backbone is different in type and density to that across such an axis. Light beams
polarised parallel and perpendicular to this axis will interact differently with the
polymer. A typical example is the speed with which each beam may traverse the
molecule; a property generally referred to through the refractive index (r) of
the material. Hence, polymers are generally anisotropic in their refractive index
(Fig. 1). In dilute solution, owing to the random molecular array, this directional
property is not seen in the behaviour of the solution as a whole. However, anisotsopic
bonding generally also results in electrical anisotropy. This may result from either
fixed charge separations giving rise to permanent dipole moments (u) or from the
relative ease with which charges can be separated in the presence of an electric figld.
This last mentioned arises from the variation of the polarisability (o) with molecular
direction and gives rise to induced dipole moments. Hence, in an electric field, the
solute molecules can be caused to partially align and thereby impose their optical
anisotropy upon the medium as a whole. Measuring the changes in a given optical
property of the solution simultaneous with the application of the electric field can
lead to the following molecular information. Firstly, the basic optical parameters
associated with each molecular axis can be evaluated without the need to concentrate
and crystallise the material. Secondly, values of the electrical parameters p and « can
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Fig. 1. Schematic representation as to how solute order imposes the molecular anisotropy on
the bulk solution. The example utilises anisotropy of refractive indices (1;) of rod molecules in
an electric field £

be determined and related to the structure of the molecules. Thirdly, by observing
the rates at which the optical properties change in response to the electric field, we
have a direct measure of the rotary dynamics of the molecules as they exhibit free
motion in their viscose environment. This is characterised through a rotary relaxation
time (7) which can be related directly to the size and shape of the macromolecules.
In this brief survey the author will outline a number of electrooptical methods
in current use and give illustrative results which demonstrate their practical utility.
Theory for the various effects will be given predominantly for cylindrically symmetric
molecules which are rigid, uncharged and non-interacting as this is the best developed
to date and allows a useful comparison between the methods. Reference will be made
to work done on flexible systems. The object of this survey is primarily to introduce
those scientists who are on the look-out for novel methods to characterise macro-
molecules in dilute solution to electro-optic experiments and to demonstrate the
potential and versatility of the methods. The selected illustrative data on various
polymer solutions are not intended to be comprehensive. They have simply been
drawn from studies conducted in the author’s research group.

11, Electric Birefringence

Commonly known as the Kerr Effect, this is the best known electro-optic phenom-
enon. Although initially studied in glasses by John Kerr (1) in 1875, who considered
the birefringence to be related to electrically induced strain in the material, it is now
used widely to follow the alignment due to orientation and deformation of macro-
particles in solution and suspension (2—4). It owes its origin to anistropy of the
refractive indices associated with the major geometric axes of the molecules.

The effect can be manifest by placing the polymer solution in a suitable cell
(Fig. 6a) between a pair of electrodes. If a beam of well collimated light is passed
centrally through this cell, with the light initially linearly polarised at 45° azimuth
to the electric field direction, then elliptically polarised light will leave the cell when
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the solution is made birefringent. This will only be when the electric field is applied
across the cell. A quarter wave plate (Q) and analysing polariser (A) are set in
parallel azimuth to each other, but are ‘crossed’ with the initial state of linear polar-
isation. It is convenient to record the light penetrating such a system using a photo-
multiplier and oscilloscope as indicated in Fig. 2. A low power laser gives a conve-
nient, well collimated light beam for the apparatus. However, it does restrict the

.............. =P .. ﬁ@@__

Fig. 2. Representation of an apparatus.

The laser, or the combination of the arc (S) lenses (L) and monochromator (M), forms the light
source. Other optical components are P — polariser, D — diaphragms, Q — quarter-wave plate,

A — analyser. The electronic components are PM — photomultiplier, O — oscilloscope, C — camera,
PG — pulse generator, LD — load and ATT — attenuator

wavelengths available. A reasonable alternative is an arc source provided that it is
powered from a suitably smoothed supply. Details of suitable optical components
and their commercial availability have been given by the author and a colleague
elsewhere (5), where the method of obtaining An from the photomultiplier signal
is also described.

The birefringence (An) observed in the solution is defined as the difference in
the refractive indices of the solution parallel (ny) and perpendicular (n)) to the
electric field direction. It is given in terms of the optical polarisability (g) anisotrepy
associated with the solute molecules, their volume concentration C, and the average
refractive index of the solution (n) by the expression (6)

An=(n —np)=(2nCy/n) (g3 —81) P 1

Here the subscripts 3 and 1 indicate the relevant parameters along the major (3) and
a minor (1) axis of a cylindrical molecule or segment respectively. The orientation
factor ® describes the average orientation of the molecules at a given time () orina
given electric field of amplitude £. Should this be an alternating electric field, a root
mean square value for F is implied. The function ® has been tabulated and computed
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for a variety of conditions (2). We shall restrict ourselves to low degrees of orientation
as when the electrical torque on the molecules is much smaller than the thermal
energy (k7). Such low fields are unlikely to interfere with the molecular structure,

With rigid molecules for a sinusoidal electric field of angular frequency w,

2 .2 _
<I>=((1 +£;74D‘;1))k2T2 ¥ (aakral)) Es @

The parameters y; and o are the magnitudes of the permanent dipole moments and
the electrical polarisabilities respectively. The factor & is independent of the optical
property being measured. It simply describes the interaction of the applied field with
the electrical characteristics of the molecules. Because of this it will be recurrent in
the theoretical description of the other electro-optical phenomena described below.
Before returning to electric birefringence we note a few points from Eq. (2). Firstly,
if we evaluate ® from a particular experiment, its quadratic dependence on E will
indicate the appropriateness of the experimental conditions (i. e. suitably low field
strength) and enable one to isolate the electrical factor within the brace of the equa-
tion. Secondly, only the u term is significantly dependent on the frequency . Hence
by analogy with measurements of the real part of the relative permittivity in dielectric
dispersion experiments, the electro-optical effects will exhibit frequency dispersion
properties. By making measurements as a function of w, we shall be able to isolate
the permanent and induced dipolar contributions. Thirdly, the parameter D is the
rotary diffusion constant of the molecules, often related to a rotary relaxation time
(7= Y6p). It can be readily evaluated from a frequency dispersion curve by finding
that critical frequency (f;) at which the dispersion curve amplitude has suffered half
its total change, whence

D=nf 3)

equations have been given in the literature which relate D to the length L of rigid
rods (7), the diameter of a disc (&) or the axial ratio of rigid ellipsoids (&8). Fourthly,
it is convenient and advantageous to apply the electric field in the form of a short
duration pulse rather than continuously. In this way, the methods are very fast and
problems due to heating effects and electrophoresis are minimised. The pulse duration
must be long enough for the solute molecules to reach an equilibrium condition of
orientation before the field is terminated. Such orientation in a resistive medium
requires a finite time as does the disorientation process after the passing of the pulse.
These rates will be reflected in the transient changes in the birefringence as recorded
on the oscilloscope (Fig. 2). Hence rather than apply many fields to the solutions
and obtain a frequency dispersion curve of the optical changes, it is convenient to
apply two successive pulses and record the accompanying optical changes. These
pulses would conveniently be of a dc field followed by a high frequency sinusoidal
field of such frequency as to greatly exceed the critical frequency (Fig. 3). A com-
parison of the amplitudes of the optical responses leads directly to the ratio

(3 — u?)l(e3 — ay) KT. Absolute values of the permanent dipole moment and the
polarisability difference can be obtained using the auxilliary data implied in Eq. (1).
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Fig. 3. Schematic frequency dispersion of an electro-optic response. Top figure represents a
continuous dispersion. Lower figure indicates how two pulsed measurements can be used. The
value of f; has been based on the rotation of rigid molecules

A major advantage in using pulsed fields is the rapid evaluation of D and 7 from
the rate of decay of the optical response following the field. For a monodisperse
solution, the disorientation process is a simple first order rate process and therefore
obeys the equation

AZ=AZyexp(—t7) 4

where A Z is the amplitude of the change of the optical property at any time ¢ after
the cessation of the pulse. At ¢ = 0, the amplitude is A Z,. With birefringence, A Z is
replaced by An. A good estimate of 7 and hence the particle size can be made simply
by observing the oscilloscope trace and noting that time taken for the transient to decay
to approximately a third of its maximum value,

The results of a study on poly-(n-butyl isocyanate) in benzene illustrate the method.
Four samples of different molecular weight in the range 2 x 10* <My <3 x 10%
were studied. For fields up to 24 kV cm ™!, the amplitude of the birefringence was
still in the region defined by Egs. (1) and (2) where An was proportional to E2. A
typical transient as recorded on the oscilloscope is shown in Fig. 4 alongside a
frequency dispersion plot of the normalised birefringence amplitude. From these
results we note the following information. Firstly, the dispersion curve indicates
that only permanent dipoles play a significant role and that the polarisability con-
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Fig. 4. Electric blreinngence of polyisocyanate in benzene. The transient (a) was for a sample

with My = 30 x 104 , ina field of 24 kV cm™! amplitude and 25 us duration. The dlspersmn

curve (b) was for My = 13 x 10%, in a field of 8 kV cm™ 1. For both samples, ¢ = 2.5 x 103
ml~!. Data from Ref, (10)

tribution is negligible. Secondly, the positive nature of the permanent dipole cons
tribution indicates that 3 > y; and that such a moment is predominantly directed
along the major molecular axis. Thirdly, the value of the rotary diffusion constant
was 1.57 x 10*s™! from the critical frequency and 1.66 x 10*s™! from the decay
of the relevant transient, thereby justifying the theory in the case of non polar sol-
vents.

Ever since their synthesis, it has been conjectured that the poly-(isocyanates) exist
in solution as highly stiffened molecules, probably as shallow helices (9). By studying
samples of various molecular weights and plotting values of D or 7 as suitable fung-
tions of M one can see that whereas the rigid rod model is not applicable for all M,
it is increasingly appropriate at the lower molecular weights. Suitable extrapolation
of the data to low molecular weight enables one to isolate two useful parameters
namely, po and Lg. These are the monomer axial dipole moment and the length of
a monomer projected along the helix axis respectively. Full details of the evaluation
of these parameters can be found elsewhere (10). The value of Ly = 0.13 nm is less
than the monomer length and hence indicates that the molecule winds into a helix.
Furthermore, the dipole moment has its origin predominantly in the C =0 bond As
the resultant molecular dipole moment is along the helix, then the molecule is not
only helical but adopts the cis configuration (Fig. 5), thereby confirming earlier
dietectric data (11).

Finally, what of the higher molecular weights? Increasing molecular weight for
such 3 shallow helix must result in increasing flexibility. Hearst (12) has presented
equations for D in terms of the ‘persistence length’ (¢) of a weakly bending rod and
of a worm-like chain. The parameter q is the projection of the molecule as if it were
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Fig. 5. Possible configurations of polyisocyanate. The dipole moment determination indicates
that the cis form exists in benzene solutions. Here R represents C4Hg

of infinite length, on to the direction of the first bond. It has the values of o to zero
for rods or completely flexible chains respectively. Using these equations, it could
be seen that a value of g of the order of a few hundred was indicated by the birefrin-
gence decay data for sufficiently large M.

For a wider variety of examples on proteins, polyelectrolytes and other polyiners,
the reader is referred to fuller review articles (2—4).

j11. Electric Linear Dichroism

Refractive index is a complex property, generally expressed in the form
n (1 —jk) ()

Hitherto we have been concerned with molecules exhibiting anisotropy in the real
part of the refractive index. Such molecules logically would be expected to have
anisotropic imaginary components; but the imaginary part of the refractive index
represents energy loss and is related to the optical absorption of a material. Thus, if a
beam of incident intensity /* passes through a cell of length 1 containing a solution
of concentration ¢ and the transmitted intensity be I, then, according to the Beer-
Lambert law

I=I*exp(—ecl) (6)

where € is a molecular extinction coefficient. It is related to «, the index of absorp-
tion, through the form e = 4n¢ /c), where ¢ is the vacuum velocity of light. A macro-
molecule can be expected, in those regions of the electromagnetic spectrum where
absorption is experienced, to have various extinction coefficients ¢; associated with
incident light which is polarised parallel to the various molecular axes. In the absence
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of an electric field, a solution of such molecules will absorb light according to the
average extinction coefficient for the molecule. On molecular alignment within an
applied field, the solution will manifest changes in its adsorptive power. It is then
termed ‘dichroic’. Hitherto it has been conventional to measure such changes for the
two specific cases where the initial light beam is linearly polarised first parallel to
and then perpendicular to the applied field vector. A cell such as that of Fig. 6a

INCLINED
MIRRORS
ELECTRODEE

WINDOW
e A

_“S;::ALE
CONDUCTING
WINDOWS GLASS
"®CELL
¢ d ELECTRODES

Fig. 6. Cells used in various electro-optic experiments. In (a) the field is transverse to the light
path as for birefringence and dichroism experiments. (b) is the multireflecting cell for electric
dichroism. In (c) the multiple cells are also arranged in longitudinal array for optical rotation
experiments. (d) are light scattering cells with horizontal and vertical electrodes as shown

would be used; the spectral wavelength would be chosen using the monochromator
of Fig. 2 and the analyser (A) and quarter-wave plate (Q) of that figure would be
removed. In all other respects, the apparatus would be as described in the previous
section.

In the case of rigid cylindrically symmetrical molecules, we have recently shown
in this research group (Z3) that a single transient measurement is all that is required
if the field be applied collinear with the light beam. For such longitudinal measuze-
ments, the polariser can also be dispensed with and the measurements made in a
modified spectrophotometer (14). A special cell is then required in which the field
can be applied along the optical path. Initially, this was achieved by coating the inner
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faces of the entrance and exit windows of a spectrophotometer cell with thin, con-
ducting metal oxide films. More recently a multiple reflecting cell has been desighed
(15) in which the light beam is reflected back and fore between two conducting
mirrors which also act as the electrodes. Such a cell gives a much greater optical path
length and hence increased sensitivity to the method.

If we use ell and €! for the extinction coefficients observed with the initial
polarisation state parallel or perpendicular to the applied field and use ' for the
longitudinal situation, then in the electric field

e"=eu + % (e3 —e)®
M

where €, =(e3 + 2¢;)/3 and is the coefficient recorded in the absence of any field.
Hence, if one knows or can otherwise determine ®, discrete values can be found for
€3 and €, at any particular wavelength. It is particulaily useful to realise that if one
can generate fields of sufficiently high amplitude so that complete molecular align-
ment can be obtained, then ® equals unity and the above mentioned values of ¢; can
be realised. Measurements can then be repeated at low field strength where Ae is
proportional to E2 (where A e represents the difference between e“, el orev and €u)-
In these cases ® has the form of Eq. (2) and the dipolar properties can be found as
described in the section on electric birefringence. In addition, values of 7 and D can
be obtained from the decay of the transient absorption changes as A¢ can be sub-
stituted for AZ in Eq. (4).

An interesting and illustrative example is provided by a study on a dilute aqueous
suspension of copper phthalocyanine crystallites. These needle-like particles are
composed of layers of regularly stacked planar molecules. According to X-ray data
(16) the molecular ‘plates’ adopt a continuous zig-zag configuration. The crystallite
suspensions exhibit characteristic spectra in the red region of the visible spectrum.

A strong absorption line occurs at 720 nm. Transient electric dichroism measurements
were made at this wavelength on dispersions of approximately 4 x 1076 g m!™?
concentration, for electric fields of up to 6.5 kV cm™". In Fig. 7 it is seen that such
fields are sufficient to cause complete orientation saturation. A single transient at

this high field condition was sufficient to enable the extinction coefficients €3 and

€) to be evaluated. From the transients at low fields, that is within the region of a
quadratic dependence on E, the decay rate corresponded to an average particle length
of 130 nm which was in good agreement with electron microscopic data for this
sample. In addition, no permanent dipole moment was evident. A polarisability dif-
ference of 8.5 x 1072% F m? per unit crystallite length was obtained.

These experiments were then repeated at a number of wavelengths in the spegtral
range 500 <A (nm) < 750. In each case €, €3 and €; were determined. Figure 8
displays these parameters and indicates some interesting facts. The conventional
spectrum as obtained in the absence of any electric field is that shown for €,. How-
ever, by reducing this to its composite parts €3 and e; we note that, the peak at
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Fig. 7. Field strength dependence of the extinction coefficient e" for copper phthalocyanine in

water at 720 nm wavelength; ¢ = 3 - 5x10~6g m1~%,
Data from Ref, (I17)

[e] A A 1 i A \ L L A 1
600 700

wavelength (nm)

Fig. 8. Spectral variation of the extinction coefficients for copper phthalocyanine crystallites in
water. Crosses, filled circles and open circles represent ey, €3 and e respectively for
¢=4x 10~% mI™\. Data from Ref. (17)
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720 nm is due to a transition moment directed predominantly along the crystallite
axis. This is also true for the peak in the region of 640 nm. At lower wavelengths
the variation €, indicates the probable existence of another peak in the region of
580 nm. The spectra of €, and ¢, indicate that such a peak must exist as these curves
change over. Any such peak must then have its associated transition moment predom-
inantly directed across the crystallite axis. The spectra were analysed so as to isolate
the three supposedly Gaussian profiles: The composite peaks were found to be at
720, 640 and 578 nm. In addition, the specific values of €3 and €; at each of these
wavelengths had their origins in specific transition moments directed at specific
directions with respect to the crystallite axis. In the present study it was not only
possible to estimate the direction of these transition moments within the crystallites
but also to relate them to atomic origins within the planar molecules which constitute
the crystallites. Full details of the results and the analysis for this particular study can
be found in the original publication (I 7). To the author’s knowledge, the only alter-
native procedure for obtaining such molecular information is to grow large crystals
of the material in question and to study their optical properties. This is not always
convenient. When it is remembered that these electric dichroism studies were made
on extremely dilute suspensions of the crystallites and that the size and electrical
polarisability were also obtained, the value of such studies can be appreciated.
Finally, it is pointed out that, with coloured solutions and suspensions, transient
electric dichroism measurements can be used instead of electric birefringence to
determine 7 and hence particle size for solutions and suspensions. These 7 values can
be analysed to indicate particle flexibility in the same manner as was described above
for the poly-(isocyanates).

IV. Electro-Optical Rotation

The ability of a solution of macromolecules to rotate the plane of polarisation of a
transmitted light beam is often used both to measure the concentration of solutions
and as an empirical guide to local conformation changes. The optical rotary power
reflects the local order of the molecules. It gives little information on their gross size.
If a solution of concentration ¢ causes an observed rotation of 6 degrees through

a cell of length 1, then the specific rotation [€ ] is given by

[6]=6/cl. (8)

What is not generally appreciated is that the phenomenon has its origins in certaih
specific electronic transitions within the molecular structure. The optical rotation is
thus another entity which has different values associated with the various axes of a
molecule. Fresnel (18) originally related optical activity to helical symmetry in a
structure and this led to the well known test of optically active molecules, namely
that if the structure was asymmetric, (i.e. its mirror image was not superposable on
itself), the molecules would be optically active. The term °chirality’ has also been
applied to this type of molecular symmetry (19). It is particularly important for
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helical macromolecules in which, even if the monomers are themselves optically
inactive, the helical conformation renders the macromolecule optically active. That
this property can vary with the molecular axes is demonstrated by considering the
lateral mirror image of a helix. A right handed helix appears left handed in the mirror
An end-on mirror image is a circle however. Hence, one would expect the observed #
to change if the solute macromolecules are caused to align as in an electric field.
Tinoco (20) first verified this prediction using a 10% concentration of the polypep-
tide poly-(benzyl-L-glutamate) in a helix promoting solvent under high voltage con-
tinuous electric fields. Using the equation previously derived by himself and Ham-
merle (21) namely that

Af6]=3 (951 (6D @ ©
with the non field value [6] as

[61=([651+2[6,1D/3 (10)

he obtained estimates for [f3] and [0 ] at various wavelengths.

The method was demonstrated to have greater potential when measurements are
made in the time domain using pulsed electric fields (22}. In this case, not only
are the amplitudes of the optical rotation changes recorded but also the relaxation
times and hence the helical lengths can be evaluated.

