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ABSTRACT: The formation of poly(vinyl alcohol) microgels by y-ray irradiation was previously studied
by static and dynamic light scattering methods to obtain respectively the radius of gyration (Ry) and the
hydrodynamic radius (Rp). It was proposed that the mechanism of this microgel formation was an
intermolecular cross-linking step followed by an intramolecular cross-linking process. Presented herein
is a mathematical model for interpreting the values of Rq and Ry, in which the Kirkwood theory of the
friction factor was employed. To mimic the known extensions of “brushes”, a set of “bias parameters”
were employed for the purpose of making a directional preference in generating the configurations of
both parent and branch chains. The simulations with this simple model are in very good agreement with
the proposed mechanism of microgel formation in the poly(vinyl alcohol) system. Justification of using
the “bias parameters” is supported by computationally intensive Brownian dynamics simulations of a
collection of 216 “beads” with a “Velcro” pair potential, i.e., a short-range “attractive” pair potential that
acts as a formation of a chemical bond between the beads. The advantage of the “bias” walk model is that
it allows one to explore different molecular configurations on a smaller computer and thus to select an
appropriate set of parameters for more extended and time-consuming simulations on mainframe

computers.

1. Introduction

Cross-linked polymer networks with nanometer sizes,
i.e., microgel particles, are of interest in both scientific
and technical fields.1~?! Many studies!~1¢ have focused
on microgels that undergo an abrupt size change in
response to alterations in solution conditions such as
temperature and pH. The microgels of this sort were
prepared via polymerization or copolymerizations of a
well-known thermosensitive monomer, N-isoproply-
acrylamide (NIPA), using a cross-linking agent such as
N,N’-methylenebis(acrylamide).

In the preparation of microgels, on the other hand,
polymers but not monomers have been employed by a
combination with suitable cross-linking techniques. A
good example for this is y-ray irradiation to solution of
poly(vinyl alcohol) (PVA).’-21 Since PVA has good
biocompatibility,?2 much attention has been paid to the
formation of its hydrogels, in the forms of both micro-
gels’—21 and bulk gels.?3732 There is a limiting irradia-
tion dose, i.e., gelation dose (Dg), at which the gel
formation sets in. At doses > Dy, the irradiation yields
either a bulk gel or microgel particles depending on the
polymer concentration (C,). Thus, this characteristic
concentration is often referred to as the critical polymer
concentration (Cyc); the microgel formation takes place
at C, < Cp, Whereas at C, > Cp the bulk gel forms.
Both Dy and C,. depend on the molecular weight (My)
of the polymer.

There are two types of cross-linking processes,20:21,31,32
that is, inter- and intrapolymer cross-linking. The
former allows the increase of the molecular weight (M)
of a cross-linked polymer via the coupling of two or more
polymer chains. The latter does not alter M,, but affects
the quantities relating to a polymer chain dimension,
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e.g., hydrodynamic radius (Rp) as well as radius gyration
(Rg), because the cross-linking should take place within
the same polymer chain. Indeed, Brasch and Burchard®
employed static and dynamic laser light-scattering
techniques in their study of PVA microgels, which were
prepared through chemical cross-linking with glutar-
aldehyde.

Previous studies on PVA microgel formation by y-rays
employed static and dynamic light scattering techniques
to monitor the progress of the reaction.l® Static light
scattering data provided information on the molecular
weight (My,) from total intensity measurements and the
radius of gyration (Rg) from the angle dependence of the
total intensity. Dynamic light scattering provided values
of the hydrodynamic radius (Rp). These parameters were
obtained as a function of Cp, and irradiation dose.?® A
mechanism was proposed in which intermolecular cross-
linking first occurred, which was then followed by
intramolecular cross-linking to a more compact struc-
ture.

