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INFLUENCE OF KINETIC FACTORS ON THE
DISTINCTIVE FEATURES OF THE RHEOLOGICAL
BEHAVIOR OF OLIGOMER SYSTEMS

S. M. Mezhikovskii UDC 541.64

The distinctive features of the rheological behavior of oligomer liquids have been considered within the frame-
work of the concept of the aggregative nature of their supermolecular structure. It has been shown that the
dependence of the rheological properties of oligomers on the temperature-time and deformation prehistory is
a consequence of the system’s nonequilibrium at the instant of measurement. Theoretical models quantitatively
describing the evolution of the system to thermodynamic equilibrium have been proposed. Account for the ki-
netics of formation of the supermolecular structure of oligomer liquids enables one to correctly explain certain
experimental "anomalies," thus transferring them to the class of fundamental physicochemical regularities.

In recent years, a number of reports on the influence of the temperature-time and deformation prehistory of
oligomer systems on their rheological properties have appeared (see, for example, [1-3]). In particular, for oligobutadi-
eneurethane acrylates (OBUAS) it was shown [1, 2] that: @) even small (compared to the loads developing in experi-
mental deformation regimes) preliminary shear actions on the oligomer liquid irreversibly and significantly (by a
decima order) reduce the time of reaching the steady-state regime of flow with a viscosity ng b) the quantity ng be-
comes appreciably higher if the liquid, after predeformation, is "resting" for a certain time between measurements; c)
the time of "rest" T, upon reaching which ng ceases to depend on T, is defined as t; d) when 1, <1, the oligomer
is flowing as a non-Newtonian fluid, and when 1, > 1% the system passes to the regime of Newtonian flow. Further-
more, it has been disclosed that the identicadl OBUA samples but having dissimilar temperature prehistories (some are
heated to the test temperature, others are cooled to this temperature) are characterized by dissimilar viscosity indices.
However these differences are counterbalanced after the shear action on them: the system "forgets' its temperature pre-
history. The viscosity significantly grows.

These unusua results can be explained varioudly. Since the chemical transformations in the system were ex-
cluded [2], it was natura to analyze the experiments enumerated above within the framework of the concept of flow
of the so-called "structurized" liquids. Each individual experiment can logically be interpreted in the variant of "link-
age" network and flow of dilatant systems [4-8]. However, it is impossible to explain the entire experiment in this
context. For example, if we assume that the linkage network (or other supermolecular structures of the liquid) is bro-
ken after the intense premixing, the change observed experimentally in the character of oligomer flow is a natura out-
come. But it remains unclear why changes do not occur (in any case, they are not recorded in the rheological
experiment) as a result of the analogous or even much larger deformations developing in the course of the experiment
itself. Or if we have the destruction of the linkage network, why is the viscosity in a "structureless’ liquid higher than
that in a "structurized" liquid? These and many other questions arising from such consideration of the above set of ex-
periments are unanswered by the existing models.

The situation is the reverse if we allow for the possible influence of the kinetics of formation of supermolecu-
lar structures on the rheological properties of oligomer systems even within the framework of the model of a "struc-
turized" liquid. It is taken that: 1) the formation of supermolecular structures in oligomer liquids is an activating
process; 2) the times of reaching equilibrium in the system are comparable to or exceed the time of the rheologica
experiment; 3) rheological methods are sensitive to changes in the supermolecular structure which occur in the system
as the equilibrium state is approached.
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In this context, we can logically explain the above-mentioned set of experimental observations a a qualitative
level. For example, to form the equilibrium supermolecular structure of an oligomer liquid offering stable rheological
properties to the liquid it is necessary, first of al, to overcome a certain energy barrier required not only for destruc-
tion of the structure formed by the beginning of measurement but also for activation of the processes of formation of
the "intermediate products' of the future supermolecular structure (aggregates of oligomer molecules carrying out the
act of mass transfer). This precisely occurs under the corresponding therma and mechanical actions on the system.
The number and quality of these "intermediate products' depend of the nature of the oligomer and on the kind and
guantity of energy added in the process of destruction. Then the oligomer liquid needs a certain period of "rest" during
which the stresses are relaxed and the intermediate products reach a thermodynamically equilibrium level which is de-
termined by the parameters of state of the system. If the number or size of the aggregates increases during the period
1, =17, this must result in a viscosity growth. When the time of reaching the equilibrium state is shorter than or equal
to 1,, the rheological experiment reflects an equilibrium situation; if the interval between the completion of the prelimi-
nary action on the liquid and the beginning of measurements is shorter than the time of reaching equilibrium, the re-
sult of the experiment is influenced by both the equilibrium structures and structures that had no time to become
equilibrium by the instant of the measurements. The uncertainty in selection of T, in different experiments is, appar-
ently, responsible for the spread in the values of the viscosity characteristics given by different authors [2, 7-9].