For these measurements, the apparatus outlined in Fig. 2 can be used. The
quarter-wave plate (Q) is removed, the analyser and polariser are crossed. The cell
must allow the electric field to be concomittant with the light path if birefringente
effects are to be avoided. In addition, one should work at a wavelength away from a
dichroic absorption band. As the optical rotation is directional with respect to the
propagation direction of the light beam (i e. rotates specifically to the right or to
the left for a given system) one cannot use the multireflecting cell. A cell of the type
(c) of Fig. 6 is employed. This gives a long path length (and hence a larger observed
#) whilst maintaining the field strength through the solution. The electrodes are thin
stannous oxide coatings on the appropriate inner faces of the quartz windows. Afiter
filling the cell, the procedure is as follows. Measure the rotation # in the absence of
any electric field by suitably offsetting P or A to restore the zero transmission
condition. Make appropriate allowances and corrections for any solvent and cell window
contributions. Upon application of a suitable pulsed electric field to the family of
electrodes, a transient response will be detected by the photomultiplier. This is
photographed. Such a response is shown in Fig. 9. The parameter 7 can be obtained
from the decay whilst the amplitude of the steady response can be recorded and
measured as a function of the field strength and frequency and analysed in the usual
manner.

Using the multiple cell described above and a low power He-Ne laser as light
source, a solution of PBLG in ethylene dichloride of only 10™3 g ml™! concentration
was studied (22). In this particular case, it was not possible to generate fields of
sufficiently high amplitude to-approach the condition of complete orientation
saturation as when @ goes to unity. Values of [#3] and [, ] were therefore obtained
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Fig. 9. Transient changein the optical rotation for poly-(benzyl-L-glutamate) in ethylene dichloride.
Data for ¢ = 0.1%, at A = 633 nm, with a field of 5 kV cm™! amplitude and 1 ms duration. The
maximum rotation change corresponds to 0.006 degrees. Data from Ref. (22)

by using the cell types Fig. 6a and ¢ and making simultaneous measurements of the
optical rotation and electric birefringence. From these ¢ was found for a given field
strength. Then [63], [0, ], #a, 7 and hence the helix length were all found from the
transient optical rotation data. The results agreed with values in the literature.

The advantages of the electric optical rotation method, beyond those common
to the other electro-optic experiments, are as follows. Not only can one use ¢ as an
empirical measure of changes in conformation of macromolecules, but one can
simultaneously evaluate such gross parameters as the size and dipole moments of
the molecules. In addition, evaluation of the specific directional parameters [0;] are
useful in indicating the direction and origins of the relevant electronic transitions
and in relating the molecular structure to model compounds. It should be mentioned
however that the electrically induced changes in # are small and far less easily detected
to date than the other experiments described in this article.

V. Electric Light Scattering

Measurement of the light scattered by polymer solutions has become a standard
method for determining the molecular weight and radius of gyration (§) of polymers.
These molecules are generally such that their major dimension is of the order of the
wavelength (A) of visible light. Intramolecular interference is then encountered
between the wavelets scattered from different regions of any molecule. Through such
an interference pattern, the variation of the scattered intensity (/) with the angle of
observation (#) inherently contains information about the size and shape of the
molecules. The basic scattering power of the particle irrespective of its geometry

can be estimated from the intensity of the light beam scattered in the straight through
or forward direction for which 6 = 0. Conventionally, measurements are made on
dilute solutions at a variety of concentrations and angles of observation. From these
the molecular weight of the polymer is obtained by analysing the zero angle scat-
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tering whilst the radius of gyration is evaluated from the angular variation of I. The
experimental data are usually presented in the form of a Zimm plot. Details are
given in a number of good reviews (23-24).

The intramolecular interference factor is. strongly dependent on the orientation
of the individual molecules (25). Hence, the scattered intensity and its angular
dependence can be used to indicate statistically significant changes in the orientation
of the molecules, Measurements of I and its changes (Al) upon application of electric
fields to the solutions can thus be used to obtain information on the electrical param-
eters ; and ¢; and on the relaxation time 7 through experiments analogous to those
described for the other electro-optic effects. Although restricted to molecules of
sufficient size, the method has the great advantage of giving a wealth of molecular

parameters when pre-field and in-field data are combined.
The apparatus is schematically presented in Fig. 10. It can be a suitably modified

commercial scattering photometer in which the photodetector has a facility for
recording both I and A at various angles 6. A typical cell, in which the field can be
applied perpendicular to the plane containing the incident and scattered beams, is
shown in Fig. 6d. An alternative cell with electrodes of variable angle with respect to
the direction of observation is also shown. Ref. (26) demonstrates how commercial
photometers can be modified to give the additional sensitivity required for the elec-
tric field measurements.
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Fig. 10. Schematic of the apparatus used for electric field light scattering, The optical components
are S — arc, L — lens, F — optical filtex, D — diaphragms and PM — photomultiplier. The elec-
tronics are identical to those of Fig. 2. The scattering cell is immersed in a liquid-filled vat to
minimise solution/cell/air infacial reflections
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The theory for the scattering changes cannot be expressed as simply as for the
foregoing methods. Equations have been published for rigid rods and discs and for
flexible and ‘frozen’ coils which are either polar or exhibit a polarisability anisotropy.
For the rigid molecules, at low degrees of orientation,

(M% - IJ%) + (s — al))Ez an

AI/I =(1-3 cos? Q) Q(
(1 + 2 4p2)K2T? kT

where §2 is the angle between the electric field vector and the scattering vector’s.

This vector’s =y — i where ig and 70 are unit vectors in the observation and inciderit

directions respectively. With the first cell described in Fig. 6d, £ is always /2. The

factor Q is independent of the electrical properties of the molecules but does vary

with the particle shape. For rods of length L and discs of diameter d, with x =

(i__vr) - £ sin 0/, where & represents L or d as appropriate,
1 l 1 sin2x 1 x2
3 )00 Qe = - 12
Oroa = 128 Py ( 2x3 xz)an Qe 180 P, 12

Here P, is the particle scattering factor for the particular model in the absence of
any electrical field. An advantage of electric light scattering is that the parameters
preceding the brace of Eq. (11) can be evaluated from the scattering data in the
absence of the field. One does not have to use the higher fields to obtain orientation
saturation conditions. Hence, two consecutive pulsed scattering transients as indi-
cated in Fig. 3 are all that are needed to fully characterise the nature and directions
of the permanent and induced dipole moments. An example is given in Fig. 11

for an aqueous suspension of Laponite synthetic clay particles. The amplitudes of
the transients indicate a greater A1 at the higher frequency. This is equivalent to
dispersion curve which increases with frequency and indicates that, in the dc field,
the permanent and induced contributions compete and are thus of opposite sign. In
the present case, u3 > p; and is predominantly pointing through the face of these
disc-shaped particles whilst o; > a3 and the greater polarisability is in a direction,
along the disc face. In this study the relative values of the electrical parameters were
(u% -/ (g - az)=1.3x 10721J. The transient decay was equivalent to the sum
of at least two exponential contributions [see Eq. (4)] with.D =7.5 and 3.3 s7!
These corresponded to disc diameters of 740 nm and 980 nm respectively. The Zimm
plot data gave d = 990 nm which was in remarkably close agreement to that obtajned
from the transient decay curve. Furthermore, by incorporating the Zimm plot data
for P0 and d in Eqs. (11) and (12), discrete values of (o —3) = 2.5 x 1072° Fm?

and (u2)'/? = 5.7 x 10725 Cm were obtained.

Equations for flexible chain molecules are very different from Egs. (11) and (12)
They have only been solved for the specific situations with Q@ =0 and © =90. A full
discussion of these is made elsewhere (26). Suffice it here to say that the changes
AT under these two experimental conditions show a different dependence on the
degree of polymerisation (V). Hence, electric field light scattering affords us a quick
method of assessing whether a molecule is flexible or not. By measuring the ratio
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Fig. 11. Transient scattering responses for dc and ac pulsed fields. Data for a suspension of
Laponite clay discs in fields of 80 Vcm™ ! The dc field was of 70 ms duration, and the ac figld
of 100 ms duration with a frequency of 250 Hz. Data from Ref. (27)
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Fig. 12. Frequency dispersion curve of the scattered intensity changes for nitrobenzene in
acetone. Data for6 = 2=90°, A=436 nm,E =710 Voem™ ! Atlow frequency, the data fit,a
Debye dispersion with 7 = 50 ug whilst at high frequency they agree with 7= 29 u, This is
due to the sample polydispersity and partial flexibility. Data from Ref. (29)

R =(ADq=p/(ADq=9¢ a value of —2 is obtained with rigid molecules. For polar,
flexible molecules this ratio is a complicated function of N and is far from —2.

This ratio was used in a study on an agueous solution of the lefthanded helical
form of polyproline I1. At low field strength, A I varied with £2. However, (AN =90
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was negligible when compared with (Al)q=¢ indicating that, although this polymer
is helical, at high molecular weights the helix behaves in an electric field rather more
like a flexible chain than a rigid cylinder (28).

A study has also been made on a sample of nitrocellulose having an average
degree of nitration of 4.6 nitro groups per cellobiose unit (29). A Zimm plot was
obtained for this sample in acetone and indicated a weight average molecular weight
of 4.6 x 10° and a radius of gyration of 101 nm. In an electric field the molecule
did not behave as a random coil using R as the criterion. Neither was the molecule
completely rigid. The molecule reacted as if it had a strong permanent dipole
moment directed along its molecular backbone. Any induced dipole was relatively
insignificant (Fig. 12). It was estimated that the dipole moment was of the order of
5 debye units (16 x 1073° Cm) per monomer unit. Such a result was in agreement
with values obtained from dielectric measurements. In addition, a consideration of
models of the cellubiose unit with this degree of nitration does indicate the likelihood
of a resultant axial dipole moment. Hence, the method appears to give credible molec-
ular parameters and indicate the semi-flexible nature of the polymers. A suitable
theory for the electro-optic scattering from molecules with intermediate flexibility
between the extremes of the rigid rod and the freely jointed chain is urgently required
for the advancement of the method. The host of molecular parameters, the indicationt
of rigidity and flexibility and even polydispersity (30) plus the speed and ease of the
measurements make this an extremely promising characterisation tool.

V1. Conclusion

The imposition of order on macromolecules in dilute solution enables various axial
components to be determined of those optical properties which exhibit anisotropy
as a result of the molecular structure. These components of the tensor functions
concerned may be used in certain favourable instances to indicate or confirm a
proposed molecular structure.

Electric fields are of particular value as the means of inducing the order as they
enable electric dipole moments and polarisabilities to be measured. These are them-
selves of value in indicating the molecular conformation of polymers and biopolymers.

The optical properties of polymer solutions are already widely used to characterise
such solutions. The supplementary information on 7, 4 and « is obtained from the
same samples and under the same conditions as the data obtained from the existing
experiments.

The methods are quick and relatively easy to perform; especially with molecules
having a large electrical anisotropy (such as highly polar molecules). Macromolecules
are ideally suited to this requirement.

Molecular flexibility can be estimated, but only to a limited extent. Because of
the lack of suitable theories for the electro-optic behaviour of semi-flexible mole-
cules, dynamic relaxation properties are generally studied. The field-free relaxation
time 7 can be analysed in terms of the persistence length concept using suitable
equations. In addition, the scattering parameter R may be used.
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The methods can be extended to any optical tensor property of the molecule.
An example is electrically induced fluorescence (31). In addition, many liquid crystal
display devices operate on electro-optic principles. Yet highly concentrated solutions
of certain macromolecules form liquid crystalline phases. The electro-optic properties
of solutions of ever-increasing polymer concentration therefore should be significant
in the study of the nature and origins of liquid crystal properties.

Finally, with molecules having a high degree of flexibility or small size, the
applied electric field needs to be of increased amplitude and, in the case of pulsed
fields, of very short duration. Such pulses are extremely difficult to generate. Over
the past three years a method has been developed in the author’s laboratory in which
the high intensity but short lived electric vector in a high powered switched laser
beam has been used to induce order in macromolecular solutions. An example is
given in Fig. 13. At the high frequency of the optical field, only the electronic pro-
cesses can contribute to the electrical polarisability. The laser method extension
should thus provide a means of both looking at faster orientation processes and
isolating the electronic contribution to o.

Fig. 13. Laser induced birefringence for a solu-
tion of tobacco mosaic virus in orinsens buffer
at pH 7. Data forc = 3x 10~ 3g mi~ L. The
birefringence was detected using an Argon-ion
laser at 488 nm wavelength. The inducing beam
was from a YAG infra-red laser, at A = 1.06 up,.
The equivalent electric field was of approximate-
Iy SkVcecm™ 1 amplitude. The decay rate cor-
responded to 7 = 1.0 ms. Frame (a) is the photo-
multiplier response and (b) is the inducing laser _
pulse. The frames are not accurately synchronised
in time. Reproduced from Ref. (32), by courtesy
of ‘Nature’
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1. Introduction

Ultrasonic degradation of macromolecules in solution is a special case of a disinte-
gration reaction of the macromolecules induced by a complicated action in which
hydrodynamic forces are of primary importance. The particular interest of ultra-
sonic degradation is the fact that, contrary to all chemical or thermal decomposition
reactions, ultrasonic depolymerization is a nonrandom process that produces frag-
ments of definite molecular size. If the theoretical principles of the mechanism of
the process are known, the production of polymer fractions having definite mole-
cular-weight distributions seems possible. By the action of ultrasound on polymer
solutions large molecules are more rapidly degraded than smaller ones; this process
therefore permits the removal of large molecular-weight tails commonly present in
technically produced or fractionated polymers, which is otherwise difficult to achieve.
This is one of the most interesting applications of ultrasonic degradation in polymer
chemistry, since large molecular weight components usually reduce the mechanical
properties and for this reason the general quality of the polymer. The existence of

a limiting molecular weight, below which degradation by ultrasound does not take
place, has the additional effect that initially broad molecular-weight distributions
become more narrow during irradiation.

Ultrasonic degradation is much more effective than the degradation of polymers
in solution by hydrodynamic shear, and since the laws governing these two processes
are similar in many aspects, ultrasonic degradation may be used in many experiments
on shear degradation if the effects of the latter are too small for experimental
detection. The most important application of ultrasound in this respect is the investi-
gation of the stability of polymer additives widely used in multigrade lubricating
oils. Ultrasound also has a strong liquefying effect on natural and synthetic gels and
is therefore used extensively in technological operations. In biochemistry ultrasound
is commonly used for the disruption of cells and living tissue in order to extract
soluble constituents more efficiently. Since most proteins, enzymes and nucleic acids
are easily denatured by ultrasound, the knowledge of the kinetics and the mechanism
of this degradation reaction is essential for its use in biclogic sciences. It is the aim
of this review to provide a detailed discussion of the kinetics and the mechanism of
ultrasonic degradation of polymers in solution, in the light of the experimental
results and theoretical knowledge available today.

2. Effects of High Intensity Ultrasonics in Liquids
2.1. Elementary Physics of Ultrasonic Waves

In ultrasonics we are concerned almost exclusively with sinusoidal motion and, in
the majority of applications in liquids, with longitudinal waves only. Though trans-
verse waves are also propagated in liquids, they need not normally be regarded be-
cause their attenuation with distance is extremely high. The general laws of acoustics
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can also be applied to ultrasonic waves; an additional advantage of ultrasound is
that sharp focusing is possible and that high intensities can be generated.

The velocity of sound ¢ in liquids, as evaluated from the theory of wavemotion,
depends on the adiabatic compressibility § and the density p of the medium; it is
given by the equation

c=aw=y/ = ()

o

where A and v denote the sound wavelength and frequency respectively. The velocity
of ultrasound in water is approximately 1500 m/sec; the wavelengths corresponding
to frequencies from 20 kcfsec to 1000 kc/sec fall within the range of 7.6 cm to

0.15 cm. The frequencies between 20 kc/sec and 1000 kc/sec are commonly used

in the investigations of ultrasonic chemical processes.

A sound wave propagated in a medium carries a certain amount of energy with
it, which is generally characterized by the intensity of the sound J (watts/m?), and
which is defined as the energy transmitted in one second through a unit area perpen-
dicular to the direction of propagation. For a plane progressive wave in a liquid, the
peak values of the alternating components of pressure Py, displacement Ag, velocity
U, and acceleration By are given by:

P (1] =4/ 2paf (2)
_ 1 Ju

Ao =—— e 3
JY

Uy =v/ 2 @

By =2mv+/ i—j (5)

The quantity pc is called the specific acoustic impedance of the medium; it denotes
the ratio of the acoustic pressure to the velocity of the vibrating particle. In acoustics
the relative sound intensity level is usually expressed by means of a logarithmic
quantity k, measured in decibels (db). If sound of intensity J; is compared with
sound of intensity J,, k is given by:

k= IOIOg% ()

For reference measurements, the sound intensity J, is taken close to the thresh-
old of audibility of the human ear, which is approximately 10~'¢ watts/cm?. The
average intensity of ultrasonic waves used in laboratory investigations of liquids,
which is in the order of 10 watts/cm?, is therefore many orders of magnitude greater
than the sound intensity of the most powerful loudspeakers. As an example let us
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consider the irradiation of water at an intensity of 10 watts/cm” and a frequency of
500 kefsec (0 = 1 g/em®, ¢ = 1.48x10° cm/sec). From the above equations we obtain:
Po =5.4bar, Ag = 1.2x107° cm, Uy = 36.8 cm/sec and By = 1.1x10® cm/sec?.
These values show that the dynamic acoustic pressure varies 500000 times per second
between +5.4 bar and —5.4 bar. The primary acoustic pressure, the particle amplitude
and the velocity have relatively low values, so that exceptional effects are not to be
expected from them. The acceleration of the particles of the liquid, however, can be
very large; in the case considered the acceleration is 100000 times greater than the
action of gravity. The rapid variation of the acoustic pressure causes the formation
of small cavities in the liquid, which, as will be shown later, are responsible for most
effects of high-intensity ultrasonics in liquids.

When an acoustic wave travels through matter its intensity decreases exponen-
tially with distance, the acoustic pressure being given by the equation:

Px =P0 LT oX . ei(21rvt-—21rx]7&) (7)

where P,, is the pressure at a distance x from the source, « is the absorption coeffi-
cient; the second exponential term refers to the sinusoidal wavemotion. The energy
lost from the radiation appears as heat. In liquids absorption of sound is a complex
process, which is due mainly to viscosity, thermal conductivity and relaxation proces-
ses. Since the two latter phenomena are often very small in pure liquids, compared

to the first, a simplified equation, considering the internal friction forces only, may
be employed in most cases. Based on Stoke’s theory, the following expression for

the absorption coefficient, which considers viscosity only, can be evaluated:

2.2
q= YA ®
o C

where 7 is the viscosity of the liquid. The reciprocal value of o is called the depth of
penetration. In polymer solutions, however, the calculation of absorption coefficients
is more complicated because of the existence of various relaxation times, correspond-
ing to a whole series of molecular processes. For more details on this subject see
Fliigge (19), Bergmann (5), Gooberman (25), Mason (50), Blandamer (8),and Nosov
67}

2.2. Generation of Ultrasound in Liguids

In most experimental techniques, ultrasonic vibrations are introduced into the liquid
from a solid. This is possible either by direct contact of the liquid with the ultrasonic
transducer or indirectly by means of a coupling member, the so-called ultrasonic
horn. The use of horns avoids the contact of the liquid that is being irradiated with
the transducer. If necessary, the intensity can be increased over small volumes by
characteristic gecometrical forms of the horn. Usually cylindrical, conical, catenoidal
or exponential horns are used (5). In the latter case the vibration amplitude increases
along the bar inversely with the cone diameter. The dimensions of ultrasonic homs
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must be such that the natural resonance frequency of the vibrator is not appreciably
affected. The vibrator or transducer is invariably excited electrically, using either
piezoelectric or magnetostrictive materials. Transducers supplied by mechanical
energy, €.g., the various types of ultrasonic whistles, are widely employed in ultra-
sonic processing of solutions and in emulsification. They are, however, rarely used
in laboratory practice.