The objectives of the present study are twofold. The
first objective is to provide quantitative support for the
proposed mechanism as reflected in the ratio Ry/Rn. The
second objective is to devise a mathematical model that
is simple enough to carry out the calculations on a PC
since more elaborate simulations on a mainframe
computer can be very time intensive. To achieve the
latter objective, a modification of the Kirkwood bead
model is proposed, that of “bias” steps in the generation
of the “random” structures. Thus, from these “explor-
atory” investigations one may chose optimal parameters
to use in more sophisticated simulations. Justification
for the “bias” model is supported by Brownian dynamics
simulations with a “Velcro” potential.
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2. The Kirkwood Model

In principle, Ry and Rn can be calculated quite
accurately with the powerful theories that exist at this
time if the distribution of mass and the friction centers
are accurately known. While such knowledge may be
available for well-defined structures that are ubiquitous
in biological systems, such as the viruses, a similar
situation does not exist for randomly generated struc-
tures such as the microgels in the present study.
Therefore, we resort to the most primitive of hydro-
dynamic theories, the subunit model of Kirkwood for
polymers of arbitrary shape,3® that still permits one to
extract useful information regarding the statistical
nature of equivalent hydrodynamic structures. The
effective hydrodynamic radius of the polymer is calcu-
lated from the Kirkwood prescription
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where ng is the number of subunits in the microgel, rs
is the radius of the equivalent sphere for the point
friction source, and rj; is the spatial distance between
the jth and ith subunit. The radius of gyration is
calculated in the standard way for the arbitrary distri-
bution of mass points,
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where it is assumed that each friction point has the
same mass and the vector distance R; is measured from
the center-of-mass of the polymer. Thus, if the point
sources of friction are also the point source for light
scattering, then eqs 1 and 2 may be combined to
calculate the ratio R¢/Rn, which is compared to the
experimentally determined ratio.

3. Generation of the Cross-Linked Strands and
Microgel Structures

The generation of a microgel is assumed to take place
through inter- and intrachain cross-linking. The result-
ing structures are assumed to be “brushlike” in the
sense that the envelop appears elongated with extended
branches along a backbone. Direct application of the
prescriptions of the Kirkwood theory results in a more
compact, spherical array of friction beads. Therefore, to
generate the more extended structure, a form of “bias”
must be incorporated into the generation of the friction
chain.

It is well-known that excluded-volume effects act as
a repulsive force between subunits and that the dimen-
sions of the resulting random structure are larger than
those of the random flight, or “phantom chain”, calcula-
tions. To illustrate the effect of excluded volume, we
have generated chains from monomer units uniformly
distributed in a cubic lattice by Brownian dynamics
(BD) methods. The detail of the simulations is given in
the Appendix. To mimic the formation of chemical
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bonds, we employ a “Velcro” potential of the Yukawa
form

exp(—yr)

BUp, = —A r

3

where = 1/kgT, kg is the Boltzmann constant, T is
the absolute temperature, A is a positive constant that
measures the strength of the interaction, y is a constant
that determines the rate of change of the interaction
with distance, and r is a reduced distance given in units
of the radius of the bead particles. To ensure a “strong
chemical bond” acting over a short range, the values A
= 2.2 x 10° and y = 7.34 were used in the simulations.
Shown in Figure 1 are the potential, the initial cubic
array configuration of the 216 subunits, and the final
configuration after 107 attempted moves for each sub-
unit. The number of attempted moves, 107, is not an
arbitrary number in this particular simulation. It
represents the number of moves necessary to have no
remaining monomer units, where the movement of
particles was monitored after every 108 attempted
moves. That is, after a “contact” has been made between
two beads, the resulting “unit” does not move since the
“Velcro” potential does not allow dissociation as would
also be the case for chemical bonds. Hence, the struc-
tures shown in panel C of Figure 1 obtain from the
addition of monomer units to preexisting clusters until
no more monomer units remain in the system. The
structures in panel C are highly extended. Because of
the highly extended nature of these structures, one can
define a pathway through contiguous beads that rep-
resents a “parent” chain from which the other beads,
or branches, may be attached. All of our other simula-
tions show similar structures of clustered units for a
variety of choices of A and y with the constraint that
the profile be sharp as shown in panel A of Figure 1.
For example, those simulations with ¢, = 0.001 give
structures that are also extended but do not “grow” too
far beyond trimers and tetramers since, once formed,
the clusters themselves do not move. The simulations
shown in Figure 1 were generated over a period of a
few days and represent 3 x 216 x 107 = 6.48 x 10°
attempted coordinate moves. To generate larger clusters
that may mimic microgel formation would be prohibitive
because of the necessary computer time.