However, such a qualitative consideration leaves unanswered many questions which inevitably arise in thor-
ough analysis of these experiments. For example, why does the dependence of the viscosity on 1, manifest itself in
some experiments [1-4], while in other, no less precise experiments, one has not found such a dependence [7-10]7?
Why are the values of T abnormally (for liquid systems) high (according to some data [11], they can be as high as
severa days)? ,

Together with A. E. Arinshtein and V. I. Irzhak [12-15] the author has proposed severa theoretical models
that describe the dynamics of formation of the equilibrium structure of high-viscosity oligomer systems and enable one
to quantitatively explain the unusual character of their macroscopic properties, including rheological ones.

Common to the theoretical models is the assumption that the supermolecular structures of oligomer liquids are
formed and evolve as a result of the processes of aggregation of oligomer molecules. All of them are based on the
following physically substantiated postulates:

(8 the system consists of aggregates (associates, clusters, etc. — the terms can be different) and "disorgan-
ized" molecules;

(b) the random distribution function of these aggregates by number and size is determined by the prehistory
of the system;

(c) for the thermodynamically equilibrium (independent of the initial conditions) distribution function of the
aggregates by number and size to be attained, the system must overcome in advance a certain energy barrier deter-
mined by the nature of the components;

(d) activation of the molecules (naturally, not in a chemica sense) which enables them to form aggregates is
due to the temperature or mechanica (deformation) "pumping” of energy into the system from the outside;

(e) the size of the aggregates increases only due to the attachment of activated "disorganized" molecules to
them;

(f) the number of aggregates remains constant in the course of the process.

We introduced additional limitations for different models: in the first model, detachment of the oligomer
molecules from the aggregates was abandoned; in the second model, it was permitted; in the third model, it was taken
that the rate constant of attachment of the molecules to the aggregates increases with increase in their total mass; in
the fourth model, analysis was made of the variant of the aggregation model in which no limitations were imposed on
the number of aggregates, etc.

Within the framework of the indicated postulates, the kinetics of formation of the size distribution of aggre-
gates is described by the following system of equations:

U, =— kvu, + kv, N=2; )
Ul:—kVUl; (2)
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A point above a symbol denotes the time derivative.
By solution of this system, which was performed within the framework of a modified Becker—Daring model
[16] we, in particular, obtained the expression for calculating the additional contribution to the viscosity An occurring

due to the growth of the aggregates. Under the assumption that the aggregates are rigid impermeable formations, it has
the form

M
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where F, and Fq are the generating functions of two variables F(z, t) = Z Zun(t) at t = 0 and z = O respectively.
n=1

An analysis of expression (4) shows that in the system there are two characteristic time scales: 11 = 1U/kF; is
the characteristic time of attachment of the activated molecules to the aggregates and 12 = 1U/p is the characteristic time
of activation of the molecules.

If T1<T1y, i.e, the process of addition of the molecules to the aggregates is rapid, the activated particles are
not accumulated in the system, and no relaxation of the system occurs during the period t = 1, after the cessation of
the externa action.