The most important piezoelectric materials used for the generation of high-in-
tensity ultrasonics are quartz and a variety of electrically polarized ceramic sub-
stances, such as barium titanate and lead zirconate titanate. Using ceramics, more
than 90% of the electrical energy applied to the plate can be transformed into ultra-
sonic energy. Ceramics are mainly used nowadays as sources of ultrasound, because
of their good mechanical properties, especially their high stability even when the
vibrations are of considerable amplitude. Piezoelectric materials may be used either
directly immersed in a nonconducting liquid or coupled to a resonant horn; in the
latter case intensities up to 500 watts/cm? are attainable. Among the group of
magnetostrictive materials used as ultrasonic generators, pure nickel and iron—cobalt
atloys are mainly used. The efficiency of these transducers depends largely on the
frequency; values of about 20% for high frequencies and 70% for low frequencies
are good averages. Magnetostrictive transducers are always used in connection with a
coupling horn; intensities up to 100 watts/cm? are obtainable.

For most practical applications of ultrasound in liquids it is desired to have the
ultrasound irradiated from one end of the transducer only. To achieve this, the other
end of the transducer is placed in a medium with a specific acoustic impedance as
low as possible. The ideal medium would be vacuum, but if the transducer is desig-
nated for the irradiation of liquids, which generally have a large acoustic impedance,
the nonradiating end may be left in contact with air.

Piezoelectric transducers must be fitted with electrodes, which supply the neces-
sary alternating electrical field. These electrodes must not impede the irradiation of
the ultrasonic waves; therefore thin gold or silver films are usually deposited on the
transducer surface by vacuum evaporation. A crystal prepared in this way can be
used directly for the generation of ultrasound in a nonconducting liquid, e.g., oil. A
typical experimental set-up of this type used for the irradiation of liquids is shown
in Fig. 1. The main disadvantage of this arrangement is the difficulty in measuring

Fig. 1. Experimental degradation apparatus with simple
crystal holder.

1. Crystal or ceramic plate 2. Glass cell with polymer
sample 3: Paraffin or transformer oil 4: Membrane

5: Absorber 6: Connections to thermostat
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exactly the intensity of the ultrasound that is actually acting on the liquid, because
of the inevitable reflections at the walls of the reaction vessel. If the reaction vessel,
however, is large enough, a monitoring device for ultrasonic intensity can be in-
serted directly into the liquid during irradiation. The temperature control of the
system is very good. In order to assure homogeneous irradiation, the distance be-
tween the reaction vessel and the ultrasonic vibrator must be larger than one wave-
length of the ultrasound. For ultrasonic generators provided with a horn, an arrange-
ment as shown in Fig. 2 is generally applied. For high-intensity applications the main

Fig. 2. Cooling cell for degradation experiments.

1: Ultrasonic vibrator 2: Polymer solution 3: Thermo-
couple 4. Rubber seal 5: Side-arms for circulation of
the solution 6: Connections to thermostat

disadvantage in this case is the poor temperature control. A special shape of the
reaction vessel, however, can improve temperature stability considerably. In the
vessel shown in Fig. 2, the vltrasonic radiation pressure emitted from the horn forces
the liquid to flow through the side arms, thus effecting good mixing and an efficient
means of heat exchange. In all practical cases the wavelength of the ultrasound is
larger than the diameter of the vibrating tip of the hom, so that the ultrasonic field
is almost homogeneously irradiated. The ultrasonic intensity can be easily obtained
from the electrical output of the high-frequency generator and the efficiency of the
transducer system.

2.3. Cavitation

If a liquid is irradiated at low ultrasonic intensities no observable effects occur apart
from a slight heating due to the absorption of sound. On increasing ultrasonic inten-
sity, so that the acoustic pressure amplitude reaches values of the order of 1 bar small
foggy bubbles appear in the liquid. At this point usually 2 hissing or tearing sound
can be heard. The formation of these bubbles in the liquid and their subsequent
collapse is called cavitation. Cavitation is a three-step process consisting of nucle-
ation, growth and collapse of these gas or vapor-filled bubbles in the liquid. A
cavitation bubble is formed by the pressure variation due to the ultrasonic wave,
when the temporary reduction of pressure in the liquid falls below the threshold of
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tensile strength of the liquid. Since the tensile strength of pure homogeneous
liquids is of the order of hundreds of bars, but the acoustic pressure amplitude is of
the order of bars only, cavitation should not normally occur in liquids. The presence
of microparticles, dissolved gases or other cavitation nuclei considerably reduces the
liquid strength. Under the action of tensile stress, the liquid surface can then recede
from the nucleus giving rise to a macroscopic strain and consequently rupture of the
liquid. Cavitation nuclei may consist of small gas bubbles suspended in the liquid or
bubbles stabilized in cracks of suspended solid particles or at liquid—solid interfaces
or they may arise when high-energy elementary particles pass through the liquid or
electro-chemical processes take place. Since surface tension and hydrostatic pressure
cause very small gas bubbles to dissolve in the liquid, but larger ones to coalesce, ex-
pand and rise to the surface, it seems very unlikely that the liquid should contain
stable gaseous nuclei of a size large enough to permit cavitation. In fact such nuclei
exist probably as a result of stabilization by thin surface films of impurities. For
water that has been standing for several hours at room temperature, a free nucleus
would have to have a radius of 5x10™% cm (20) or less, in order to remain stable for
a reasonable period of time. Nuclei of such a radius will persist indefinitely in the
liquid, if they are stabilized in some manner against diffusion.

The onset of cavitation in an irradiated liquid is a highly varisble and complicated
phenomenon, which is not yet fully understood. Since the rate at which the small
bubbles coalesce and the cavity grows depends on the difference between the
acoustic pressure amplitude and the tensile strength of the liquid, ultrasonic energy
must be applied for a certain time before cavitation takes place. Once 2 liquid has
cavitated for some time, it usually cavitates at a lower ultrasonic intensity than that
required to start cavitation. When high-intensity ultrasonic waves are propagated in
a liquid, cavitation bubbles arise at the sites of rarefaction, i.e., at the sites of negative
pressure, The cavity formed expands, and then is filled with vapor of the surrounding
liquid or with gases that are normally dissolved in the liquid. During one of the next
compression phases the cavity collapses fairly rapidly.

The motion of a cavitation bubble is often complicated by sudden changes in the
shape of the bubble, which does not always remain spherical. According to their motion,
cavitation bubbles may be classified into transient cavities, which are cavities that
contract from some maximum size, whereas the inward speed increases until the
rapid rise of pressure within the cavity stops the inward motion, and stable cavities,
which are cavities that oscillate nonlinearly about the equilibrium radius during many
ultrasonic periods. Mundry and Giith (30) and Schmid (82) investigated the formation,
growth and collapse of cavitation bubbles using high-speed cinematography. They
showed that during the expanding period the bubbles remain relatively spherical;
the same applies to the initial phase of the contraction, but in the later states of
collapse, cavitation bubbles attain very irregular shapes. They may even disrupt into
a large number of very small bubbles, which under the action of sound waves, can
act as nuclei for the formation of new cavitation bubbles. The mathematical treat-
ment of the formation and collapse of cavities in an ultrasonic field is complicated
because of the numerous factors to be considered, such as frequency and amplitude
of the exciting ultrasonic wave, compressibility of the liquid, thermal conductivity,
evaporation and diffusion processes, surface tension, variation of pressure with time
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and nature of the nuclei present. The general problem in acoustic cavitation is to
formulate the equation of motion of a cavity under the influence of ultrasonic
waves. A detailed analysis of this problem has been given by Flynn (20). The effects
of the initial wall velocity and the physical properties of the system, such as internal
pressure of the cavity, density, viscosity and surface tension of the liquid, on the
growth of cavitation bubbles have been studied by analyzing the equations of motion
on an analog computer by Marique and Houghton (48).

Rayleigh (80) as early as 1917, developed an equation of motion for the collapse
of a transient spherical cavity, assuming that both the pressure at infinity Po and
the pressure within the cavity P, were constant. Equating the kinetic energy of the
liquid and the work done during the contraction, he calculated the velocity U of the
interface of a cavity with radius R:

_2 . (P—P)( R}
U2-§ —-————"p (~R-g-~1) )

where p is the density of the incompressible fluid and R is the radius at which the
bubble starts to collapse. Eq. (9) shows that the velocity of the wall increases con-
siderably as the cavity becomes smaller. If it is further assumed that the interface

of a collapsing cavity strikes an absolutely rigid sphere of radius R, the instantaneous
pressure B developed in the liquid is given by:

P-B 1 ,2_ (Po-P)( R}
=t U =y &y Y 1
3 5P 3 I 1 (10)

where f is the compressibility of the liquid. As an example for water and taking that:
Py=1bar,P,=0,R=1/20Ry and § = 5x107% bar™?, an instantaneous pressure of
10 bars is calculated, showing that the pressure thus developed is very high.

The classical theory of the growth and collapse of a cavitation bubble in a liquid
was developed by Noltingk and Neppiras (64, 65). Assuming that the liquid is in-
compressible and the gas content of the cavitation bubble remains constant, an
equation has been developed describing the motion of a spherical cavity. The energy
balance requires that the kinetic energy of the liquid is equated to the algebraic sum
of the work done by the surface tension, the gas pressure and the liquid pressure at
infinity, including the hydrostatic pressure on the liquid and the sinusoidal acoustic
pressure variation due to the ultrasonic waves. The equation thus obtained, which
shall not be reproduced here, is mathematically insoluble, but several special numer-
ical solutions have been obtained on an analog computer. The calculated isothermal
variation of radius with time for a gas-filled cavitation bubble is given in Fig. 3. The
shapes of the calculated curves are very similar to the experimental time-radius
curves obtained by Giith and Mundry (30), which are represented in Fig. 4. As an
approximation, neglecting surface tension and assuming the internal pressure of the
bubble to be zero, Okuyama and Hirose (71) evaluated an analytical solution of the
equation of motion of a cavitation bubble under the action of rectangular ultrasonic
waves. Typical time-radius curves calculated by this method are shown in Fig. 5.
These curves are also similar in shape to those in Fig. 3, showing that the ultrasonic
waveform has no pronounced influence on the motion of a cavity. In all cases it can
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be seen that the total collapse time is only a small fraction of the ultrasonic vibration
period.

From the theoretical considerations of Noltingk and Neppiras (64, 65) many
conclusions can be drawn. The most important result is that the maximum radius
of the cavitation bubble is inversely proportional to the frequency of the ultrasound
within a large range. Once the maximum bubble size has been reached, collapse
follows in a manner determined mainly by the value of the maximum bubble radius.
Therefore, cavitation effects diminish with increasing frequency. Noltingk and Neppiras
also derived an expression for the pressure distribution in the liquid surrounding a
cavity filled with gas and which collapses adiabatically. The results are depicted in
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Fig. 5. Calculated variation of radius (R/Rg) of
a void cavitation bubble with time (¢} under
rectangular ultrasonic waves. Rg: initial radius
of the bubble T': period of ultrasonic vibration
P, static pressure exerted on liquid Pg: acoustic
T pressure amplitude. Parameter of curves is Po/P,;
for P, - 0 bubble starts to oscillate [Ref. (71}
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Fig. 6, which shows that the amplitude of the pressure wave in a liquid following a
collapsing cavitation bubble rises steeply as the bubble radius diminishes. The pres-
sure can attain enormously high values, but their duration is only a small fraction of
the total collapse time and their effects are concernitrated ower a very small volume
of the liquid near the bubble surface only. The variation of this maximum liquid
pressure with ultrasonic frequency is shown in Fig. 7. From this it follows that, if
intense cavitation is desired, the ultrasonic frequency should be as low as possible.
Furthermore, Noltingk and Neppiras (65) and Jellinek and Brett (42) derived
an equation for the boundary velocity of an adiabatically collapsing gas-filled cavity.
This velocity depends markedly on the ratio of specific heats of the gas and its pres-
sure inside the cavity at its maximum radius. The results of these calculations are
given in Fig. 8. The position of the maximum of the velocity curve occurs always
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at the same #/R, value and is independent of the pressure inside the cavity. Once
the numerical value of the velocity of the wall of a cavitation bubble is known, it is
easy to calculate the velocity at any distance from the bubble by applying the equa-
tion of continuity. It is thus possible to compute the frictional force that acts on a
polymer molecule of a given size present in the liquid near the collapsing cavity. It
will be shown in Section 6.5 that this force may be large enough fo break macromole-
cules, if certain additional conditions are fulfilled. Another interesting result from
the theory of Noltingk and Neppiras is that the occurrence of cavitation is restricted
to a definite range of variation of the following parameters: ultrasonic frequency,
initial radius of the bubble nucleus, hydrostatic pressure, and acoustic pressure
amplitudes. If the radius of a bubble is below a certain threshold, cavitation cannot
occur because surface tension forces prevent the bubble from growing. According

to Okuyama and Hirose (70) this is the case if the nucleus has a radius less than
1.7x10~% cm. If the ultrasonic frequency is below the resonance frequency of a
bubble, the expansion period during the half-cycle of rarefaction is followed by the
rapid collapse in the compression half-cycle. However, if the ultrasonic frequency is
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greater than the resonance frequency of the bubble, the latter will not have reached
its maximum radius before the ensuing negative ultrasonic pressure will cause it to
expand again. The collapse of the cavity is avoided and a complex forced oscillation
of the cavity with a comparatively small amplitude will occur. Cavitation is also
impossible if the acoustic pressure amplitude is less than the hydrostatic pressure
exerted on the liquid. Finally, cavitation is suppressed if the hydrostatic pressure

is so small that appreciable quantities of liquid can evaporate into the bubble and
thus exert a cushioning effect on the bubble walls during contraction. A more
detailed discussion of the domains of cavitation is given by Okuyama and Hirose
(70); a recent review on cavitation phenomena has been presented by Chendke and
Fogler (14).

Many investigators have demonstrated that the real motion of a cavity in a liquid
is highly damped due to the loss of energy, caused by heat conduction, sound radi-
ation and viscous flow. These effects are more pronounced when the motion of the
cavity begins to be transient. The most important of these effects on cavitation
dynamics is thermal conductivity. The behavior of the cavity content concerning
this latter effect is rather involved: at low and very high frequencies isothermal
conditions are generally accepted, whereas at moderate and high frequencies the
motion of cavities is almost adiabatic. Flynn (20) showed theoretically that the
velocity of collapse of cavity where heat conduction takes place is always greater
than that of a similar but adiabatic cavity. This is of course also the same for the
kinetic energy transmitted to the liquid surrounding the collapsing cavity. This and
the lower temperatures inside the cavity, are the main reasons why low-frequency
ultrasound is more recommendable for degradation studies of polymers than high-
frequency ultrasound.

If a small cavity is at rest in a liquid, surface tension and hydrostatic pressure
will quickly cause it to dissolve. The alterations of pressure in an ultrasonic field,
however, cause small bubbles to coalesce and the asymmetry and instability of its
surface favors vapor or dissolved gas to diffuse from the liquid into the bubble. As
a result, those bubbles may grow and finally reach a definite size at which violent
oscillations occur produced by the ultrasonic waves. The fundamental frequency of
the oscillations of such a bubble is given by the equation of Minnaert (53):

yv= 1 \/i’ﬁ»i (i1)

27R p

where R is the radius of the bubble, v the ratio of specific heats Cp/C,, of the gas
inside the bubble, P the hydrostatic pressure and p the density of the liquid. The
amplitude and energy of vibration of the gas bubble in an irradiated liquid is maxi-
mum in the case when its fundamental frequency is identical with the ultrasonic
frequency. In this case of resonance the pressure in the neighborhood of the bubble
can exceed the hydrostatic pressure by many orders of magnitude. As will be shown
later, the large velocity gradients that are generated by these vibrations are capable
of causing the rupture of macromolecules.

From the observations above can be understood that acoustic cavitation is an
effective process for concentrating mechanical energy. Because the mechanical
energy is accumulated into the very small volume of the cavities, many interesting
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phenomena, such as emulsification of immiscible liquids, erosion of solids, lumines-
cence in liquids, initiation of chemical reactions and the disintegration of macromole-
cules are caused by cavitation. The absolute value of the total energy liberated during
the collapse of a cavitation bubble is very small, but the energy density generated as

a result of the converging motion of the bubble is enormous because of the focusing
effect of the radial flow of the liquid. Cavitation therefore transforms the relatively
low-energy density of a sound field into the high-energy density in the interior and

at the boundaries of a collapsing bubble. From the practical point of view, cavitation
provides the most effective source of mechanical energy capable of causing the specific
degradation of macromolecules.

2.4. Shock Waves Produced by Cavitation

As shown in the last section the inward motion of the boundary of a collapsing
cavity is suddenly arrested by the rising pressure of the gas and vapor in it, resulting
in the development of large pressures in the liquid surrounding the cavity. According
to the theory of Noltingk and Neppiras (65) the pressure variation in the liquid due
to the adiabatic collapse of a gas-filled cavity is given in Fig. 6. This pressure wave
will be radiated into the liquid as a shock wave. Initially at least, the form of this
shock wave consists of a rather slow pressure rise in the leading edge, followed by a
steep pressure fall in the tailing edge. This is the reverse of the shock wave normally
generated due to the dispersion of the velocity of ultrasound. Waveforms similar to
a reverse sawtooth have been also found experimentally for the shock waves formed
by electric spark generated cavities, as well as for shock waves generated by violently
vibrating metal surfaces (29, 30).

By applying the equation of Rayleigh, Giith (29) calculated the pressure distribu-
tion in an incompressible liquid during the collapse of a gas-filled cavity. The varia-
tion of pressure with the distance from the center of the cavity is given in Fig, 9 for
different radii of the collapsing cavitation bubble. The shape of the curves is very
similar to those obtained by Noltingk and Neppiras for gas-filled cavities (Fig. 6) in
an incompressible liquid. At the moment of complete collapse, the maximum pres-
sure would in this case be at infinity. This will, however, not occur in practice, since
all liquids have a definite compressibility and some gas or vapor is always present
in the bubble, so that finite values of pressure will be obtained. Giith also calculated
the maximum pressure of the gas inside the bubble at its minimum radius, due to
adiabatic compression, as a function of the gas content of the bubble. This gas
content can be expressed as a function of the initial pressure of the gas inside the
bubble at the starting moment of collapse. The maximum pressure attained, which
is equal to the maximum value of the dynamic pressure wave radiated into the
liquid, is shown in Fig. 10 as a function of the relative gas content of the bubble.

The propagation of the pressure wave thus generated is only possible if the
liquid is assumed to have a finite compressibility. The exact mathematical treat-
ment of this problem is very complicated and has not yet been attempted; but ac-
cording to Giith the pressure variation is in principle similar to that in Fig. 9, with
the only difference that the curves are not as steep as in the ideal case. In reality,
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the shock wave pressure set up by the collapse of a cavitation bubble is governed by
several factors, such as the damping action of gases and vapor inside the bubble, the
viscosity and compressibility of the liquid, the finite speed of collapse, the shape of
the bubble and finally the break-up of the bubble during collapse, which leads to the
formation of a variety of smaller bubbles. Many experimental investigations on shock
waves radiated from collapsing cavitation bubbles have been carried out using cavities
generated by electrical spark discharges or by the mechanical deceleration of fast-
moving liquid columns. High-speed cinematographic investigations of Schmid (82) on
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the collapse of isolated cavities having an initial radius up to 1 cm, demonstrated
that a very strong shock wave of approximately spherical shape is radiated from the
cavity at the moment of implosion. The shock waves generated in this way were so
strong that they were visible even without the use of schlieren optics. Investigations
of Melien (57) on shock waves radiated from the cavities generated by spark dis-
charges or exploding wires, indicate that the maximum radial velocity of the cavity
wall is of the order of the velocity of sound in the liquid.

Bohn (7) recorded the pressure and the sound spectra of cavitation generated
by a 15 kcfsec ultrasonic transducer. In the pressure recording obtained, sharp peaks
caused by the collapse of cavitation bubbles are superimposed on the normal sound
spectrum. It is, however, impossible from these results to determine the peak pressure
of cavitation collapse directly, since the shock wave impinges only on a very small
fraction of the total area of the hydrophone employed and the signal obtained is
integrated over an unknown area. The estimated values for the peak pressure inside
a cavity are of the order of 10® bars.