In relationship to the experiment, the starting poly-
mers may be assumed to be highly extended. As
polymers are cross-linked together in the interchain
process, the resulting structures may also be assumed
highly extended, forming branched structures and pos-
sible looped regions. With this final configuration in
mind one can choose a pathway through contiguous
units that represents a “parent” chain from which the
remaining units may be considered to be branches. It
is this physical picture that we now generate math-
ematically as a two-step process using the Kirkwood
bead model. To ensure that extended structures result
from the Kirkwood model, we introduce “bias param-
eters” a, b, and c into our chain generation via the
prescription

. =r;+Ly(Ranl —a, Ran2 —b,Ran3 —¢) (4)
where rj+1 is the location of the j + 1 bead when the

step originates from the jth bead; Ranl, Ran2, and Ran3
are random real numbers between 0 and +2; and Ls is
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Figure 1. Brownian dynamics simulations of aggregation.
The top figure is the pairwise attractive potential acting
between two spheres, as defined by eq 3 and using the
parameters A = 2.2 x 10°% y = 7.34, and ¢, = 0.01. Part B is
the initial cubic array for N, = 216 spheres. Part C is the result
of 107 attempted movements for each particle where the step
size iss = 0.1.

the extension step size that reflects the degree of
“stiffness” of the chain.

To understand what is meant by “bias”, we first
consider a chain that has no bias. Since the first unit of
the parent chain is at the origin, the “forward” direction
is defined as a positive displacement and the “backward”
direction as a negative displacement. In this case a step
forward is equally probable as a step backward. Hence,
the sum Ranl — a must have the range —1 to +1. Thus,
the value a = 1 represents a completely random genera-
tion, and L is the maximum step length. On the other
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hand, the interaction between neighboring units is
“directionally limited”, such as might occur because of
the bond angle, excluded-volume effects, or repulsive
electrostatic interactions. That is, the probability of a
step in the positive direction (forward direction) is larger
than in the negative direction. As an example, consider
first the value of 0.5 for the bias parameter. The
maximum step in the forward direction along this
coordinate is 1.5Ls whereas in the maximum backward
step is —0.5Ls. Thus, there are two ways to influence
the configuration of a generated chain: the overall
extension of the configuration is controlled through the
parameter Ls, and the directional asymmetry is con-
trolled by varying the bias parameters a, b, and c.

The typical envelop of a brush structure is cylindrical
in shape, viz., elongated in one direction that may define
its “primary” axis and having a finite “thickness” that
is defined by shorter structures with a bias along the
other two axes. The configuration of the microgel in the
present study was thus constructed in two steps to
obtain a “brush structure”: generation of a “parent
chain” of np subunits with a bias in the z-direction and
then generation of ng “branch chains” of n, subunits,
each with biases in the x and y directions. This “brush
structure” has a total of ng = np + ngnp subunits with
the primary axis as being along the z-axis.

The parent and branch chains are generated sepa-
rately with the stated bias direction(s). The location of
the first bead in each of these generations is at the
origin of the local coordinate system. The initial set of
integers ranges from 1 < I, < n, for the parent chain
and 1 < |y < nyp for the branch chain. The “contact beads”
are defined as the first bead in the branch chain, I, =
1, and a randomly generated integer number for its
location on the parent chain, I,. Once chosen as a
“contact site”, the location I, = I, on the parent chain is
then removed from the pool of future contact sites.
Having now established the contact beads of the parent
and branch chains, in their local relative coordinates,
we next move the branch chains to the parent chain.
For example, if the cross-linking point is the jth location
on the parent chain and the kth location on the branch
chain, then the docking of the branch chain to the
parent chain is effected by addition of the set of
coordinates P(j) — B(k) + O to each local coordinate of
the branch chain. In this prescription P(j) is the set of
coordinates for the jth location of the parent chain, B(k)
is the set of local coordinates of the kth location of the
branch chain, and O is a fixed set of coordinates of unit
length to avoid overlap (contact) of the two friction
points at the cross-linking locations. The vector O is
determined by random number generation for each of
the individual branch chains. It is noted that in this
prescription only the contact beads are specifically
generated as being in close proximity of each other. Any
possible formation of loops and multiple contacts be-
tween any of the component chains is a consequence of
the random nature of their generation and the subse-
quent docking of the branch chains.