If T1>1o, i.e, the attachment of the activated molecules to an aggregate is slower than their activation, there
must exist a certain time interval during which the system contains a considerable number of "disorganized" activated
particles. Their influence on the viscosity increment will be determined by the relation of the times t; and Ty, i.e, the
relation between the time from the instant of cessation of the externa action and the time of complete exhaustion of
the "disorganized" activated molecules in the system. Indeed, during the period 1, <t1<Ty, Since a certain number of
the activated particles has been accumulated in the system, the aggregate mass will increase during the time from t;
to 14, which must lead to a viscosity increase; however if t; >14, no viscosity increment is observed since all the ac-
tivated molecules have had time to attach themselves to the aggregates by the instant t;. Mathematically, this is ex-
pressed as

An (t) o< E'on +KFqw (ty) + Vv (t) (1 -exp[-kFq (t- tl)])g n, %)

where the function w(tq) is related to the concentration of activated particles v(t1) by the relation dw(ty)/dt = w(ty).

If t1 <714, then v(t;) is substantial and, according to (5), we have relaxation with a characteristic time tp. If
t1 > 14, then v(t;) will be exponentially small and the amplitude of change of An in (5) will also be exponentially
small. This change in An can be disregarded.

Furthermore, it follows from the theory that the constant p and accordingly T, are related to the energy of the
external action, for example, to the value of the rate of shear y or to the time of application of the external action
T;, and that there must exist the limit values y* and 1" ensuring an activation of the "disorganized" molecules maxi-
mum for these compounds, whereupon n ceases to depend on y and T;.

Summing up what has been said above, we note that to create an equilibrium structure involving all thermo-
dynamically allowed states of supermolecular formations (it is precisely such a structure that will reflect the true
rheological properties of the system) first it is necessary to overcome a certain (inherent in this system) energy barrier
required for activation of the entire fraction of the "disorganized" molecules that are capable of entering the organized
structures (aggregates) after the activation. Under the action of the corresponding thermal and mechanical actions
whose limit values are determined by the quantities T, y*', and Tf' for each specific system, such activation occurs
with a rate constant p. After the cessation of the energy action, if k<p, the oligomer liquid needs some time (this is
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precisely the time ™ during which a thermodynamically equilibrium aggregate-distribution function determined by the
parameters of state of the system is spontaneously formed.

If the time of reaching equilibrium is shorter than t,, the rheological experiment (or any other test responding
to changes in the supermolecular structure) reflects an equilibrium situation. If the interval between the completion of
the preliminary action and the beginning of measurement is shorter than the time of reaching equilibrium, the experi-
ment records the distribution function which has been obtained by this instant.

The model considered takes no account of the possibility of destruction of aggregates; therefore, it cannot ex-
plain a number of other properties of oligomer systems, for example, the anomaloudly long times of relaxation of these
systems to equilibrium.

We can also theoreticaly substantiate this anomaly of oligomer systems by introducing an additional condition
in which the aggregate-size distribution obtained in the system on the road to equilibrium after the cessation of the
external action changes both due to the attachment of single activated molecules to the aggregates and the detachment
of them.

According to this model, the kinetics of formation of the aggregate-size distribution is described by the fol-
lowing system of equations:

Uy == VKU, + VKU1 + QU —QU,, N22; (6)
Uy == Vku; +quy ; @)
V=-vk Y upta Y oug. )

n=1 n=2

The system of equations (6)—(8) describes two processes: the attachment of activated particles to aggregates
with rate constants k and the detachment of active molecules from an aggregate with rate constants g. Similarly to the
previous case, we solved this system, with allowance for the fact that it corresponds to two conservation laws

> U=N=const and % nu,=M=const, ©)
n=1 n=1

using the generating function F(z, t).
It turned out that the function F(z t) relaxes to its steady state according to the following law:
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When a strong inequality (g <<kM) holds between the rate constants of direct (attachment of single activated
molecules to aggregates) k and inverse (detachment of the molecules from an aggregate) q processes, i.e., the inverse
process is substantially suppressed, the time change of the generating function F(z t) has two characteristic stages.