Mundry and Giith (30) photographed the shock waves generated by ultrasonic
cavitation at 2.5 kc/sec by using schlieren optics. Their experiments demonstrate
that shock waves are not generated periodically but appear at irregular intervals.
Moreover, the centers of the shock waves were always in the proximity of the ultra-
sonic transducer interface, indicating that only in this region are cavitation bubbles
large enough to generate shock waves at their implosion. It has also been confirmed
experimentally that the radiated shock waves are more intense the lower the gas
content of the cavitation bubble.

Since the amplitude of the shock waves generated by cavitation cannot be mea-
sured directly, because the hydrophones available today are much too large compared
to the dimensions of the cavity, the experimental determination of the pressure must
be carried out at comparatively great distances from the cavity. The peak pressure
due to the collapse of spark-induced cavities recorded by Mellen (51) on an electro-
acoustic hydrophone at 100 cm from the cavity was in the range of 0.5 to 5 bar. The
amplitude of the shock wave, however, is considerably higher because it is strongly
attenuated even over moderate distances. Most investigations indicate that the maxi-
mum pressure drops inversely proportional to the distance travelled by the shock
wave (20). Measurements of the peak pressure at relatively short distances from the
center of the cavity, as well as the determination of the plastic deformation of
metals with known tensile strengths, reveal that the pressures generated by collapsing
cavities fall within the range of 3x 10%and 1.3 x 104 bars(20). From these results
it becomes clear that the shock waves radiated from collapsing cavities can produce
very drastic effects within the irradiated liquid.

3. Physicochemical Actions of Ultrasound on Macromolecules
3.1. Chemical Effects

In most cases the propagation of ultrasonic waves in liquids can be regarded as an
adiabatic process. The changes in pressure and consequently in density in the vibrating
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liquid are so rapid that heat cannot be transferred from the compressed region to

the surrounding medium and vice versa from the surrounding medium to the rarefied
regions of the liquid. At the passage of a sound wave through a liquid the temperature
difference between the vibrating layers due to adiabatic compression is of the order
of hundreths of a degree only. No chemical reactions are to be expected from this.

In the cases where ultrasonic irradiation accelerates certain reactions, this is mainly
caused by microstirring of the reagents, which greatly enhances the mass transfer,

or by the physical destruction of boundary layers or protective films in the case of
heterogeneous reactions.

Chemical effects in an ultrasonic field are produced exclusively by cavitation
or vibrating resonance bubbles. The compression of the gas present in the bubble
generates high temperatures inside, which are responsible for many chemical processes
occurring in an ultrasonic field. Moreover, at the initia! stages of formation of a
cavitation bubble, electrical charges may appear. These charges are not uniformly
distributed over the walls of the bubble and electronic breakdown may occur. This
is accomplished by the emission of visible and ultraviolet light and ionization of
molecules present in the cavity can occur. All these effects depend greatly on the
nature of the gas present in the cavitation bubble. Chemical effects play an impor-
tant role in aqueous media, because being a favorable medium for the occurrence of
cavitation, water additionally ensures electronic breakdown of the cavitation bubbles.
Moreover, reactions due to ultrasonics occur in organic solvents too, especially if
traces of water are present.

The following discussions are limited to those reactions that are associated in
some manner with ultrasonic depolymerization. The decomposition of water is ac-
companied by the formation of radicals and hydrogen peroxide, especially in the
presence of oxygen. The decomposition of water is considered to be initiated by the
ejection of an electron from the water molecule due to the action of ionizing radia-
tion, followed by a series of secondary processes, such as:

H,0 — H,0' +e™
H,0" — H  +OH
H' +e” — H

OH" +OH' — H,0,

H +H —H,

H,0 — H + O
H +0, — HO3
HO"Z + HOQ —> H202 + 02 etc.

The existence of all these free radicals has been demonstrated experimentally. Further
details on this subject are given by El'Piner (17),and Nosov (67).

Decomposition of organic halogen derivatives occurs readily if they are irradiated
in aqueous media. If carbon tetrachloride is used, atomic chlorine is split off the
molecule, even in the total absence of oxygen. The chlorine liberated can easily be
detected with potassium iodide and a starch indicator. The production of iodine from
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solutions of potassium iodide containing carbon tetrachloride is therefore often used
as a standard test for the intensity of cavitation.

The different radicals formed during ultrasonic irradiation of aqueous solutions
can affect degradation studies, since the products formed can react with polymers in
several ways. Oxidation reactions due to the OH' and the HO; radicals play an im-
portant role in the degradation of polymethacrilic acid at 250 kc/sec. Hydrogen
peroxide, however, which is also formed, has no effect on the polymer (). The
chemical effects of ultrasound on degradation experiments can be avoided by the
addition of certain protective substances, which act as radical scavengers, such as
allyl thiourea, iodine or even stable free radicals, such as o, o -diphenyl-3-picryl-
hydrazyl (DPPH). Since cavitation bubbles behave almost isothermically at low
frequencies and adiabatically in the megacycle range, high temperatures and ioniza-
tion will not occur in the cavities at low frequencies. Consequently chemical effects
may be disregarded in most cases at frequencies near 20 kc/sec. In view of this, low
frequency ultrasonics should be used as far as possible for the investigation of degra-
dation reactions of polymers in aqueous media.

3.2. Depolymerization

Most macromolecular compounds in solution suffer deep alterations when they are
exposed to high-intensity ultrasonics. The most important actions of ultrasound
consist of the liquefaction of thixotropic gels and the depolymerization of macro-
molecules. Many investigators found a reversible reduction of the viscosity after
insonation of several naturally occurring high polymers, such as gelatin, starch, agar-
agar and gum arabic, which could be explained assuming that ultrasound caused the
dispersion of aggregates, rather than the breakage of chemical bonds. For most poly-
mers, however, a definite effect of depolymerization is observed, especially at high
ultrasonic intensities. Examples are provided by solutions of polystyrene, polyvinyl
acetate, polyacrylates, nitrocellulose, enzymes, DNA, dextran and many other poly-
mers. Reviews of the earlier investigations have been given by Bergmann (5) and
Wilke and Altenburg (107, 108).

Schmid and Rommel (83) were the first to observe an irreversible reduction in
the viscosity of solutions of polystyrene, polyacrylates and nitrocellulose due to the
breakage of covalent bonds in the polymer chain. These investigators also found that
in the first minutes of irradiation depolymerization was fairly rapid, but slowed down
subsequently and ceased altogether when a minimum molecular weight was ap-
proached. The existence of a limiting degree of polymerization, beyond which no
degradation occurs, was also established by other investigators (17, 92) and consti-
tutes the basis of most degradation mechanisms. A correlation of the limiting degree
of polymerization with the microstructure of the polymer has also been suggested
(93--95).

The depolymerizing effect of ultrasound is more pronounced for higher
molecular weights of the polymer. This relationship between degradation rate and
chain length has been found by all investigators. The rate of degradation depends
mainly on the duration of the treatment, on the concentration of the solution, on
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the nature of the polymer and solvent, and the intensity of ultrasound. From all
experiments there is evidence of nonrandom scission of the polymer molecules,
with clear preference of rupture near the midpoint of the chain. No fundamental
differences have been reported in the mechanism of degradation of synthetic poly-
mers in organic solvents (24, 76, 97, 103) and naturally occurring polymers or
proteins in aqueous media (2, 3, 9, 16, 76, 81). A detailed discussion of all the pa-
rameters that affect ultrasonic degradation will be given in Chapter 4.

Many attempts have been made to develop mechanisms to explain degradation.
Since chemical effects play a minor role, the mechanical nature of ultrasonic degra-
dation is nowadays generally accepted. Depolymerization is caused by the mechanical
forces that arise in the liquid due to the propagation of acoustic energy through it.
Moreover, the major part of these forces are directly associated with cavitation and
the formation of strongly vibrating bubbles in the liquid treated. The results of most
investigations led to the conclusion that cavitation is responsible for depolymerization
(17, 105. 106). Strong velocity gradients appear in the liquid close to collapsing cavi-
tation bubbles and may cause breakage of the macromolecules; besides this, shock
waves also play an important role. By applying an external pressure on the liquid in
order to prevent cavitation, it was found that the rate of degradation was greatly re-
duced (17). In carefully degassed liquids or in liquids saturated with carbon dioxide,
where cavitation is almost completely suppressed, no depolymerization was detected.
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Fig. 11. Effect of cavitation on ultrasonic
200'_ R degradation of polystyrene in toluene at
B 400 kc/sec and power of 50 watts. Viscosity
of solution (7 — given by flow-time in viscom-
0 ; ] eter) is plotted against time of irradiation (7).
&0 120 180 1: pure toluene 2: solution, air present 3.
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The role of cavitation was clearly demonstrated by Weissler (105, 106), who
investigated the degradation of polystyrene in toluene and that of hydroxyethy! cel-
lulose in water at an ultrasonic frequency of 400 kcfsec. The results for polystyrene
are shown in Fig. 11. During the irradiation of the first sample many cavitation
bubbles were present and decrease in molecular weight, as measured by viscosity,
occurred to about one tenth of the initial value. The second sample, carefully degas-
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sed by boiling under vacuum, showed no cavitation bubbles during irradiation and
suffered no appreciable change in molecular weight. An even more direct relation
between cavitation and degradation is demonstrated in Fig. 12. In this case samples
of hydroxyethyl cellulose were subjected to ultrasonic irradiation at increasing
intensity levels. No depolymerization occurred at low ultrasonic intensities, when
cavitation was absent; at the ultrasonic intensity where cavitation began, depolymer-
ization took place and became greater as the intensity was further increased.

Some investigators, however, claim to have detected degradation in the absence
of cavitation, provided the molecular weight of the starting material was high enough
{52). At very high frequencies, in the megacycle range and in the absence of cavita-
tion, a very slight degradation seems possible, according to Mostafa (60), most
probably due to some kinds of resonance effects. [t must be noted, however, that at
high frequencies and with the high ultrasonic intensities then required to have mea-
surable effects, it is very difficult to establish the experimental conditions where
cavitation is thoroughly suppressed. The degradation found by earlier investigators
in the “absence™ of cavitation must be therefore attributed in most cases to their
inadequate method for eliminating cavitation.

3.3. Formation of Macroradicals

The mechanical rupture of polymer chains leads to the formation of free valences
on the ends of the chain fragments. According to Henglein (33) there are three basic
possibilities for the depolymerization reaction. In the so-called hiomolytic cleavage
two free macroradicals are formed:

Ppom — Py + P,

As an example there is the rupture of polystyrene:

--—CH~CH—CH~CH—--  --—CH;CH*  *CH;<CH—--

—~ O- ©
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In the heterolytic cleavage two macromolecular ions with opposite charge appear:
Ppem —— P, + P,

As an example for this reaction the heterolytic cleavage of polydimethylsiloxane

in the presence of methanol may be cited (104). Methanol, a strong nucleophile,

reacts very rapidly with carbonium and siliconium ions, thus indicating the hetero-
lytic cleavage of the Si-O bond:

CH, CH, cH, CH,

S m0-Sim0-$i=0—-- —= —~—O—?i—0‘ + '?i—{)—“
CH, CH, CH, CH,
ool
CH CH,

--—0-8i—0~ +8im0—-
CH, CH,

The third possibility is the intramolecular disproportionation with the formation of
two stable macromolecular fragments:

Ppem —— P, + Py,

The degradation of polydimethylsiloxane in the absence of methanol is an example
considered to follow this mechanism:

CH,  CH, CH,
T mO8im0-8i—0— - = = =0-$i=0 + CHy$i-0—-
CH, CH, CH, CH,

Experimental investigations have shown that the breakage of the C—C bond by the
action of ultrasound usually leads to the formation of long-chain radicals. Methanol
does not react with the degradation products formed, which indicate the homolytic
nature of the rupture of the C—C bond. The macroradicals formed can be inactivated
by recombination or by disproportionation; since the number of macroradicals formed
during degradation of dilute solutions is small compared to the number of solvent
molecules, recombination and disproportionation are usually repressed by the reaction
with solvent molecules or other substances present in the solution. The degradation
products formed during the ultrasonic irradiation of polymers react preferentially
with substances capable of inactivating free radicals, such as iodine, oxygen or allyl
thiourea. If oxygen is present in the solution, only a small fraction of the macro-
radicals formed react with iodine, which means that oxygen is more reactive.

The quantitative detection of free radicals formed during ultrasonic degradation
is best carried out by adding stable free radicals to the solution, a,a'-dipheny!-5-
picrylhydrazyl (DPPH) being most commonly used. Henglein (33, 34) showed that
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the reduction in DPPH concentration, which can be measured photometrically, was
proportional to the number of C—C bonds broken during the irradiation of solutions
of polystyrene and polymethylmethacrylate. He also demonstrated that two mole-
cules of DPPH are used per ruptured bond. Not all DPPH molecules that react with
the macroradicals, however, are incorporated into the polymer chains, a dispropor-
tionation reaction with transfer of an hydrogen atom from the polymer to the DPPH
molecule taking place.

The free radicals formed by the irradiation of polymer solutions can also start
polymerization reactions, if monomers are present. It has been shown that the rate
of polymerization increases with increasing polymer concentration, since more
macroradicals are then formed. As soon as the degree of polymerization exceeds the
limiting chain length for degradation, these polymers may also undergo mechanical
degradation. Therefore, this reaction may be regarded as autocatalytic. Examples of
the degradation and mechanochemical polymerization of several polymer—monomer
systems under ultrasonic irradiation are given by Henglein (35), El'Piner (i7) and
Fujiwara et al. (21).

4. Parameters Affecting the Degradation of Polymers in Solution

4.1. Quantities Characterizing Ultrasound

In order to explain the depolymerizing action of ultrasonic waves, it is necessary to
take into consideration all the factors that are known to have an influence on the
degradation process. Since the numerous effects that result from the collapse of
cavitation bubbles are responsible for the scission of long-chain molecules, the in-
fluence of the quantities characterizing the ultrasonic field on the degradation reac-
tion is in many aspects the same as their influence on cavitation. Among the series
of factors that affect cavitation, the most important are the acoustic intensity, the
frequency of ultrasound, and the static pressure exerted on the liquid. The acoustic
intensity defines the size of the zone of liquid where cavitation occurs and controls
the probability of occurrence of cavitation events per unit volume. The frequency of
ultrasound determines the half period of collapse of the cavitation bubbles and
establishes the resonant bubble radius and the probability of cavitation events to
occur per unit time. Finally, the static pressure defines the size distribution of cavi-
tation nuclei, from which a series of variables are dependent, such as the number of
cavitation events, cavitation threshold, velocity of bubble growth and collapse and
the efficiency of energy transfer.

The ultrasonic intensity defines the acoustic pressure amplitude, which deter-
mines the threshold necessary to produce cavitation. As the acoustic pressure am-
plitude is increased, both the number of bubbles and their maximum size increases,
resulting in an increased overall cavitation activity. Okuyama (69) demonstrated
that the intensity of collapse of a cavitation bubble does not strongly depend on the
ultrasonic intensity. The main effect of increasing ultrasonic intensity is that a larger
number of cavitation bubbles are formed. Therefore, to alter cavitation intensity
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over wide ranges, the hydrostatic pressure over the liquid or the temperature must
be changed. Mostafa (57) and Jellinek (45) showed that the degradation rate con-
stants of polystyrene in benzene increased almost linearly over a fairly large range

of ultrasonic intensities, provided the ultrasonic intensity was higher than the thresh-
old value for cavitation. Their results are shown in Figs. 13 and 14.
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According to the results of most investigators, the limiting degree of polymer-
ization seems to decrease with increasing ultrasonic intensity. The experiments of
Okuyama (69) and Thomas and Alexander (I02), however, indicate that the degra-
dation limits of polymerization should be nearly independent of ultrasonic intensity,
the time of irradiation being much more important. This is a factor of uncertainty
occurring in most of the earlier investigations, in which the degradation curves al-
ways showed a tendency toward lower degrees of polymerization, even after the
longest periods of irradiation used by these researchers. Consequently the “limiting”
degrees of polymerization which they found were nearly always several times larger
than the values obtained more recently using gel permeation chromatography. In
addition to this, viscosity-average molecular weights, which were invariably used, are
not suited to the determination of very low molecular weights.
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In order to relate degradation time to ultrasenic intensity some investigators
suggested that degradation should be correlated on the basis of the product of ultra-
sonic intensity with degradation time, i e., the total energy input per unit of mass
of the polymer irradiated (18, 96). This relation, however, is only valid over a
comparatively small range because the total input of energy in the system greatly
exceeds that fraction of energy necessary to break the chemical bonds. Schmid (84)
reported that in his system, only 4 bonds were broken from 107 molecules present
in the solution in every period of ultrasonic oscillation. The energy fraction from
the total input energy, which causes rupture of chemical bonds is of the order of
10~5 or less.

There is no possibility of isolated polymer molecules being directly excited to
resonance vibrations due to ultrasound. The applied ultrasonic frequencies, at most
2000 kc/sec, are by many orders of magnitude smaller than the fundamental fre-
quencies of vibration of chemical bonds (10'3—10%c/sec). The wavelength of ultra-
sound in liquids is of the order of 1 mm for the highest frequencies used in practice,
therefore, macromolecules that usually have contour lengths of 0.1-1x1073 mm,
can never get into different regions of an ultrasonic wave, where they might be sub-
mitted to dragging forces. Consequently the ultrasonic frequency has no direct ef-
fects on degradation, but again, cavitation thresholds are strongly dependent on fre-
quency. As the acoustic frequency is increased, the radius of cavitation bubbles
decreases, resulting in an increase in the cavitation threshold. An increase in fre-
quency also means shorter acoustic periods, lower maximum bubble size and thus,
less cavitation intensity. Jellinek (45) deduced an expression in terms of characteristic
quantities of the polymer and the cavitation bubbles, finding that the degradation
rate should be constant for frequencies below 500 kc/sec. This is in agreement with
Schmid and Poppe’s (89) experimental results, that at an acoustic intensity of 1
watt/cm?, degradation constants were independent on frequency in the range from
10 kc/fsec to 300 kc/sec.

At very high frequencies, in the megacycle range, Mostafa (59), however, found
amarked dependence of the rate of degradation on the ultrasonic frequency. The
change in the weight-average chain length of polystyrene in benzene with time of
irradiation is shown for different frequencies and an intensity of 12.5 watts/cm?
in Fig. 15. Degradation increased from 750 kefsec until it reached a maximum value
at 1000 kc/sec, where cavitation was also maximum, decreased thereafter continu-
ously as the frequency approached 2000 kc/sec, a point where cavitation was almost
suppressed, showing in this way that cavitation played the major role in the process
of degradation.

In order to decide whether the effects observed were due to changes in cavitation
intensity or due to a direct action of the different ultrasonic frequencies on the poly-
mer molecules, Mostafa degraded the same sample at 1000 kc/sec, where degradation
was maximum at atmospheric pressure, but prevented the formation of cavities by
irradiating the solution under vacumn. He obtained a slight degradation, similar to
that obtained at 2000 kc/sec in the presence of air. From this result he concluded
that high polymers can be ruptured by ultrasonic waves directly in the megacycle
range, provided the acoustic intensity was high enough and the experimental condi-
tions permitted resonance effects to take place in the entangled polymer molecules,
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The maximum radius of a cavitation bubble is also a function of the hydrostatic
pressure exerted on the system; within the threshold limits it decreases linearly with
increasing hydrostatic pressure. On increasing the static pressure over a liquid, some
of the gas present in the cavitation bubble dissolves in the surrounding liquid, thus
further diminishing its radius. Therefore, these effects tend to decrease cavitation
intensity. Increasing hydrostatic pressure can, however, also increase the amount
of energy that is transferred from the ultrasonic transducer to the liquid, due to
better contact at the solid-liquid interface, increasing degradation effects. Investiga-
tions of Jellinek and Brett (43, 45) showed that degradation at first increased with
pressure and subsequently decreased as pressure was further increased. This is under-
standable, since cavitation is more and more suppressed as static pressure is increased.
Appreciable differences were found in the degradation rate if pressure was exerted
on the solution by a gas or directly by means of a mercury column. In either case
the rate constants for degradation passed a maximum as the pressure was increased.
For gaseous pressure a broad maximum was observed and the decrease of the rate
constants with further increase of pressure was gradual, showing a tendency to reach
a constant value. In these experiments the degradation rate never fell to zero, even
after the pressure exerted on the liquid was 6 times larger than the acoustic pressure
amplitude. This fact is undoubtedly in part due to the greater solubility of the gas
in the liquid at higher pressures. For pressure exerted by means of a mercury column
the maximum was more pronounced and the rate constants decreased rapidly to
zero as the pressure was further increased. The pressure necessary to suppress cavita-
tion completely was in this case about 6 times the value of the acoustic pressure
amplitude. These results show clearly that increasing of static pressure over the solu-
tion is a very inefficient way of suppressing cavitation.