Once the location of all the np and ns beads have been
established, the center-of-mass of the structure is
located, and the respective bead coordinates are thus
shifted to the center-of-mass coordinate system, viz., R;
= rj — Rcom, Where j runs over the set of locations ns. A
schematic representation of the docking construction of
the microgel is given in Figure 2.
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Figure 2. Schematic of the generation of microgel structures.
Shown above is one “parent” chain, denoted by “P”, and two
branch chains. These chains were independently generated by
the procedure outlined in the text. Once generated, the location
of the sites for attachment are randomly determined. In the
above case the attachment of chain 1 to P is indicated by the
open circles (O) and of chain 2 to P by the closed circles (®).
The two branch chains are then “docked” to the parent chain
at these locations by translation motion. Not shown is the
separation distance O for the two contact beads.

4. Characteristics of the Bias Chain Model:
Computer Simulations

We now look at some of the characteristics of using
“bias” in the calculations of the coil configuration. All
of the calculations performed in this study were done
with programs written in Mathematica, a means of
doing mathematics on the computer.

We first establish reference configurations by which
the extent of “bias” may affect our calculations. The
random configuration defined by a =b =c = 1 is the
obvious choice. Since the y-ray irradiation may increase
the molecular weight, the physical parameters Ry and
Rnh for the unbiased model were determined as a
function of chain length by changing n, and ny, by the
same multiplicative factor but retaining the value of ng.
In Figure 3 are calculations for the random coil con-
figurations with n, = 50, ng = 10, and n, = 15
(configuration R1) and with n, = 200, ng = 10, and ny
= 60 (configuration R2). The calculated values of Ry and
Ry are, in arbitrary units, 2.160 and 2.113, respectively,
with the ratio Ry/Ry = 1.022 for R1 and 5.186 and 4.800,
respectively, and with the ratio Ry¢/R, = 1.080 for R2.
Thus, the random generation of microgels provides a
ratio Ry/Rn resembling that of a hollow sphere in which
all of the mass is located at its surface rather than a
solid sphere, which has the theoretical value R¢/Rn =
(3/5)12 = 0.77.

We next look at a biased parent (a = b = ¢ = 0.5)
with unbiased branch chains. Conformation R3 is
generated with n, = 50, ng = 10, and n, = 15 and
conformation R4 with n, = 50, ng = 10, and n, = 50.
Conformations R3 and R4 are shown in Figure 4. The
calculated values of Ry and Ry, for the biased parents
are 11.953 and 6.228, respectively, with the ratio R¢/Rn
= 1.919 for R3, and for R4 the values are 15.994 and
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Figure 3. Random coil structures. The above structures were
generated for the random coil structure; i.e., the bias param-
eters were a = b = ¢ = 1. (top) The number of subunits in the
parent was n, = 50 and for the ng = 10 branch chains with ny
= 15. The calculated values of Ry and Ry are 2.160 and 2.113,
respectively, in arbitrary units, with the ratio Ry/R, = 1.022.
(bottom) The number of units in the parent chain of n, = 200
and number of branch chains ng = 10 of length n, = 60. The
calculated values of Ry and Ry, are 5.186 and 4.800, respec-
tively, with the ratio R¢/Rn = 1.080.

8.981, respectively, with the ratio Rg/Rn, = 1.781. It is
of interest to note that the individual values of Ry and
R increase in going from R3 to R4, as they should with
an increase in the molecular weight of the branches.
However, the ratio Ry/Ry decreases with the increase
in the molecular weight due to the fact the relative bias
of complexed chain has changed. This comparison again
supports the notion that the ratio R¢/Rn is a good
measure of conformational changes in the chains.

5. Application of the Model to Data on
Microgels

Table 1 shows the experimental data of dynamic and
static light scattering for the formation of the microgels
from aqueous O,-free solutions of PVA (M, = 1 x 10°
g/mol as the original) by means of y-ray irradiation. The
data were obtained in our previous study,? in which
more data were reported on the formation of bulk PVA
gels. However, we focus only on the experiments per-
formed at the PVA concentrations = 2.0 and 1.6 g/L,
which are considered as these lie below the Cy (critical
polymer concentration). Data analysis in the semidilute
concentration regime (i.e., >Cy) are governed by equa-
tions not considered in the present analysis and hence
lie outside the domain of the present text. The reason
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Figure 4. Biased parent, random coil branch structure. The
above chains were generated for the bias parametersa=b =
¢ = 0.5 for the parent and a = b = ¢ = 1 for the branch chains.
(top) The number of subunits in the parent was n, = 50 and
for the ng = 10 branch chains with n, = 15. The calculated
values of Ry and Ry are 11.953 and 6.228, respectively, with
the ratio Ry/Ry = 1.919. (bottom) The number of subunits in
the parent was n, = 50 and for the ng = 10 branch chains
with n, = 50. The calculated values of Ry and R, are 15.994
and 8.981, respectively, with the ratio Ry/R, = 1.781.