The initia stage lasts for a characteristic time of the order of 11 = 1/kN. At this stage, the acts of attachment
of the activated molecules to aggregates prevail over the acts of detachment since the number of free activated mole-
cules is ill large. Here we have the formation of a quasi-steady-state aggregate-size distribution which depends on the
initial state of the system.

The second stage of evolution of the system begins when the number of free activated molecules has de-
creased as a result of the attachment acts so that the rates of the processes of molecular attachment and detachment
become comparable. The stage lasts for a characteristic time of the order of 15 = (]./q)(M/N)Z. At this stage, the quasi-
steady-state distribution begins to relax to the true equilibrium state. Unlike the first stage at which the evolution of
the system is target-oriented, at the second stage the evolution is combinatorial, i.e., it occurs due to the "exhaustion"
of numerous random acts of detachment and attachment. Naturally, the time of establishment of equilibrium is deter-
mined by the number of al possible variants of "exhaustion" and it will be the longer, the larger the average aggre-
gate size obtained in the quasisteady state. Since the quantity M/N, being the average aggregate size, is rather large,
as a rule, for aggregation-prone liquids, the presence of the sguare multiplier substantiates the fact that the time of re-
laxation from the quasiequilibrium state to an equilibrium state in such systems can turn out to be anomalously long.

In closing, we note that al the above reasoning concerning the influence of the temperature-time prehistory
on the properties of a system are suitable and even compulsory not only for oligomer systems but also for any sys
tems. However, for the first systems they are of fundamental importance, since the times of establishment of thermo-
dynamic equilibrium in them can be comparable to the time of observation of the system [17]. Indeed, whereas we
have 1,<Tj <Te in low-molecular-weight liquid systems and T; >>Te in liquid polymer systems, we have Tj = T¢ and
taEtD for oligomer systems. This means that low-molecular-weight liquids are usually equilibrium at the instant of
measurement and their physicochemica properties are independent of the temperature-time (in the general case, en-
ergy) prehistory as a rule. The native polymer samples are thermodynamically nonequilibrium but kinetically stable;
therefore, one cannot correctly evaluate the influence of the kinetics of establishment of equilibrium on the dependence
of the macroscopic properties on the prehistory in reasonable observation times. For oligomer liquids the probability
that the dependence of the macroscopic properties on the prehistory will manifest itself multiply increases, since it is
not improbable that the property measured will be recorded under different starting conditions or at different distances
from the equilibrium state.

NOTATION

n, viscosity; ne, Viscosity in the steady-state regime of flow; An, viscosity increment; t, time; t;, fixed time
by a certain instant; tD, resolution of the method (instrumenta resolution); T,, time of "rest" between the instant of ces-
sation of the external action and the beginning of measurement; T, critical value of the time of "rest" upon reaching
which ns ceases to depend on 1,; Ty, time of application of the externa action; t¢, critical time of application of the
externa action, which ensures the maximum activation of molecules a y = const and T = congt; T, average lifetime
of an aggregate; Tj, average time of relaxation of an aggregate to the equilibrium state; 1, time of exposure, time of
observation of an object; v, rate of shear; v, critical value of the rate of shear, which ensures the maximum activation
of molecules at T; = const and T = const; T, temperature; T, critical value of the temperature, which ensures the
maximum activation of molecules at T; = const and T = const; ¢, total concentration of molecules in the system; N,
concentration of aggregates irrespective of their size (number n in the aggregate); M, concentration of activated mole-
cules including those involved in the aggregate; uy,, concentration of the aggregates consisting of n molecules; u4, con-
centration of the aggregates of a single molecule; v, concentration of the activated molecules; vy, concentration of the
activated molecules a t = 0; k, rate constant of attachment of the activated molecules to the aggregates; p, rate con-
stant of molecular activation; g, rate constant of detachment (separation) of the active molecules from the aggregates;
F, generating function; z, "silent" variable of the generating function. Subscripts and superscripts: r, "rest"; cr, critical;
€, exposure; a, aggregate; t, tests.
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