4.2, Properties of the Solution

The propagation of ultrasonic waves in liquids and the phenomena resulting from this
depend greatly on the properties of the liquid. Since ultrasound is transmitted dif-
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ferently by the pure liquid and the dissolved polymer molecules, the first question
that arises, is to find out if the density of the solution, or more precisely, the differ-
ence between the densities of the solution and that of the polymer coil, affects deg-
radation. If inertial forces resulting from the relative movement between the mole-
cules of the solvent and the macromolecules are supposed to be responsible for deg-
radation, the density of the solvent should have a clear effect on the degradation
rate and the limiting degree of polymerization. Schmid and Beuttenmiiller (87) car-
ried out such investigations. In order to alter the density of the solvent, these in-
vestigators prepared different toluene-carbon tetrachloride and cyclohexane-carbon
tetrachloride mixtures and degraded polystyrene in these mixed solvents. Further-
more, they prepared a solvent mixture having exactly the same density as the poly-
mer to be investigated. The results are shown in Fig. 16. These experiments demon-
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strate clearly that within experimental errors, degradation is not affected by the
density of the solvent. Consequences resulting from these facts on the mechanism
of degradation will be discussed in another chapter. The direct thermal effects of
ultrasound are known to be not respounsible for the degradation of polymers. An
influence of temperature on degradation must therefore be related to changes in
cavitation intensity. Schmid and Beuttenmiiller (85) investigated the degradation of
nitrocellulose dissolved in n-butylacetate and of polystyrene in toluene at tempera-
tures ranging from 40 °C to 120 °C. Their results, corrected for thermal degradation,
show that degradation is less pronounced at higher temperatures. The limiting
degree of polymerization was found to be considerably higher at high temperatures.
Similar effects were found by Thomas and Alexander (102), who degraded cellulose
nitrate in a series of alkyl acetates as solvents, in the temperature range from 0 °C
to 85 °C. In each solvent a temperature range was found, where degradation was
maximum. In this temperature range cavitation intensity was also maximum. This
shows that temperature affects degradation by the magnitude of the vapor pressure
inside the cavitation bubbles. This fact is easily understandable, because if vapor
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pressure of the solvent becomes appreciably high, solvent molecules evaporate into
the cavitation bubble during their growth and cushion the shock effect in the subse-
quent stages of collapse.

During the collapse of cavitation bubbles different gases inside the bubbles
develop different temperatures and pressures for equal compression ratios because
of the different specific heat ratio C,,/C, of each gas. The effect is more important
the higher the frequency of ultrasound, because under these conditions the collapse
of a cavity can be regarded as an adiabatic process. If the gas present in the bubble
is monoatomic a much higher final temperature will be reached, as in the cases of
diatomic or polyatomic gases. Therefore, if ultrasonic degradation were thermal in
origin, appreciable differences in the rate of degradation should be found. The in-
vestigations of Jellinek and Brett (42), however, showed that even at an ultrasonic
frequency of 500 kcfsec no significant differences could be detected, if polystyrene
was degraded in benzene saturated with air or argon. Very slight effects were indeed
found by Melville and Murray (52), who saturated their solutions with air, oxygen
and nitrogen.

The degradation rate depends, however, markedly on the solubility of the gas
in the liquid. If the solubility of the gas is great, a larger quantity will enter the
cavitation bubbles during their expansion, and exert a cushioning effect during the
collapse, in this way considerably diminishing the intensity of the shock wave radiated
at the final stages of collapse. This is confirmed by Jellinek’s experimental results,
in which it was found that the rate of degradation is appreciably reduced with in-
creasing solubility of the gas.

A similar effect is exerted by the solvent itself. If the solvent has a high volatility,
the quantity of vapor, which enters the cavitation bubble during expansion, is large.
A strong cushioning effect in the final phase of the collapse is then to be expected,
so that the intensity of the shock wave is reduced. The volatility of liquids can be
expressed by its enthalpy of vaporization. The higher the enthalpy of vaporization
of the solvent, the higher is the rate of degradation since in this case less vapor is
present in the cavitation bubble, and only a very slight cushioning effect is possible.
Therefore, a very.intense shock wave is radiated from the collapsing cavity, resulting
in a high degradation rate. The investigations of Basedow and Ebert (2) showed that
these considerations are in accordance with the experimental facts. For dextran in a
series of solvents an almost linear relationship between the degradation rate constant
and the enthalpy of vaporization of the solvent was found (Fig. 17).

The opposite effect is found if diethyl ether is present in the solution. Because
of its high volatility the collapse of cavitation bubbles is considerably damped, re-
sulting in a decrease of the rate constant. Basedow and Ebert found that the rate of
degradation of dextran in water was decreased to one tenth of its initial value, if the
solution was saturated with diethyl ether.

The effects of viscosity and surface tension of the solution on the degradation
process are not pronounced. Jellinek (44) extended the theory of the collapse of
cavitation bubbles, including the effects of viscosity and surface tension. From his
observations it follows that high surface tension accelerates the collapse of the cavi-
ties, whereas high viscosity has a retarding effect. According to Okuyama (69),
however, increasing viscosity retards only the diffusion of gas molecules from the



Ultrasonic Degradation of Polymers in Solution 109

70
aH,
__L{)
mol
601
50
Fig. 17. Dependence of degradation rate con-
stant of dextran with molecular weight of 50000
40 (k50) on enthalpy of vaporization of solvent
(AHy). Numbers represent solvents: 1. water
2: deuterium oxide 3; dimethylsulfoxide 4: for-
mamide 5: ethylene glycol 6. glycerol 7: etha-
30 i S — nolamine 8: methanol 20% in water, Ultrasonic
1 2 3 4 intensity 24 watts/cm?, frequency 20 kc/sec

ke 0% min™)  [Ref. (D)1

liquid into the cavities, thus diminishing the cushioning effect in the final stage of
collapse and increasing therefore the rate of degradation. The overall effect of sur-
face tension and viscosity may therefore be disregarded in most cases. This is in
accordance with the experimental results of Basedow and Ebert (2), who did not
find alterations in the degradation rate constants for dextran in water and water with
a surfactant, due to surface tension, or dextran in ethylene glycol and glycerol, due
to viscosity effects.

Since ultrasonic degradation of polymers is due to mechanical effects, the con-
figuration of the molecule would be expected to have an influence on the degradation
rate. Alexander and Fox () investigated the degradation of polymethacrylic acid in
solutions of different ionic strengths and showed that the degradation rate increased
as the molecule became more asymmetric. Schmid and Beuttenmiiller (87) found in
agreement with this that the addition of a nonsolvent to the solution, in their case
acetone to polystyrene in toluene, decreased the rate of degradation, thus confirming
that poorly solvated polymer molecules are more difficult to degrade. Suspensions
of a polymer in a nonsclvent are not degraded at all. Similar results were obtained
by Basedow and Ebert (2), who investigated the degradation of dextran in a series
of different solvents and aqueous media, showing that the rate of degradation in-
creased as the polymer coil became more expanded and decreased in poor solvents
or if a nonsolvent was added to the solution. The alterations in the rate constants
were, however, small. There is also evidence that the effect of polymer solvation on
the degradation rate is dependent on the nature of the polymer investigated. Thus,
Thomas and Alexander (102) did not find alterations in the rate constants for deg-
radation of cellulose nitrate in ethyl acetate, in the presence of variable quantities
of ethanol as a nonsolvent or cellulose nitrate in acetone, using variable quantities
of water as a nonsolvent.
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5. Experimental Investigation of Degradation
5.1. Kinetic Analysis of the Degradation Reaction

Degradation of polymers by the action of ultrasound is normally characterized by

a series of parallel-proceeding reactions, since the original substances usually have a
more or less broad molecular-weight distribution. The exact rate constants of deg-
radation are therefore not obtainable directly from kinetic studies because of their
dependence on molecular weight. Exact rate constants are only obtainable if the
original substance is monodisperse or if certain assumptions concerning the degra-
dation mechanism are made. The fact that the molecular-weight distribution of a
polymer changes throughout degradation, makes a complete kinetic analysis in terms
of molecular constant very difficult.

Assuming random scission and that the rate of degradation decreases progres-
sively with decreasing chain length, and reaches zero at the limiting degree of poly-
merization, Jellinek and White (38) calculated the number and weight distribution
functions and the number- and weight-average chain lengths of an initially mono-
disperse polymer sample, after a certain time of ultrasonic irradiation. Using matrix
algebra, Mostafa (54, 55) presented a more general and exact solution of the rate
equations representing the degradation of polymers. The assumptions made are the
same as Jellinek’s, but Mostafa considered the degradation of monodisperse poly-
mers as well as polymer samples with a definite molecular-weight distribution.
Ovenall and Hastings (72, 74) derived relationships for the rate of degradation of
polymers assuming that molecules only degrade, if the resulting fragments are greater
than P,/2 where P, is the limiting degree of polymerization, and that all bonds in the
chain are equally likely to break, except those within P,/2 monomer units from each
end. If dB;/dt is the rate of breakage of molecules having a degree of polymerization
F;, the proposed rate equations are:

_ddg;i =k(P,-—-Pe)n,- fOIP,'>Pe (11)
dB;
Ttl =0 for /; <P, (12)

where k is the rate constant, which is assumed to be independent of P;, and #; is the
number of molecules having a degree of polymerization #;. This means that if a
molecule is large enough to be ruptured, the probability of a bond being broken

in the degradable section is proportional to the number of bonds in this section,
whereas the section of the bond broken is random.

Many of the assumptions which formed the basis of these earlier kinetic calcu-
lations are not, however, in accordance with the experimental facts obtained more
recently using gel permeation chromatography. Therefore, all these calculations are
of very limited practical importance.

Based on experimental results, Schmid (84) concluded that the rate of degrada-
tion dB/dt of a molecule with a degree of polymerization of P, was proportional to
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that fraction of the total chain, which exceeded the limiting degree of polymeriza-
tion P, ie.:

dB —
=k PP (13)

where k is a general rate parameter which depends on the polymer system under
irivestigation. Moreover, he found that the rate constant of degradation depends on
the concentration of the polymer and the chain length of the molecule.

Investigations of Schmid and Rommel (83), Thomas and Alexander (101),
Gooberman and Lamb (27) and Jellinek and White (4) demonstrated that the deg-
radation rate rapidly decreased as the concentration was increased. In some cases
(41, 27) a maximum in the rate constants has been found, e.g., for polystyrene in
benzene, at the concentration where the polymer chains began to be entangled. The
effect of concentration is certainly a very complex one, since entanglements and
non-Newtonian fluid flow due to cavitation cannot be described by simple mathe-
matical relations. Earlierinvestigators claimed that degradation would cease in very
dilute and in highly concentrated solutions. These results were, however, erroneous,
since it has been found later that degradation proceeds quite normally at infinite
dilution, in very concentrated solutions and even in cross-linked gels.

All experimental investigations on ultrasonic degradation of polymers demon-
strated that the rate constants increased with increasing chain length. Furthermore,
Mostafa (58) showed that the limiting chain length is independent of the initial
chain length, provided the intensity of ultrasound is kept constant and degradation
time is long enough, Jellinek (45) showed that for polystyrene in benzene the de-
pendence of the degradation rate constant was almost linear on the degree of poly-
merization. The complete kinetic analysis requires, however, the knowledge of the
molecular-weight distribution after different periods of irradiation.

Starting from the molecular-weight distribution of the original polymer, both
the molecular weight and the concentration are altered during degradation. This is
represented in a three-dimensional molecular weight—concentration—time diagram
in Fig. 18. The variation in concentration of polymer molecules with definite molec-
ular weights is represented by planes parallel to the c-t-plane, which intercepts the
molecular weight axis. It is clearly shown that the degradation curves concentration—
time are different for the different molecular weights. In the range of high molecular
weights, only degradation takes place and the concentration of these molecules
decreases monotonously with time. At small molecular weights, no molecules are
initially present; the degradation of larger molecules, therefore, causes their concen-
tration to rise at first. After a certain period of time, degradation of the small mole-
cules is faster than the formation, due to the degradation of larger ones, and the
concentration falls thereafter with time. In the intermediate region of molecular
weights, the curves representing the changes in concentration with time are deter-
mined by a balance between the molecules that are degraded, and those formed
due to degradation of molecules having a higher molecular weight. This diagram is
thus the schematic representation of the kinetik degradation models that will be
discussed later.
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Fig. 18. Three-dimensional molecular weight (M)—concentration (C)—time (f) diagram representing
kinetics of ultrasonic degradation

5.2. Evaluation of Molecular-Weight Averages

Most of the experimental investigations on degradation of polymers in solution due
to ultrasound have been based on viscosity changes of the solution with the time of
irradiation, or on the rate of production of free radical fragments. These techniques
give only molecular-weight averages, and since the changes in molecular-weight dis-
tributions with time are not taken into account, the kinetic results are subjected to
great uncertainties. This has been repeatedly pointed out by many investigators
(74, 75). The fact that low molecular-weight components have only a very slight
effect on the relative viscosity of the solution, led to the unusually high limiting
molecular weights for degradation found by the earlier investigators. With the advent
of gel permeation chromatography, it was demonstrated that the limiting molecular
weights are considerably lower.

Schmid (84) was the first to carry out simplified kinetic calculations on the deg-
radation of macromolecules. Starting from Eq. (13) he derived an equation relating
the mean value of the molecular weight M, of the polymer after the time of irradia-
tion, to the limiting molecular weight M, and the initial molecular weight M; of the
polymer sample:

M, M, ) k (M2 M, M,
+ -~ =2 e - £ -
M, m(l 77 c (Mo A T Ll R v+ a4

t
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where M, is the molecular weight of the monomer and c is the concentration of the
polymer in moles per liter. In this equation the molecular-weight distributions
are not taken into account, and the number- and weight-average molecular weights
are not distinguished. Schmid’s equation can be verified experimentally by plotting

the value of — ge +In ( I- %)] against the time of irradiation t. A straight

t t
2

line with the slope g ( Mﬂé should then be obtained. Schmid’s experimental re-
0

sults confirmed this equation for polystyrene in toluene (Fig. 19). It is, however,
somewhat surprising that in Fig. 19 straight lines are obtained, since Schmid com-
mitted the inconsistency of plotting viscosity-average molecular weights against the
time of irradiation. In the derivation of Eq. (14) it is assumed that all molecular
weights are expressed as number-averages. Most probably the polystyrene fractions
used in this investigation had such broad molecular-weight distributions that the
alteration of the factor M, /M,, was insignificant with time.
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Since the number of bonds broken in the polymer molecule is an unambiguous
measure for degradation, the kinetics of the degradation reaction can be determined
directly by estimating the free radicals formed. Most investigators used DPPH for
this purpose. The first experiments were carried out by Henglein (33, 34) who dem-
onstrated that the consumption of DPPH was proportional to the number of bonds
broken in the polymer chain during irradiation. Chandra et al. (12, 13) investigated
the degradation of butyl rubber in cyclohexane and toluene, comparing the kinetics
of the reaction by viscosity measurements and free radical consumption using DPPH.
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The general shape of the degradation rate curves was similar in all cases, but not
identical. The rate given by estimation of DPPH was faster than that obtained from
viscosity measurements, indicating that neither method is recommendable for the
quantitative determination of the number of breaks occurring in the polymer mole-
cule. The differences arise from the fact that the Mark-Houwink relation may not
be strictly valid over the whole molecular-weight range investigated, and that the
efficiency of DPPH as a free radical scavenger may not be unity as assumed in the
calculations. Uncertainties in the trapping efficiency of DPPH have been pointed
out by Thomas (103). This investigator analyzed the kinetics of degradation of
polystyrene, polybutene and polymethylmethacrylate in benzene using DPPH to
measure the free radical fragments formed during degradation. His results indicate
that the rates of degradation are the same for the three polymers, but different for
polylaurylmethacrylate and that the rate constants are proportional to the degree of
polymerization (Fig. 20).
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In conclusion, the evaluation of molecular weight averages is an inefficient
method for studying the kinetics of degradation of polymers in solutions by ultra-
sound. Except in those cases where monodisperse fractions are used, information
about the dependence of the rate constants on the molecular weight of the polymer
and the location of the point of breakage along the polymer chain is almost impos-
sible to obtain. The determination of the molecular-weight averages of polymer
fractions is only useful for qualitative, semiquantitative or comparative investigations
of degradation.

5.3. Determination of Molecular-Weight Distributions

Although a great number of experiments has been carried out to study the kinetics
of ultrasonic degradation of polymers in solution, only comparatively few investi-
gators have analyzed the alteration of the molecular-weight distribution of the poly-
mer during the course of degradation. The main reason for this is that only very few
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fractionation techniques are available, which have a resolution high enough for pre-
cise characterization of the degradation products. The earlier methods of fractional
precipitation of the polymer using a solvent—nonsolvent system are very tedious,
besides which, relatively large quantities of polymer are needed to obtain a great
number of fractions, which in most cases are unobtainable. With the development
of gel permeation chromatography, it became possible to obtain molecular-weight
distributions with relatively good accuracy. Even though the molecular-weight
distributions obtained from gel permeation chromatography are not absolute, be-
cause of the general lack of well-defined calibration standards and because of com-
putational problems arising during the peak-broadening correction procedures, a
comparison of any distributions obtained by the same method and under the
same conditions shows quite accurately the differences existing between them.
Since the reproducibility of gel permeation chromatography is very good and
chromatograms are obtainable very quickly and using only few milligrams of sub-
stance, gel permeation chromatography is the best analytical method available
today for studying the kinetics of ultrasonic degradation of polymers in solution.

The first analyses of degradation products using molecular-weight distributions
have been performed by Jellinek and White (39). The molecular-weight distributions
were obtained by fractionation of the dissolved polymer samples with a precipitant,
followed by the viscosimetric characterization of the fractions thus obtained. The
limiting degree of polymerization and the rate constants of degradation of poly-
styrene have been obtained in this way. Mostafa (56) also investigated the kinetics
of degradation of polystyrene in benzene using the same method for the determina-
tion of the molecular-weight distributions. Using a similar technique, Schmid ez al.
(91) investigated the alteration of the inhomogeneity of the molecular-weight dis-
tributions of polymethylmethacrylate samples after different times of ultrasonic
irradiation. Starting from relatively narrow polymer fractions, it was found that
ultrasonic degradation first broadens the molecular-weight distribution, whereas at
the later stages of degradation the distributions become narrower again. This is
understandable, since polymer molecules, having a higher molecular weight, are
more easily degraded. Gooberman and Lamb (27) investigated the degradation of
polystyrene in benzene using turbidimetric titrations for the determination of the
molecular-weight distributions of the degraded products. In his results the degraded
polymer fractions reveal secondary peaks, indicating clearly that ultrasonic degrada-
tion is a nonrandom process.

Using the Baker-Williams fractionation method, Porter ez al. (75) determined
the molecular-weight distribution of ultrasonically degraded polyisobutene in n-hexa-
decane. Starting from very narrow polymer fractions as well as from fractions having
a broad molecular-weight distribution, Porter et al. obtained in all cases two or three
maxima in the molecular-weight distributions of the degraded products, thus giving
further proof that ultrasonic degradation is nonrandom. The limiting degree of
polymerization has been found to lie in the range from 100 to 200, i.e., considerably
lower than the value of 1000—2000 reported earlier by other investigators for sev-
eral polymers.