Table 1. Light Scattering Data for Microgel Formation
from Aqueous PVA Solutions by y-ray Irradiation®

irradiation conditions

expt concn dose My (10° Rg Rn

no. (L™ (Mrad) gmol™) (nm) (nm) R¢/Rn
1 0 1.00° 17° 11> 1.52b
2 2.0 0.041 1.53 37 23 1.60
3 2.0 0.082 3.45 50 33 1.54
4 2.0 0.15 88.9 127 88 1.44
5 2.0 0.30 711 206 187 1.10
6 2.0 0.60 1040 202 184 1.10
7 2.0 1.20 1490 192 195 0.98
8 1.6 0.082 75.5 113 70 1.61
9 1.6 0.30 272 140 90 1.59

10 1.6 0.45 543 144 99 1.45

11 1.6 0.60 622 128 99 1.29

12 1.6 0.75 790 117 99 1.18

a All the data were obtained in our previous study (see Table 1

in ref 20). b Data at dose = 0 denote the original PVA before y-ray
irradiation.

for this is that the y-ray irradiation at PVA concentra-
tions >Cy led to the formation of bulk gels, whereas
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the present interest is on the structure and properties
of the microgels.

We now focus attention to the experimental data,
which may be partitioned into two groups in accordance
with the value of the ratio Rg/Rn: (1) group 1 consists
of microgel structures for which Rg/Rn < 1.2, and (2)
group 2 are the structures for which 1.2 < R¢/R, < 2.0.

Within the stated definitions of the above two groups,
the results from experiments 5—7 in Table 1 are group
1 occupants. It is significant that these are the highest
molecular weights in the irradiated samples. As the
molecular weight increases, one would expect the “local
character” of the structure to be lost, and the structure
becomes more like a random generated structure.

Attention is now directed to the concentrations of 1.6
g/L for experiments 8—12. All of these data may be
included in group 2. Although the inclusion of experi-
ment 12 as a group 2 occupant may be considered as
marginal, its inclusion does emphasize a trend. Again,
one can discern the trend to the more random structure
as the molecular weight increases.

The proposed model for the experimental data is
composed of two steps. The first step is the interchain
cross-linking which results in an extended branch
structure. The second stage is an intrachain cross-
linking in which the structure undergoes a collapse in
such a manner as to reduce the radius of gyration while
maintaining an almost constant hydrodynamic radius.
Physically, this means that the interior of the structure
becomes more dense in scattering centers, thus reducing
the value of Ry, while the exterior “hairs” of the
structure become more extended such as to counteract
the interior collapse contribution to the hydrodynamic
properties of the microgel.