With the aid of gel permeation chromatography, Porter et al. (76) evaluated the
molecular-weight distributions of the degradation products of polyisobutene having
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an initial weight-average molecular weight of about 500000 and an inhomogeneity
of M,, /M,, of approximately 2. With such broad molecular-weight distributions
these researchers found that the inhomogeneity of the degraded products does not
change appreciably with the time of irradiation, and that secondary peaks are not
clearly shown. Investigations of Shaw and Rodriguez (96) on the degradation of
polydimethylsiloxane having viscosity-average molecular weights from 2.4x10° to
1.3x10° showed that the molecular-weight distributions of the degraded products
in toluene approach the same distribution after 120 min of irradiation at 36 watts.
Smith and Temple (97) investigated more exactly the degradation of polystyrene
fractions in tetrahydrofuran. Gel permeation chromatography was used to determine
the molecular-weight distributions, the alterations of the latter being followed as a
function of the time of irradiation. Typical results are depicted in Fig. 21, in which
it can be seen that the change in the molecular-weight distribution of an initially

Fig. 21. Differential distribution functions
of ultrasonically degraded polystyrene.
dm/dP differential distribution function

of degree of polymerization dm = mass of
polymer having a degree of polymerization
between P and P +dP; initial molecular
weight M, = 411000, M,,/M, = 1.05; solvent:
tetrahydrofuran; ultrasonic power of 48
watts at 20 kc/sec. Curves left are experi-
mental; curves right are theoretical distri-
bution functions calculated from simple
degradation model. Parameter of curves

is time of irradiation (in min) [Ref. (97)}

narrow polystyrene fraction shows a preferential breaking near the center of the
molecule. Using a series of concentrations of polymers up to 20 g/, the kinetics of
degradation was analyzed by following the change in peak height of the molecular-
weight distribution curves as a function of time. This procedure is allowed, since the
heights of the distribution curves at a definite molecular-weight value are the weight
fractions of that molecular species. For polymer fractions having either narrow or
broad molecular-weight distributions, it was found that the rate of degradation was
first order throughout the early stages in the reaction. This is clearly demonstrated
in Fig. 22, where the change in the heights in the distribution curves of a broader
polymer sample is plotted against the time of irradiation for different molecular
weights. In addition to this, these investigators found that the variation of the rate
constants was linear with the degree of polymerization. After 88 h of degradation
at 20 kc/sec and a power of 48 watts, a limiting molecular weight of about 24000
was found, which is in fair agreement with the results of many investigators. More
recent investigations on the degradation of polystyrene carried out at the author’s
laboratory indicate, however, that a value of 15000 is more probable.
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Smith and Temple (97) also carried out chemical degradation experiments of
polystyrene, using benzoyl peroxide. The kinetics of degradation was first order in
this case, too, but the rate constants were found to be independent of the molecular
weight of the polymer. The molecular-weight distributions of the degraded products
did not show secondary peaks, which was to be expected, since peroxide degradation
is known to be a random process.

More detailed investigations were carried out by Basedow and Ebert (2) on the
degradation of narrow dextran fractions at an ultrasonic frequency of 20 kc/sec in
many solvents. The concentration of the polymer was 0.5%. The molecular-weight
distributions were obtained to high accuracy by permeation on controlled pore
glass. In all experiments it was found that rupture occurs near the center of the
molecule. A typical set of distribution curves of degradation products is shown in
Fig. 23. Similar results were found by Bradbury and (’Shea (9) for several proteins
and Davison and Freifelder (16) for DNA.

The distribution curves shown in Fig. 23 have not been corrected for peak-
broadening, since all techniques applied for this purpose introduced oscillations
into the molecular-weight distribution curves, which cannot be tolerated in the in-
vestigation of degradation kinetics. Moreover, it has been verified that peak-broad-
ening played a minor role in these investigations, since it was independent of the
molecular weight of dextran at the conditions under which the chromatograms have
been determined. A detailed discussion of the determination of the molecular-weight
distributions of dextran on controlled pore glass, its precision and reproducibility
has been given by Basedow et al. (9).

By selecting the sections in the range of the molecular-weight distribution curves
where only degradation took place, the kinetics of degradation was followed by
plotting the heights of the distribution curves at definite molecular weights against
the time of degradation in a way similar to that of Smith and Temple (97). Straight
lines were obtained in all cases, showing that the kinetics of the reaction was first
order. The set of degradation lines corresponding to the distribution curves in Fig. 23
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Fig. 23. Differential molecular-
weight distribution curves of
ultrasonically degraded dex-
tran (My, = 39700, My /Mg =
1.05 in water at 24 watts/cm?
and 20 kc/sec). Times of irra-
diation (min): ¢: Ow: 10 0: 20
A: 40 ¢: 80 A: 160 IRef. (2, D))
dm/jdM = differential molecular
weight distribution; dm = mass
40 60 80 100 of polymer having a molecular
mi0? weight between M and M +dM
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is represented in Fig. 24. In dilute solutions the reaction order of ultrasonic deg-
radation is found to be pseudo first order in most cases. The true reaction order is
certainly more complex, since the rate constants decrease with increasing concentra-
tion in a nonlinear fashion (24). This is attributed by some investigators to entangle-

ments and the building up of polymer networks, which slow down the degradation
process.
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From the slopes of the lines in Figure 24 the rate constants of degradation of
dextran, having a definite molecular weight, can be calculated. A typical set of deg-
radation constants is shown in Fig. 25, which demonstrates that the rate constants

{min ]
10

08

06

04

.02

50 70

90
M0

Fig. 25. Dependence of degradation rate constants
(k) on molecular weight (M) of dextran in different
solvents. Ultrasonic intensity 24 watts/cm? at 20
ke/sec. Solvents are: A: water ¢: solution of 10%
MgSOy in water ¢: formamide [Ref. ()]

increase linearly with increasing molecular weight. An extrapolation of the lines,
which represent the dependence of the rate constants on the molecular weight, to
the rate constant zero should give in principle the limiting molecular weight, below
which degradation ceases. For dextran the values thus obtained for several different
solvents are of the order of 20000. Long-time investigations of degradation, however,
showed that the limiting molecular weight of dextran in water was only approxi-
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Fig. 26. Plot of slopes of straight lines, which
give dependence of degradation rate constants on
molecular weights (Fig. 25), versus degradation
constant of dextran with molecular weight of
50.000 (k5¢). Numbers refer to different solvents:
1: water (ultrasonic intensity 24 watts/cm”) 2:
water (ultrasonic intensity 5 watts/cm?2) 3: watex
{different initial molecular-weight distribution)

4: deuterium oxide 5: dimethylsuifoxide 6:
formamide 7: ethylene glycol 8: giycerin 9
ethanolamine 10: 20% methanol in water 11:
water saturated with diethyl ether 72: water
with 0.1% potassium palmitate /3: 1% Mg80,4 in
water (20 °C) 14: 1% MgSO, in water (50°C) 15:
10% MgSO, in water 16: 10% glucose in water 17:
10% urea in water 18: 10% urea in dimethylsulf-
oxide. If not indicated, ultrasonic intensity was 24
wattsfcm? at 20 kefsec [Ref. (2, 3]
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mately 7000, at an ultrasonic intensity of 24 watts/cm? . This proves that the deg-
radation kinetics are altered at very low molecular weights.

An interesting feature is the fact that the slopes of the curves in Fig. 25, which
represent the dependence of the rate constants on the molecular weight, are propor-
tional to the rate constants themselves. In Fig. 26 the slope is plotted against the rate
konstant kgo of a dextran having a molecular weight of S0000. A straight line, which
runs through the origin of the coordinates, is obtained. This line is independent of
the intensity of the ultrasonic waves, the intensity of cavitation, the solvent and
other experimental conditions. It depends only on the nature of the polymer in-
vestigated. Conclusions drawn from this fact will be discussed later in connection
with the mechanisms of degradation.

5.4. Degradation Models

The aim of studying the kinetics of ultrasonic degradation is to develop a kinetic
model for the prediction of the molecular-weight distributions of the degraded poly-
mer fractions after definite periods of ultrasonic irradiation. In order to establish a
degradation model, many factors affecting the kinetics of the reaction must be
known, such as the variation of the rate constants with the molecular weight, the
order of the reaction, the location of the point of breakage and the limiting molec-
ular weight. A rigorous treatment of polymer degradation requires the simultaneous
solution of a large number of complex differential rate equations, one for each
molecular-weight species present in the sample. In addition to this, the rate constants
entering into these equations must be known. Since these parameters must be varied
over wide ranges, most kinetic models are based on iterative methods for finding
those values of the variables that give the best agreement with experiments. Analyt-
ical solutions are obtainable in very few cases only, so that commonly numerical
techniques, which afford the use of large computers, provide the only source of
precise investigation of the degradation kinetics.

In principle the problem is to find a numerical expression for the molecular-
weight distribution curves in Fig. 23 as a function of time. Heymach and Jost (36)
developed a general computer program that can incorporate any type of degradation
kinetics and thus provide a suitable basis for comparing the various models. In order
to carry out the computations, the chain is divided into S segments each having ng
monomer units per segment. The inputs to the program include a rate equation for
degradation, a distribution function of the fragments arising from the degradation
of a molecule and an initial molecular-weight distribution. The solution proceeds
by calculating the loss of molecules from the rate equation in differential form, for
the first time increment, starting at the lowest value of S, such that S - ng > P,
where P, is the limiting degree of polymerization. The loss of molecules is then
doubled, since each degraded molecule yields two smaller ones, and is redistributed
at lower values of § according to the function used for this purpose. This step is
repeated for the first time increment with the next larger S, and so on, until the
entire molecular-weight distribution has been traversed. The entire computation
cycle is repeated for the next time increment, and so on, until the desired degrada-
tion time has been reached. Heymach and Jost compared the degradation models
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proposed by many investigators and found considerable differences between them,
but on account of the lack of precise experimental data, it was impossible to select
the best model.

Glynn and van der Hoff (23) also developed a degradation model which gives
the molecular-weight distributions of the degraded polymer after a certain number
of chain ruptures. In this model degradation is described in terms of the probability
that a molecule of a given length will break, and the probability that a molecule of
a definite length will result from this rupture. Any form of both these probability
distribution functions and any initial molecular-weight distribution of the polymer
can be used in this model. A limiting degree of polymerization can also be included.
In its more general form the probability of choosing a molecule for rupture is taken
to be proportional to its molecular weight raised to a power b, and the localization
of the point of breakage along the chain is represented by a Gaussian distribution
about the midpoint of the extended molecule with standard deviation v = r - P and
truncated at the chain ends, where P is the degree of polymerization of the initial
polymer molecule and 7 is a constant. According to the values of b and r some
limiting cases shall be considered. For b = 0 the probability of choosing a molecule
for rupture is proportional to its number fraction, whereas for b = 1 it is proportional
to its weight fraction; if 7 is very large, the probability of rupture along the polymer
chain is constant, i.e., random breakage occurs, whereas for very small values of r,
breakage of the molecules will take place at their midpoint only, i.e., center breakage
will occur. The calculations were carried out in terms of a degradation index DI,
defined as:

= Ma(0)
Di="mn\")

M,0) i (15
where My (o) is the numb er-average molecular weight of the original sample and
M, (¢) that of the degraded sample after t breaks of the molecule. These investigators
tested their degradation model using polystyrene samples with narrow molecular-
weight distributions, which were degraded in tetrahydrofurane under variable ex-
perimental conditions (22—24). The experimental molecular-weight distributions

were compared with those calculated for several values of the adjustable parameters

b and r of the kinetic model. It was found that the experimental results disagreed

with the calculated molecular weight distributions, if random or center breakage

was assumed. The calculated molecular-weight distributions closely followed the ex-
perimentally obtained distribution curves for values of b from 1.0 to 1.25 and for
values of 7 from Q.15 to 0.35. As an example of their results, the degradation of
polystyrene having a weight-average molecular weight of 860000 and M, /M,, = 1.15
in tetrahydrofuran is shown in Fig. 27 and 28. In these investigations the experimental
molecular-weight distribution curves were obtained by gel permeation chromatog-
raphy and corrected for instrumental spreading. The number-average molecular

weight of the polymer fractions, which must be known to calculate the degradation
index, was calculated from the corrected chromatograms. Moreover, it was demon-
strated that the experimental conditions of concentration, temperature and ultra-
sonic intensity had no effect on the course of the changes in the molecular-weight
distributions, although the rate of degradation was greatly affected.
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Fig. 27. Comparison of experimental molecular-weight distributions (broken lines) with distribu-
tions calculated from degradation model (solid lines r = 0.15; b = 1). Polystyrene (Hw = 860000,
Il—lw/ﬁ_{ n=1.15) at 35 watts/cm2 and 22 kc/sec in tetrahydrofuran. Parameter of curves is deg-
radation index DI [Ref. 22}

dm/dM = differential molecular weight distribution; dm = mass of polymer having a molecular
weight between M and M +d M
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Fig. 28. Comparison of experimental molecular-weight distributions (symbols) with distributions

calculated from degradation model (lines r = 0.35; b = 1.25). Polystyrene (M,, = 860000, M, /M;, =
1.15) at 28 watts/cm? and 22 ke/fsec in tetrahydrofuran. Parameter of curves is degradation index

DI [Ref. (23)}
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Suppanz and Ebert (100) used a different method for calculating the molecular-
weight distributions of the degradation products of dextran fractions after different
periods of time. Starting from the initial molecular-weight distribution of the poly-
mer sample, the calculation algorithm gives the numerical solution of the rate equa-
tion for each degree of polymerization, without introducing any simplifications. The
kinetic model is based on the rate equation:

-2 ooy -mp (16)

where C(]M;) is the concentration of molecules with molecular weight M;, K isa
constant which depends only on the experimental conditions of the degradation ex-
periment and f is an exponent, which is choosen by trial and error and which repre-
sents the dependence of the individual rate constant on the molecular weight of the
polymer molecule considered. Several reaction orders were tried, and it was found
that first-order kinetics gave the best agreement between the calculated and the ex-
perimental molecular-weight distributions. The location of the point of breakage
along the polymer chain was given as an integral quotient of the whole polymer
chain, and was kept constant for each computation. This quotient restricted the
model in some ways, but assured exact solutions of the rate equations. Several quo-
tients were analyzed, detailed results being computed for quotients of 1/1, 1/2, 1/3,
1/9 and for the scission of a small fragment of constant length from the polymer
chain. The first case, where the resulting fragments have equal size, is the center
breakage model.

The computations were carried out using the experimental values of the rate
constants, as calculated from the experimental degradation curves in the range
where only degradation occurred (3). Some slight variations of the rate constants
was allowed during the computations. Some typical results for the degradation of
dextran in water are shown in Figs. 29 and 30. From these figures it becomes clear
that the center breakage model gives the best agreement between the experimental
and the calculated molecular-weight distributions, and that the best value of § lies
between 1.0 and 1.5. Once the ratio of lengths of the degradation fragments has
been determined and the value of § is known, the kinetics of degradation depends
only on the value of K and the initial molecular-weight distribution of the polymer
sample. Since, according to Eq. (16), the rate constant k (M;) of degradation of
molecules with a molecular weight M; is given by:

k(M) =K Mf an

the coefficient X includes all the parameters which affect ultrasonic degradation,
such as intensity and frequency of ultrasound, intensity of cavitation, temperature,
solvent and the nature of the investigated polymer. Although the algorithm of this
model gives the exact solution of the rate equations, this procedure has limited ap-
plication, since it does not permit deviations of the ratio of lengths of the degrada-
tion fragments from integers.

From the observations of this chapter, it can be safely concluded that in dilute
solutions ultrasonic degradation follows a first-order reaction, the rate constants of
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Fig. 29. Calculated molecular-weight distributions of degraded dextran in water, for = 1 and
assuming variable fragmentation ratios. Initial molecular weight My, = 39 700, My, /My, = 1.05;
degradation time 80 min at 24 watts/cm? and 20 ke/sec. Numbers indicate different fragmenta-
tionratios: 7 = 1:12=2:1 3= 3:1 4= 9:1 esee: experimental curve {Ref. (100)]
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Fig. 30. Calculated molecular-weight distributijons of degraded dextran in water, for fragmentation
ratio of 1:1 and assuming variable values of g. Initial molecular weight A_iw/ = 53200, Il_lw/Mn =
1.08; degradation time 40 min at 24 watts/fcm? and 20 kefsec. Numbers indicate different values
of : 1: = 0.52: p=13: B= 1.5 4: p= 2.5 eess: experimental curve [Ref. (JOO)]
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degradation being proportional to the molecular weight of the polymer molecule,
or possibly to the molecular weight raised to a power of 1.25. Finally it is shown
that the molecules break preferentiaily at points close to their midpoints, although
exact center breakage seems not to take place.

6. Mechanisms of Ultrasonic Degradation

6.1. Fundamentais of Mechanochemical Reactions

In chemical reactions initiated or accelerated by mechanical action, the estimation
of the elastic energy involved is extremely difficult. This is mainly because of the
lack of clear concepts concerning the mechanism of these reactions, and because of
the methodological difficulties in measuring the amount of mechanical energy ab-
sorbed as well as the magnitude of the stresses that actually operate. Mechanochem-
ical reactions are complex multistage processes, which include mechanical deforma-
tion of the molecule before the actual chemical reactions take place. In the kinetics
of mechanochemical reactions we may consider reactions in constant mechanical
fields and reactions in variable mechanical fields.

In constant mechanical fields elastic energy is absorbed rapidly and the rate of
the mechanochemical process is determined by the rate of the chemical reaction. An
example of this type of reaction is the degradation of polymers on extension of poly-
meric films or fibers by the application of a constant stress. In variable mechanical
fields the rate of absorption of elastic energy is much slower than the rate of the
actual reaction, which follows as a result of the absorption of this energy. An ex-
ample of this type of reaction is the whole complex of chemical processes that take
place in polymer solutions under the influence of ultrasonic irradiation. In variable
mechanical fields the efficiency of the mechanochemical process depends on the
frequency of mechanical action and increases with the intensity of the latter. The
rate-limiting stage of such processes is the redistribution of elastic energy in the mole-
cule, i.e., the rate of the entire reaction and the temperature variation of rate con-
stants depend on the physicomechanical properties of the substance. In the case of
macromolecules the absorption of elastic energy and the rate of the mechanochem-
ical reaction depend on the length of the chain, i.e., on the degree of polymerization.
Other conditions being constant, the kinetics of degradation of polymers is deter-
mined by the variation of the elementary rate constant with the length of the mole-
cule,

Mechanochemical reactions can occur with a comparatively low average level of
elastic energy per unit volume of substance. This is generally not observed in other
reactions initiated by physical methods, e.g., photochemical reactions. According to
Butyagin (11) there are two direct mechanisms for the conversion of elastic into
chemical energy: one is associated with change in the interatomic distances, i.e.,
with deformation of electron clouds, and the other is associated with vibrational
excitation of the bonds during the dissipation of elastic energy as heat. The first
mechanism is an equilibrium process, since the equilibrium Maxwell-Boltzmann dis-
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tribution of energy among the degrees of freedom persists in the system; the second
is a nonequilibrium process.

In the equilibrium process chemical bonds are deformed. Stretching a bond
decreases its energy; at equilibrium, the deformation energy E 4. is:

Ege=[ F-dr (18)
ro

where F is the force acting on the bond, ro and r are the length of the initial and the
deformed bond respectively. The deformation energy can be calculated assuming a
Morse potential function. The activation energy for decomposition E depends on the
force F according to the relation (17):

E /T F F 1+”1"f£
-é,—= 1—— ———1In 0 (19)
]

F 2R \ |_/i_F
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where Fy is the tensile strength of the bond and £ the bond energy. This equation
describes the simplest case of the conversion of mechanical into chemical energy. For
a macromolecule with chain length equivalent to 10, 20, 50, 100 and o bonds, the
function E(F) is represented in Fig. 31.