We undergo to test this mechanism in the following
manner using bias generation of the parent and branch
chains. We consider first the branched structure that
results in the first step of the mechanism. An extended
structure that may physically result from excluded-
volume effects, thus a bias for the parent chain, is
directed along the z-axis and the branch chains in the
x—y plane. This is effected by the set of bias parameters
a=b=1andc=0.5for the parentchainanda=b =
0.5 and ¢ = 1 for the branch chains. We use the value
np = 150, ng = 10, and n, = 45 to compare with the
calculations in Figure 2 for an increase in molecular
weight by a factor of 3. The resulting structure, shown
in Figure 5, gives values of Ry = 37.278 and R, = 19.618
for a ratio of Rg/Ry = 1.900. In the second step of the
proposed mechanism, the internal structure of the
branched chain collapses due to intramolecular cross-
linking. This collapse is effected in the simulations by
changing the set of bias parameters for the parent
strand to a = b = ¢ = 0.9 and for the branch strands a
=b =c =1, with the step length set at Ls = 0.8 in both
cases. The structure that was generated is shown in
Figure 6, where the characteristic parameters now have
the values of Ry = 7.664 and R, = 5.616 for a ratio of
R¢/Rn = 1.365. Note that in this case the value of Ry is
less than that for the cross-linked structure in the top
of Figure 4 (7.664 vs 11.953 or a 55% increase), but the
value of Ry, is virtually unchanged (5.616 vs 6.228, or
an 11% increase) even though the molecular weight has
increased by a factor of 3. Since the friction points are
connected in the order in which they were generated, it
is possible that the proximity of a group of points may
be interpreted as the formation of rings or cyclic
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Figure 5. Structure of branched polymer for step 1 of
mechanism: interchain cross-linking. In the first step of the
mechanism there is extensive interchain cross-linking which
results in an extended structure. The parent chain by setting
its bias parameters to a = b = ¢ = 0.5 and the branch chains
with a = b = ¢ = 1. In both cases Ls = 1. The number of
subunits in the parent was n, = 150 and for the ng = 10 branch
chains with n, = 45. The calculated values of Ry and Ry, are
37.278 and 19.618, respectively, with the ratio Ry/Rn = 1.900.
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Figure 6. Structure of branched polymer for step 2 of
mechanism: intrachain cross-linking with molecular weight
increase. In the second step of the mechanism there is
extensive intrachain cross-linking which results in a collapse
of these chains. The parent chain by setting its bias param-
eters to a = b = ¢ = 0.9 and the branch chains witha =b =
¢ = 1. In both cases Ls = 0.8. The number of subunits in the
parent was n, = 150 and for the ng = 10 branch chains with
ny, = 45. The calculated values of Ry and Ry, are 7.664 and
5.616, respectively, with the ratio R¢/Rn = 1.365. The dashed
circles indicate regions in which a cyclic structure may be
formed due to the proximity of the friction units.

structures. The dashed circles in Figure 6 indicate
regions that may be interpreted as the formation of
closed rings.

6. Discussion

Dynamic and static light-scattering studies?%21 have
led to a suggested mechanism of y-ray-induced forma-
tion of PVA microgels at the molecular level. At the
initial stage of the irradiation, the chain branching
should take place via interpolymer cross-linking, re-
gardless of polymer concentrations. Further interpoly-
mer cross-linking allows for the resulting branched
polymer to combine one another, through which both
mass and size should be increased. When once a
branched polymer is formed, the irradiation causes the
intrapolymer cross-linking at the same time. If the
polymer concentration is lower than Cy, these simul-
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taneously occurring intra- and interpolymer processes
result in a microgel particle. Then we observed the
following characteristics in the changes in Ry, Ry, and
My as a function of irradiation dose. At the early stage
of the irradiation, My, as well as Ry and Ry increased
rapidly. Upon further irradiation, M,, increased almost
linearly, but Ry leveled off and Ry decreased. These
results were explained in terms of structural change in
the microgel particle, which was then assumed to have
an obscure surface covering with dangling chain hairs
at the early stage of the formation, then turning it into
a “soft sphere” with a distinct surface. Such a model was
originally proposed by Brasch and Burchard®® in their
study on chemically induced formation of PVA micro-
gels. Although there was the striking resemblance in
the microgel formation by the y-ray and the chemically
induced cross-linking, the model has not yet been
examined in a quantitative and mathematical way.

We have proposed a mathematical approach to the
study of the formation of microgels and applied it to the
hydrodynamic characterization of y-ray-irradiated PVA.
Since the main objective was to testify to the validity
of the interpretation of the values of the R¢/Ry ratio
under variable experimental conditions, we employed
a modification of the primitive Kirkwood model. The
Kirkwood model represents a first-order correction to
the friction factor of a chain composed of equal sized
beads with friction sources solely at the center of the
beads. Bloomfield and co-workers34~36 attempted to
correct for the fact that the friction source is not at the
center of the bead but at the surface of the bead. In this
regard higher order correction terms in the bead radius
become important for contiguous beads of approximately
the same size. However, if the bead separation is larger
than the bead radius, then the Kirkwood formula gives
better results.3® This is due to the observation that the
higher order correction terms are of alternating sign and
may result in mutual cancellation. The error resulting
from use of the Kirkwood expression is dependent upon
the structure under examination. One problem is ob-
taining a theoretical standard that is the exact expres-
sion for the structure under consideration. One such
structure is the prolate ellipsoid given by Perrin’s
expression,