- mijm

Fig. 31. Plot of function E/Eq versus F/Fg for different
ﬁ numbers of deformed bonds in chain. Parameter of
0 5 1 FE curves is number of deformed bonds [Ref. (1 1)]

When the bonds of a molecule are mechanically strained, the decomposition
rate constant ky; may be given by an expression similar to the Arrhenius equation
in which the activation energy for thermal decomposition is replaced by the energy
of an elastically deformed bond E(F):

kv =kowm - exp[ :%,—Fl] (20)

where kg um is the pre-exponential factor. From this analogy, it can be seen that in
an equilibrium process the mechanical stress decreases the energy barrier of the
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thermal reaction. The mechanical dissociation of bonds without thermal fluctuations
is possible only if the stress exceeds the bond tensile strength Fy, and is applied for
a period of time less than the vibration period of the bond, i.e.,of the order of 10713
sec. Since the bond lengths are of the order of 10~8 cm, the velocity of propagation
of stress must be greater than 10° cm/sec, i.e., comparable to the velocity of sound.
This type of purely mechanical rupture occurs under the action of shock waves. The
decomposition of strained bonds of polymer chains by mechanical action is con-
firmed by the formation of free radicals at the moment of dissociation.

In the nonequilibrium mechanism the rate of the mechanochemical reaction is
determined by the rate of relaxation of the elastic energy in the system. The reaction
takes place during the removal of stress or during its redistribution at the chemical
bonds. When the stress is removed, the entire flux of elastic energy is liberated as
heat at the bonds; therefore, for a certain period of time 7%, these bonds are in a
vibrationally excited state. During this time, the excitation energy can either pass to
other degrees of freedom of the system, or it can produce the mechanochemical
reaction. If Tcperm is the characteristic reaction time, the ratio 7%/7 pem gives the
probability of the reaction taking place during the lifetime of the vibrationally ex-
cited state. If 7*/7.pem = 1, the excitation of the bonds always leads to a reaction.
According to Butyagin (11) this inequality holds if:

EH)

AE¥, > 72
' In (r¥/10)

1

where AE¥, . is the critical vibrational energy necessary for the dissociation of the
bond within the period of time 7* and 7 is the vibration period of the atoms
forming the bond. In polymers the dissociation of vibrationally excited bonds pro-
duces hot macroradicals capable of further chemical reactions, e.g., the decomposi-
tion into products of low molecular weight.

In ultrasonic chemistry and in the chemistry of shock waves other mechanisms,
which explain the mechanochemical reaction as a result of the generation of local
regions, where the elastic energy is concentrated before being absorbed, are used.

In high-intensity ultrasonics in liquids, the local absorption of elastic energy is closely
related to the phenomenon of cavitation. In depolymerization reactions free radicals
are usually formed. In this case the shear stresses not only dissociate the bonds in

the main chain, but also separate the radicals formed, preventing in this way their
recombination. An extensive review of the experimental work on the mechanical
degradation of polymers has been given by Porter and Casale (77).

6.2. Force Necessary to Rupture Covalent Bonds

In order to calculate the force necessary to rupture a covalent bond, the potential
curve of the two atoms involved must be known. The relation proposed by Morse,
which expresses the potential energy E as a function of the potential energy Ey at
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the minimum of the potential curve and the distance r between the two atoms, can
be used for this purpose (6, 98, 99):

E=Ey-&2¢070_2f, - ¢~ar-r0) 22)

in which rg is the equilibrium distance and ¢ is the so-called Morse-constant given by
the formula:

2 o
a= / 8&n* cm xvg 23)

h
In this formula c is the velocity of light, m is the reduced mass, v, is the specific
frequency of the bond, x is the anharmonic factor and 4 is Planck’s constant. The

anharmonic factor is given by:

hvg

x= 24
4E, 4
The force F between the two atoms can be calculated from Eq. (22), ie.:
E —2a(r— —a(r—
F=2F_ 24E, -e~20-10) 134 F, - e~ar-10) 25)
r
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4 Fig. 32. Potential energy (E) and force (F) between
. two aliphatic bound carbon atoms as function of
distance () between them [Ref. (6)]

The curves of E and F are represented in Fig. 32. The force F has a maximum value
at a certain distance ., given by:

oF

5, =0=4 a*E- e 2max—10) _ 2 g2, - ¢ ~%max—70) (26)
and

_ arp +In2
Fmax = ———— 27

a
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If aC—C bond is considered, we have: m = 9.95x10~2% g 370 =810cm™t, py =

¢ o =2.428x10"3 sec™, x =3.6x1073, 2 = 1.025x10° cm™?, ro = 1.55x10"8cm
and Eq = 1.11x107!! erg. Inserting these values into Egs. (27) and (25) we get:
Fmax = 2.23x1078 cm and (Fe—¢)max =@ - Eof2 = 5.64x10™% dynes.

In a similar way it is possible to calculate the tensile strength of any chemical
bond. For most polymers the calculated values for this force lie between 5—15x10™4
dynes. According to Lippincott and Schroder (47) the following empirical function
gives results which are in better agreement with the data obtained from infrared
spectra:

il 2
E=Eg—Eq - exp ["(‘%‘9.] (28)

where n is a factor determined by the atoms forming the bond, given by:

_koro

n EO

(29)

In this equation & is the force constant of the bond at zero displacement of the
nuclei. Using the same procedure described above, Davison and Levinthal (15) cal-
culated the critical tensile strength of the C—C bond as (F¢_¢ Jmax = 8.1x1074
dynes, which is in reasonable agreement with the value calculated using the Morse
function. The exact calculation of the maximum tensile strength of a covalent bond
in polymer chains is difficult, due to the lack of precise information about the pa-
rameters of the bond involved, as well as uncertainties in the exact shape of the
potential function of the bond. Fortunately, the calculation of the maximum ten-
sile strength is relatively insensitive to the shape of the potential curve and depends
primarily on the bond distance and the maximum energy of the bond, i.e., of those
quantities, which are most accurately known. For that reason, within a factor of
two, the calculations above certainly represent the real conditions of bond strengths
in macromolecules.

6.3. Direct Action of Ultrasonic Waves on Macromolecules

In order to explain the depolymerizing action of ultrasound several mechanisms have
been proposed, most of them based on a direct action of ultrasound on the polymer
molecules, none of which, however, was able to explain all the effects observed.
Various attempts have been made to develop mathematical theories for degradation,
taking into account most of the data available. It has been possible to reach fair agree-
ment with experimental results, but in view of the incorrect assumptions made and
the many arbitrary parameters used in the theories, the conclusions are not very
convincing. Reviews of the older theories concerning degradation were given by Wiltke
and Altenburg (107, 108), Mark (49) and El'Piner (17).

Since it has been found that chemical effects are not responsible for degradation
and a limiting chain length has been detected, Schmid and Rommel (85) suggested
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that degradation was mechanical. According to Schmid (86} the vibrations of the
solvent molecules in the ultrasonic field are different from those of the polymer
chain; this gives rise to friction forces between the macromolecule and the solvent,
which are able to break chemical bonds. For his experimental conditions, Schmid
calculated the velocity amplitude of the vibrating solvent molecules, and obtained
values of the order of 40 cm/sec. As the macromolecules have a different mass than
the molecules of the solvent, inertial forces arise when the particles are vibrating
under the action of ultrasonic waves. In order to investigate this effect, Schmid and
Beuttenmiiller (87) degraded polystyrene at a frequency of 284 kc/sec and an inten-
sity of 50 watts/cm? in mixtures of toluene and carbon tetrachloride having different
densities. The results have already been given in Section 4.2. (Fig. 16), the dashed
line at p = 1.058 g/cm? representing the condition where the densities of the mixed
solvent and the polymer are equal. If the difference in inertia of the macromolecules
and the solvent molecules were responsible for degradation, deviations should be
observable at the point of equal density. Since no deviation has been found, it may
be concluded that inertial forces are not the cause of degradation.

Schmid (86) then analyzed the possibility of the macromolecules being broken
by frictional forces. In a first case he considered the polymer molecule being repre-
sented by a frictionless thread, having spheres of radius r placed at regular intervals
along its axis and rigidly held at one end in the solution. The total friction force f
may be calculated by Stoke’s law:

f=P,-6nnrl, (30)

where P,, is the degree of polymerization, 7 is the viscosity of the solvent and U, is
the maximum velocity of the solvent molecules. Jellinek and White (40) computed
the frictional force for polystyrene in benzene for certain experimental conditions
(Uo = 51.1 cm/sec, r ~ radius of the benzene ring = 3x10™® cm, viscosity of 0.0062
dynes. sec./cm®, P, = 3000) and obtained a value of 5.37x10~% dynes. According

to the calculations described in Section 6.2 this force is in the right order of magni-
tude for rupture. No evidence, however, is given for a polymer molecule being rigidly
fixed at one end.

In a second model Schmid (86) considered that the polymer molecule moved
freely within the solution. Under this condition the macromolecule will move with
the solvent to an extent depending on the ratio of the inertia of the chain to the
frictional force acting on it. Schmid, and Jellinek and White showed that in this case
the frictional force f is given by:

P
F= 2 ,,171\1;'[0 vl 61)

where My, is the molecular weight of the monomer, &V is Avogadro’s number and v

is the frequency of the ultrasound. Calculations based on this equation show that
for the same experimental conditions (frequency of 500 kc/sec) as in the first case,
the force acting on the polymer molecule is only 8.31x10™!! dynes, which is ob-
viously insufficient to break a C—C bond. From these considerations Schmid derived
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the wrong conclusion that macromolecules in solution degrade only if they are more
or less entangled, because only then friction forces are in the right order of magnitude.

Jellinek and White (40) calculated the impact forces set up on a polymer mole-
cule fixed at both ends, during the collision with solvent molecules due to ultrasonic
irradiation. Considering that the time of impact is short, so that the polymer chain
may be considered rigid, the following equation was evaluated for the force:

_4P,plrcly
i

f (G32)

where ¢ is the velocity of sound, p is the density of the solvent and / the distance
between the monomer units. For the same experimental data used above, with I =
3x107® cm, an impact force of 1.88x10™% dynes results, which again is too small to
break a C—C bond. In order to elucidate the mechanism of ultrasonic degradation
Mostafa (57—60) took all experimental results concerning the dependence of the
degradation rate and limiting degree of polymerization on ulirasonic frequency and
intensity and on the initial chain length of the polymer into consideration. He as-
sumed the polymer to be a frictionless thread, having spheres, representing the mono-
mers, attached to its axis at equal distances. He further assumed that the chain is
fixed at both ends and orientated at right angles to the direction of propagation of
the ultrasonic waves. With the same arguments as Schmid’s he concluded that the
motion of solvent molecules across the monomer units will give rise to frictional
forces. Assuming that oscillations of the polymer chains are possible, resonance will
take place at a definite frequency for a given chain length. Considering the funda-
mental mode of vibration of the macromolecule Mostafa (60) calculated the kinetic ener-
gy of oscillation of the chain. With the condition that entanglements and aggregation
of the polymer molecules are present, the calculated kinetic energy of oscillation for
polystyrene with a degree of polymerization ranging from 100 to 1000 at an ultra-
sonic frequency of 1000 kc/sec is of the order of 2x107!° erg. Since the energy re-
quired to break a C—C bond is 1.1x10™! erg (6), the above considerations show
that long chain molecules can be ruptured by ultrasonic waves alone, provided the
ultrasonic intensity is high enough.

All the mechanisms described in this chapter require the presence of entangle-
ments in order to explain degradation. No degradation should therefore occur in
extremely dilute solutions, where the macromolecules can move freely, and will be
swept away following the ultrasonic oscillations, whatever the length of the chain.
At very high concentrations, on the other hand, entanglements will be excessive and
the polymer molecules will form a highly constrained network, where the flow of
solvent molecules is greatly reduced. According to Schmid (86) the degradation
should cease altogether in gels.

In practice, however, the polymer molecules are not exactly fixed at both ends,
nor are they oriented specifically at right angles to the direction of propagation of
the ultrasonic waves. Furthermore, macromolecules in solution are not stretched
out in straight segments, but are moderately curled forming more or less statistical
coils. In addition to this, degradation is readily possible in very dilute solutions, as
well as in gels. For example, native dextran gels having viscosities of the order of
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10% dynes x sec/cm® and dextrans crosslinked with epichiorohydrin (Sephadex),
which in the presence of water forms rigid gels, are easily degraded by ultrasound.

From these experimental facts it follows that the models described above cannot
explain the observed phenomena. They can at most explain degradation at rather
definite concentrations and under very limited experimental conditions, e.g., those
imposed by Mostafa (59). Nevertheless, their discussion is useful to the understand-
ing of the manifold actions of ultrasound on polymer solutions.

6.4. Shear Degradation

Degradation of polymers in solution by the action of ultrasound evidently occurs
as a result of the stresses set up in the molecule by hydrodynamic shear. A quantita-
tive treatment of the problem is complex because the process is usually accompanied
by turbulence, and in the case of very high-frequency ultrasound further complica-
tions arise by intense local adiabatic heating of the liquid due to cavitation. Since
no adequate theory of non-Newtonian flow under conditions of high shear has been
developed up to now, the mathematical treatment of the problem is restricted to
highly simplified and somewhat idealized models. Although all calculations of shear
stresses are necessarily approximated, a comparison of the calculated force required
to cause dissociation of the molecule with the theoretical value predicted from the
potential function can provide valuable information about the elementary chain
scission mechanism. For this reason a theoretical treatment of shear degradation is
essential for the understanding of ultrasonic depolymerization, because also in this
case, shear forces are the ultimate factors which cause the scission of the molecules.
A variety of shearing devices has been used to investigate the degradation of
macromolecules. Davison and Levinthal (15) carried out degradation experiments
in capillaries, maintaining conditions of laminar flow. Assuming that the frictional
drag per unit length f is constant along the molecule, they proposed the following

ST 7 77 e 1
\}‘/’ ,"'1.5°
r L ’
Fig. 33. Model representing rodlike molecule with length
L in capillary of radius 7, in situation of maximum hy-
\ sy ST ISIY A drodynamic shear [Ref. (15)]

equation for rodlike molecules having one end in contact with the wall of the capil-
lary and being inclined at 45° to the stream lines (Fig. 33):

_ 3mn

T= e @/

(33)
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where 7 is the viscosity of the solvent, and L and / are the length and radius of the
rod respectively. For a straight rod in uniform velocity gradient, the distribution of
stress is parabolic with the peak at the mitpoint of the molecule. Thus, when the
shear stress exceeds the critical value only slightly, the molecule is broken into nearly
perfect halves. The stretching force Fy,«, experienced by the molecule is greatest

if its orientation is at 45° to the direction of the flow. In a uniform velocity gradient
G its value is given by:

_fGL?

max 1 6

(34)

In a cylindrical capillary, however, the velocity gradient is not uniform but increases
linearly with the distance from the axis. The maximum stretching force will then be
given by (15):

Finax = 2f9y‘2’(r- 2”’) (35)
Tr 3

where Q is the flow rate (in volume per unit time), r is the radius of the capillary,
and y is the distance from the wall of the capillary to that point of the molecule,
where the opposite stretching forces are equal; y, is given by the root of the equa-
tion:
3yd—6ry =£ L

0 () N3

This equation shows that the stretching force will be maximal at a point slightly
displaced from the center of the molecule.

In their experiments Davison and Levinthal (15) degraded DNA with a molec-
ular weight of 1.3x10%, which corresponds to a contour length of L = 6.5%x10™2 mm.
The radius of the capillary was 0.125 mm, so that the point of breakage will be less
than 2x10™4 mm from the center of the molecule, which means that the molecule
is disintegrated practically at the center of the chain. Using Eqgs. (34) and (35) these
investigators obtained a value of 11x10™% dynes for the force causing scission of
the DNA, which occurs mainly at the C—O bond (81). The theoretical tensile strength
of the C—0 Bond is 8.9x10™* dynes, which is in close agreement with the experi-
mental results.

Harrington and Zimm (317), investigated the shear degradation of DNA in several
shearing devices, such as a high-pressure capillary, an instrument in which the solution
is forced at high pressure through the narrow annulus between a close-fitting piston—
cylinder system, sintered glass disks and several high-speed laboratory homogenizers.
In all these devices shearing takes place near the walls. In the case of high-speed
rotatory homogenizers, the region of high velocity gradient is confined to the bound-
ary layer at the rotating blade, where laminar flow is maintained and in which all
degradation occurs. The molecules will be stretched along the streamlines of the flow.
A detailed discussion including the evaluation of an equation for the critical force
for rupture of macromolecules in such systems is given by Harrington (32).

(36)
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According to Harrington and Zimm (31) an universal equation to calculate the
average force F,y sustained by a macromolecule which is submitted to a velocity
gradient G is:

Fav - G(‘ﬂ'—Tlo) (37)
nz

where 7 and 71 are the viscosities of the solution and solvent, » is the number of
molecules per unit volume, and z is the mean extension of the molecule in the direc-
tion of the velocity gradient. This equation is independent of any model and requires
as parameters only the knowledge of the velocity gradient, the viscosity increment
of the solution and the extensions of the macromolecule. For a capillary with radius

r this equation is transformed into

- AM@m-—no) dV

E
¥ acNzr dt

(38)

where M is the molecular weight of the polymer, ¢ is the concentration, N is Avo-
gadro’s number and d¥V/dt is the volume flow rate of the solution. The values of #
and z, which appear in Eqgs. (37) and (38) must be determined at conditions of shear
stress of the molecule. In real macromolecules 1 and z are certainly less in a strong
velocity gradient, than the values obtained when the solution is at rest. This point

is discussed in detail by Harrington and Zimm (31).

Assuming the values of 77 and z to be the same as those for the solution at rest,
these investigators computed the critical average force for DNA having a molecular
weight of 1.3x10®. Using the experimental quantities and Eq. (37), they obtained
2.7x1075 dynes. This is 40 times less than the value of Davison and Levinthal (15).
The considerable difference between these two results must be due to inadequacies
in Davison and Levinthal’s molecular model and due o a significant reduction of the
parameter z in Harrington and Zimm’s equation, because of the extreme shear rates.
The theoretical value of 8.9x10~* dynes for the critical strength of a C—O bond
represents most probably an upper limit, since no solute—solvent interactions have
been taken into account. Although the qualitative agreement between theory and
experiment may be regarded as satisfactory, the comparison of these data shows
clearly the complex nature of the shear degradation process.

6.5. Pulsating Resonant Bubbles

In Section 2.3 it has been shown that during ultrasonic irradiation of liquids, pulsat-
ing resonant bubbles can occur. Such vibrating bubbles have a characteristic pattern
of eddying liquid surrounding them. It will be shown that even if ultrasonic intensity
is too low to cause cavitation in the liquid, this eddying or microstreaming is by itself
sufficient to cause disintegration of macromolecules in solution.

It is known through experiments that ultrasonic intensity must be relatively
high in order to produce the resonant bubbles, therefore, cavitation cannot be ex-
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cluded completely. A method, however, has been devised by Hughes and Nyborg
(37) for causing bubbles of resonant size to vibrate in the liquid at low ultrasonic
intensities. To achieve this, the tip of the ultrasonic vibrating horn has been fitted
with a series of hemispheric holes having diameter and depth equal to the size of the
resonant gas bubbles, which would normally occur in the liquid during irradiation.
When the ultrasonic vibrator is immersed into the liquid, air bubbles remain trapped
in these holes. Acoustic microstreaming around the pulsating bubbles will then
occur at low pressure amplitudes of the ultrasonic vibrator, due to the oscillation of
the gas bubbles. Using tracer particles, such as Lycopodium spores (diameter
3.5x10™3 cm) Pritchard and Peacocke (79) investigated the flow field. As a result
of the oscillations of the bubble, particles coming from the bulk of the liquid flow
radially toward the bubble, change their direction in a small region close to its sur-
face, and then move away from the bubble on a level parallel to the ultrasonic vibrat-
ing horn. The situation is shown in Fig. 34. The hemispherical gas bubble resting on
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Fig. 34. Pulsating resonant gas bubble of

radius 7 causing acoustic microstreaming

near surface of ultrasonic vibrator. I pulsat-
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the ultrasonic hom can be regarded as a mechanical resonance system that has one
degree of freedom and vibrates almost radially in the ultrasonic field. Assuming
a linear velocity gradient generated by microstreaming near the horn boundary,
Pritchard and Peacocke arrived at the following expression for its maximum value

Gmax:
AP [
Gmax =_li = 3X I3 3 85 (39)
5 8r 7 np°y

where u is the maximum flow velocity, § is the boundary layer thickness, through
which u is reduced to zero, 4 is the pressure amplification factor due to the vibration
of the bubble, P, is the acoustic pressure amplitude at the distance x from the center
of the horn, 7 and p are the viscosity and the density of the solution respectively,
v is the ultrasonic frequency and r is the equilibrium resonant radius of the gas
bubble. Once the maximum velocity gradient is known, it is possible to calculate the
maximum stretching force F,,x, which a molecule will experience in the flow field.
According to their validity any equation from Section 6.3 may be used.

Pritchard er al. (78, 79) investigated the degradation of calf thymus DNA having
a weight-average molecular weight of 6.5x10° by the action of pulsating resonant
bubbles. For their experimental conditions, i.e., water at atmospheric pressure, the
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equilibrium-resonant radius, which obeys the equation of Minnaert (53), is given by
the simplified formula:

r=—— (40)

where the radius 7 is given in millimeters and the frequency v in kc/sec. At the ap-
plied frequency of 20 kc/sec the resonant radius is 0.15 mm. The calculated velocity
gradients ranged from 6x10% sec™* t0 2.5x10° sec™* . Furthermore, these investi-
gators computed from the experimental values that the maximum velocity gradient,
which was required to produce one break per molecule, was 1.2x10° sec™!. Inserting
this value into Eq. (33) and (34), which are valid for rigid rodlike molecules, they
calculated for DNA (L = 3x10~* cm, 7 =9x10~8 cm) the maximum stretching force
Fax 88 2.3x1073 dynes. This result is in reasonable agreement with the value of
9x10™* dynes to 18x10™* dynes calculated by Davison and Levinthal (15) to be
necessary to rupture the DNA double helix by the action of hydrodynamic shear
forces. Moreover, they found that the macromolecules have the greatest probability
of being ruptured at their midpoints, and that degradation proceeded until a limiting
molecular weight was reached, which decreased as the ultrasonic intensity was in-
creased. It has been shown by the same investigators that in the absence of vibrating
air bubbles, using a smooth ultrasonic hom, DNA was not degraded. In this last case
DNA was only degraded if the ultrasonic intensity reached values where cavitation
was initiated.

From these theoretical considerations and the experimental investigations, it
is evident that the hydrodynamic shear forces generated by microstreaming around
resonant bubbles are sufficiently strong to cause degradation of very large macro-
molecules (M,, > 107) under conditions where transient cavitation is absent.

6.6. Flow Fields Produced by Cavitation

During the collapse of a cavitation bubble strong perturbations are induced in the
surrounding liguid and high velocity gradients can be generated. Since a polymer
molecule occupies a relatively large volume in solution, the density of a polymer

coil is nearly equal to the density of the pure solvent, so that the former will normal-
ly follow the flow of the solvent. If the solution is moderately concentrated, entan-
glements between different polymer molecules may occur. As the polymer molecules
will generally not move with the same velocity, because of the inhomogeneous flow
fields, shear stresses are created within the molecule due to the entanglements of
different chain segments. If these stresses are greater than the critical tensile strength
of the chemical bonds involved, the molecules are disrupted. Both monomolecular
and bimolecular reactions may then occur. These cases have been discussed in de-

tail by Okuyama and Sata (68), but due to the complexity of the phenomena, no
equations for shear stresses have yet been derived. The following considerations are
therefore restricted to very dilute polymer solutions, in which no association of
different polymer molecules is supposed to occur.
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A simple degradation model is proposed by Thomas (03). During the collapse
of a cavity the polymer coil moves with the liquid toward the center of the cavity.
Since the flow of the solvent is inhomogeneous, the side of the polymer coil near
the collapsing cavity will move with a higher velocity than the side turned away
from the cavity. In this way stresses are generated within the polymer coil, which
will distort it from its initial shape and unfold it until a geometry is reached, which
is incapable of further extension. At this time it is assumed that the polymer mole-
cule has a rodlike shape with length L and diameter /. The extended polymer will
flow through the solution at a velocity that lies between the velocity of the solvent
and that of the two ends. The situation is depicted in Fig. 35. At the point of maxi-

]
i
1
1
i
T e; Fig. 35. Degradation model as-
r suming inhomogenous flow fields
max [Ref. (103)]

mum stress, at distance ry,,, from the center of the cavity, the velocity of the polymer
is equal to the velocity of the solvent. Assuming that the molecule resembles a string
of spherical beads, the friction force on a segment may be calculated by Stoke’s law.
Integrating this friction force from r 0 Fyqax, Thomas obtained:

2 2
F= 3nnlUR 2(rmax —r) (41)

ar Feax

where 7 is the viscosity of the solvent, U is the velocity of collapse of the cavity, R
is the radius of the cavity, a is the length of a monomer unit and r is the shortest
distance form the center of the cavity to the polymer chain. Integrating the friction
force from rmqx to ¥ + L and equating the two forces, one obtains:

Fmax =NV r(@+1L) (42)

For r 2 L, which is reasonable for most degradation events, it is readily seen that
the position of ryax is rear the center of the polymer molecule. The stretching force
reduces then to:

3nnl UR?L?

F=
4ar®

(43)
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This equation contains three variables, U, R and r for which it is impossible to give
numerical values, since all three variables change greatly during the collapse of the
cavitation bubble.

Suppanz (I00) used this model and by including energy balances and applying
the equation of continuity of fluid flow, he deduced an equation for the friction
force acting on the polymer molecule, in terms of the physical constants character-
izing the polymer and the solvent, as a function of the initial radius of the cavitation
bubble. An explicit solution of the equation of motion obtained is not possible, but
numerical values for different conditions could be computed. Assuming fully ex-
tended dextran polymers in solution, Suppanz carried out such computations for
molecular weights from 50000 to 150000, which correspond to a contour length
of approximately 2x10™° c¢m to 6x10™° cm, in water for different initial radii R,
of the cavitation bubbles. The polymer molecule is considered to be in the vicinity
of the cavitation bubble at the initial stage of collapse. Typical results are shown in
Fig. 36 from which it follows that degradation is possible, assuming an initial radius
of the cavitation bubble of 1.5x10™2 cm and the polymer has a molecular weight of
100000 or greater.
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Fig. 36. Caiculated stretching force (F) acting on polymer molecule as function of radius
(R/R max) of cavitation bubble. R py,x: maximum radius of cavity, assumed in this case to be

1.5x10™ 3 cm. Parameter of curves is contour length x 105 (in cm) of the polymer [Ref. (100}]

Thomas (103) showed that a linear dependence of the degradation rate constants
on the degree of polymerization can be deduced from this model. This has been
repeatedly confirmed by experimental results (2, 97). A detailed discussion of the
model modified by Suppanz (100), however, reveals that a dependence of the deg-
radation constants on the molecular weight raised to a power of 1.5 can also be ex-
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plained by the mechanism. From experimental results of Glynn et al. (22, 23) a
value of 1.25 for this exponent was best for degradation of polystyrene in tetra-
hydrofuran.

Okuyama and Hirose {70) proposed a slightly different mechanism, considering
that the stretching force acts only on a partial chain segment. At the contraction
step of a cavitation bubble, a partial segment of the chain takes a linearly extended
configuration due to friction forces between the solvent molecules and the polymer
chain, caused by the flow. This partial chain is subjected to a tensile force, which is
maximum at the bond in the middle of this partial chain (Fig. 37). From these ob-
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Fig. 37. Degradation model assuming inhemogenous flow fields and stretched partial polymer
chain. C;—C;: partial chain, Cy: central atom of the partial chain [Ref. (70)]

servations an expression for the final value of the degree of polymerization g, after
an infinite time of irradiation was deduced:

- (Fe—Cmax

d I‘% 'f*(U/R)max

49

where (F_c)max is the critical tensile strength of the C—C bond considered ry is

the equilibrium distance between the atoms forming the bond, ¢* is the micro-
streaming friction coefficient between the polymer molecule and the solvent, per
unit length of the polymer, and (U/R )4 is the maximal value of the relation of

the surface velocity of the contracting bubble (—U) and its radius R. By comparing
the experimental values of g with those calculated for different cavitation conditions,
Okuyama and Hirose tried to decide whether gaseous cavitation, which consists of
vibrating bubbles having a radius of about 10~2 cm filled with gas or transient cavita-
tion bubbles with an radius of about 10™% cm, were the cause of degradation. At an
ultrasonic frequency of 500 kc/sec and an acoustic pressure amplitude of 4 bars these
investigators obtained a limiting degree of polymerization of 250 for polystyrene in
toluene. The microscopic friction coefficient was determined as 0.01 dyne sec/cm?.
For a gas-filled cavity (U/R)may is of the order of 1—3x10° sec™*, which according
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to Eq. (44) gives a value of 8x103 to 12x103 for the limiting degree of polymeriza-
tion, which is many times greater than the experimental value. For a transient cavity
(UJR) may is of the order of 1.8x10 sec™!, which gives a limiting degree of polymeriza-
tion of 100. From these results, these investigators concluded that the limiting degree

of polymerization and the degradation kinetics of the reaction is determined by the
collapse of transient cavities

6.7. Shock Waves Produced by Cavitation

The intense shock wave radiated from a cavitation bubble at the final stage of the
collapse, is undoubtedly the cause of the most severe reactions that occur in con-
nection with high-intensity ultrasonics in liquids. It has been shown in Section 2.4
that a shock wave can be considered in this case as a rapid pressure rise followed by
an extremely sharp exponential pressure drop. Now it will be shown that this shock
wave too, is capable of causing the scission of macromolecules that lie in its path.

Gooberman (26) proposed a mechanism that explains the rupture of polymer
molecules as a result of this action. During the period of pressure rise, the solvent is
compressed, and a larger number of solvent molecules will then be present in the
volume unit. On assumption that the polymer molecule, which in solution has the
shape of a more or less expanded coil, does not change its configuration appreciably
during the time of compression, solvent molecules will flow inside the volume en-
closed by the polymer coil. During the subsequent rapid pressure drop, the liquid
expands and the solvent molecules flowing then out of the polymer coil will generate
stresses within the macromolecule due to friction forces. During this period of time,
the polymer coil is assumed to retain again its configuration. This assumption is
plausible, since configurational relaxation times of macromolecules are of the order
of 103 sec, which is many orders of magnitude greater than the time required for
a shock wave to travel across the polymer coil, which is usually of the order of 10710
sec. This is supported by the experimental evidence that the overall degradation rate
is a function of the equilibrium configuration of the macromolecule (7, 2).

For simplicity the shock wave is assumed to be spherical for all qualitative inter-
pretations. In this case the solvent flow will be in the direction of an extended radius
of the shock wave. If the solution is sufficiently dilute that a given macromolecule
can be considered completely isolated from all others, it will move with the solvent
so that the net force acting on it due to the solvent flow will be zero. This means
that the velocity of the center of mass of the molecule is equal to the velocity of
the adjacent solvent. During the expansion period of the solvent, the path moved by
a solvent molecule relative to the center of mass of the polymer and in a direction
parallel to an extended radius of the shock wave, in a certain interval of time, is
proportional to its distance from the center of mass. This means that the solvent
velocity relative to the polymer chain will increase with the distance from the center
of mass of the polymer coil, generating in this way a velocity gradient across the
polymer chain.

If the stress created within the macromolecule as a result of the friction forces
between the solvent and the segments of the polymer chain due to this velocity
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gradient is sufficiently large, rupture of chemical bonds can occur. It is therefore
necessary to study the stress distribution along the polymer chain, which will depend
on the orientation of the segments relative to the shock wave. Following the argu-
mentation of Gooberman (26), the maximum stress will be situated in a plane normal
to the direction of propagation of the shock wave, and which passes through the
center of mass of the polymer chain. The section of the polymer molecule between
this plane and the chain end is assumed to have the configuration of a random coil.
According to this model the bond most likely to break will be near the center of
mass of the molecule. Because of the variable configuration of polymers in solution
and the many possibilities of orientation of the molecule relative to the solvent flow,
the bond most likely to break is not necessarily that at the center of the chain. In
the case of fairly rigid linear macromolecules or in molecules extended in a flow field,
rupture should, however, occur at its geometric center.

Gooberman (26) performed such calculations for polystyrene in benzene. Assum-
ing that the macromolecule has the form of a random coil containing 2n + 1 segments
of length b he obtained an equation for the force F acting on the center bond:

F=067¢Gbn*s (45)

where G is the velocity gradient and ¢ the friction coefficient of the segment in the
solvent. The velocity gradient G, generated during the expansion of the compressed
solvent, depends on its equation of state, which relates pressure and volume. For
benzene as solvent Gooberman arrived at the following equation:

0.18¢tP
G= m 46
76 (P + 1000)10° (6)

where P,, is the peak pressure of the shock wave near the polymer molecule, 0 is the
time constant of pressure decay, and 7 is the time spread parameter, which takes
into account the reduction in the rate of pressure drop as the shock wave advances.
Eqgs. (45) and (46) contain four quantities, ¢, 0, v, and F,, for which accurate values
are unknown. The value of ¢ can be estimated from Stoke’s law, but 8 and v depend
on the minimum radius achieved by the collapsing cavitation bubble, which is again
an unknown quantity. Taking 5x10~5 ¢m for the minimum radius at an ultrasonic
frequency of 200 kc/sec and an acoustic pressure amplitude of 2 bars, Gooberman
calculated that a value for P,,, of 650 bars would be required to break a polystyrene
molecule with a molecular weight of 10° (n =~ 500). The critical strength of a C—C
bond has been assumed to be 5.54x10™# dynes. This pressure corresponds to a pres-
sure amplitude of the shock wave of 1640 bars at the point of collapse of the cavita-
tion bubble. Because of the many simplifications and arbitrary values in Gooberman’s
computations, this value can be regarded as a rough approximation only. Nevertheless,
it falls well within the limits of the pressure amplitudes of shock waves generated by
ultrasonic cavitation. The degradation of polymers in solution by ultrasound is at-
tributed also to the action of shock waves by other investigators (93, 95).

From Gooberman’s observations, it follows that below a molecular weight of
10° the rate constants of degradation of polystyrene in benzene are proportional
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to the molecular weight raised to a power of 2.82 (26). Beyond this molecular weight
the rate constants increase at a slower rate. These results, however, have not been
confirmed by other investigators. Relating the peak pressure generated during the
collapse of a cavitation bubble to the ultrasonic pressure amplitude and to the value
of n in Eq. (45), Gooberman stated that the limiting molecular weight of polystyrene
in benzene should be inversely proportional to the acoustic pressure amplitude raised
to apower of 2.33. This means that the limiting molecular weight is roughly inversely
proportional to the ultrasonic intensity, which has been experimentally confirmed

in some cases.

Gooberman and Lamb (27, 28) also determined experimentally the molecular-
weight distributions of the degraded products using a turbidimetric technique. Their
results indicate that the initial material, which had an average molecular weight of
about 2x10%, tends to split near the midpoint of the chain. At low ultrasonic inten-
sities (3.4 watts/cm?, 200 kc/sec), the degradation products did not contain frag-
ments with a molecular weight smaller than 50000. Some uncertainties, however,
cannot be neglected in these results, too.

7. Concluding Remarks

It is now generally agreed that ultrasonic degradation of polymers in solution is of
mechanical nature, and that the stresses set up in the polymer molecule are caused
by the friction forces generated by the relative movement of the molecules of solvent
and the polymer molecule, as a result of the collapse of cavitation bubbles. Many
experimental investigations demonstrate clearly that ultrasonic degradation is not
thermal in origin. If thermal degradation is considered, large differences in the rate
constants should occur if the solution is saturated with a monoatomic gas, which
gives the highest temperatures, or with polyatomic gases, which give the lowest
temperatures. In practice no differences in degradation rates are found, which proves
that degradation does not take place inside the cavitation bubbles. Moreover, it has
been found that the rate of ultrasonic degradation decreases with increasing tem-
perature. This negative temperature coefficient, which has been found for a large
number of polymers and using a variety of shear degradation methods, is a definite
criterion of a mechanochemical reaction. The prominent inefficiency of bond rup-
ture by ultrasound is also a characteristic feature of mechanochemical reactions and
is generally valid for polymer systems where mechanical degradation methods are
considered. During irradiation of polymer solutions with ultrasound only a factor

of about 10~ of the total energy input is used to break chemical bonds.

The dependence of the rate ¢onstants of degradation on the molecular weight
of the polymer is also a consequence of the mechanical nature of the uitrasonic deg-
radation process. Larger polymer molecules present more resistance to flow, and
therefore accumulate greater shear forces, thus leading more frequently to rupture
than shorter polymer chains. The existence of a limiting degree of polymerization is
another necessary consequence of this, since there is always a minimum chain length
below which the forces set up within the molecule cannot exceed the bond strength,
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and consequently the chain cannot break. If degradation were thermal or chemical,
the dependence of the degradation rate constant on the molecular weight of the
polymer molecule could hardly be understood; the existence of a limiting chain
length could not be explained at all. Schmid et al. (90) pointed out very early the
fundamental differences between ultrasonic and chemical or thermal degradation of
polymers. The fact that an initially broad molecular-weight distribution becomes
more homogeneous during insenation may be considered further proof for the
mechanical nature of ultrasonic degradation, since this effect is not observed during
thermal or chemical degradation of polymers.

The experimental result that in dilute solutions the degradation reaction follows
a first-order kinetic indicates that the polymer molecules are degraded independently
from each other. The result of Fig. 26, that the slopes of the lines which give the
dependence of the rate constants of degradation on the molecular weight of the poly-
mer, are proportional to the rate constants themselves, demonstrates that each mono-
mer unit contributes, within a definite range of molecular weights, with the same
portion to the degradation constant of the whole molecule. This proves that the mole-
cule is submitted to tensile stress before rupture takes place. The same conclusion
may be drawn from the finding that the polymer molecule does not break statistically,
but preferentially at regions close to its midpoint. The fact that the line in Fig. 26 is
independent of the intensity of ultrasound, of the intensity of cavitation, of tempera-
ture, of the solvent and other experimental conditions, proves that the mechanism of
degradation is the same in all the cases considered in this figure. Since the chemical
properties of the solvents used are of very different nature, and degradation, however,
follows the same laws, more evidence for a mechanical degradation mechanism is
given.

The degradation mechanisms described in Chapter 6 demonstrate that the me-
chanical stress on the polymer molecule is the primary cause of the bond breakage.
Polymer molecules are distorted and stretched as they enter the area of high velocity
gradients generated by collapsing cavitation bubbles. At the final stage of collapse,
the shock wave radiated from the cavity generates the stresses within the polymer
molecule and constitutes most probably the ultimate cause of rupture. Valuable in-
formation could be supplied, if the degree of extension of the polymer coil under
stress were known, and a comparison of this value to the normal contour length of
the chain could be made.

Many investigators who studied the effect of solvents on the reaction rate of
shear degradation processes, found that at moderate concentrations the polymer
molecules are degraded more easily in poor solvents. The experiments of Johnson
and Price (46) and Nakano ef al. (61—63) indicated that maximum degradation was
obtained in poor solvents, where the polymer coils are contracted and at low tem-
peratures. This is contrary to the effect of solvents on ultrasonic degradation, where
it has been shown (J, 2) that degradation is more pronounced in good solvents. Since
at shear degradation the friction forces act on the surface of the polymer coil and
depend largely on entanglements (Z0), whereas considering shock waves generated
by ultrasonic cavitation, the stresses are set up within the polymer coil, these results
are understandable and favor a mechanism of shock waves, similar to that proposed
by Gooberman (26) for explaining ultrasonic degradation. This also explains the fact
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that suspensions of very fine particles of polymers in nonsolvents are not degraded
by ultrasound.

The physicochemical properties of the solvent, which have an important effect
on the breaking force, are not yet properly understood. Polymer—solvent interactions
are always present, and definitely affect the tensile strength of the bonds involved,
whereas the critical stresses calculated in Section 6.2, although entirely valid for gas-
phase processes, are not applicable in solution without many restrictions. This is
indicated by the fact that different polymers with the same chemical bonds along
the main chain have different rate constants of degradation in the same solvent. The
hydrodynamic and mechanical effects in the chain—scission process are certainly far
more involved than the simple stretching of chemical bonds to their point of rupture.
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