Gﬂnb(l _ p2)1/2
1+ (1 _ p2)l/2
p

where p = b/a is the ratio of the semiminor (b) and
semimajor (a) axis. Bloomfield et al.®* used Perrin's
exact expression for a prolate ellipsoid as a reference.
They concluded that the Kirkwood expression gave the
correct asymptotic approach in the limit a/b — . The
present focus is on flexible chains, where internal
motions are coupled which might affect the calculation
of the friction properties of the molecule. In this case
Monte Carlo simulations may be assumed to represent
the theoretical standard. Although somewhat related to
the present system, Zimm3’ compared the hydrodynam-
ics of a chain with Gaussian distributed segments in
Monte Carlo simulations with the predictions of the
Kirkwood—Riseman theory of the sedimentation coef-
ficient and intrinsic viscosity. This comparison showed
about a 15% error as compared to the MC simulations.
Similar studies with wormlike star molecules®® indicate
that the difference between experimental measurements

®)

prolate =

In
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and the commonly used formulas are due partly to
preaveraging and chain extension because of chain
stiffness and mutual repulsion of the chains emanating
from the branch point. The latter effect, mutual repul-
sion of chains from the branch point, is represented in
the present situation by the bias parameters, in the z
direction for the parent chain and the x and y directions
for the branches. It may be concluded that the error for
very long chains with bias as employed in our simula-
tions is of no consequence for the stated objective of
explaining the experimental observations within the
bounds of reasonable computation time and program-
ming simplicity.

The modification we employed is a set of “bias
parameters” for directional preference in generating the
“extended random coil” configurations of both parent
and branch chains that one might expect for a gel
network system due to intermolecular cross-linking,
with the possibility of including the effects of intramo-
lecular cross-linking to contract the network to micro-
gels. As a means of justification of the use of “bias”
parameters, we employed Brownian dynamics simula-
tion methods to generate a “chain” from random move-
ment of monomer units using a “Velcro” potential. As
noted by Zimm,28 chain exclusion due to mutual repul-
sion in star molecules likewise results in a more
extended structure at the branch points.

For the truly random walk linear polymer the chain
length dependence of Ry takes on the power law Ry =
KMOY5, where K is a constant. From the calculations
associated with Figure 2 we obtain from the relationship
between the ratios (4/1)4 = (5.186/2.160), the power law
d = 0.63. The difference in the two power laws, at this
level of approximation, is attributed to the requirement
of contact points between the branch chains and the
parent chain rather than the random number method
of generating the chains. By placing the branch chains
along the parent chain, the structure approaches that
of a cylinder in shape, and we would expect d > 0.5. In
contrast, if the branch chains were all placed at the
same location of the parent chain, then the structure
would approach that of a sphere as in the generation of
“star” structures, and we would expect d < 0.5.

When PVA aqueous solution is suffered to y-ray
irradiation, small branched polymers are formed via
intermolecular cross-linking at the initial stage, regard-
less of the polymer concentration. At concentrations <
Cpe, the combination of the small branched polymers
takes place to result in a larger branched polymer. After
that, the intrapolymer cross-linking within the branched
polymer results in a microgel particle. This process
accompanies phase separation, and solution turbidity
appears. However, if a microgel with an obscure surface
due to several dangling chains is initially formed, then
such microgels combine with several branched polymers
to increase M,,. Since the intramolecular cross-linking
simultaneously takes place at this stage, there is little
increase in the size but a rise in the segment density.
As a result, the microgel gradually turns into a “soft
sphere” with a distinct surface. The calculations given
in Figures 4—6 reflect this behavior. The data in Figure
4 is used as a reference structure, with of Ry = 11.953
and Ry = 6.228, for a ratio Ry/Rn = 1.919. Intermolecular
cross-linking give the structure represented in Figure
6, where the molecular weight is increased by a factor
of 3. This increase in molecular weight without a change
in the parameters for the generation of the conformation
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yield values of Ry = 37.278 and R, = 19.618, for a ratio
Ry/Rn = 1.900. The apparent constancy of R¢/Rp in the
vicinity of 1.9 supports the notion that the general
nature of the chain is unchanged with the increase in
the molecular weight. The step 2 process, involving only
intramolecular cross-linking, does give rise to a change
in the nature of the chain. As shown in Figure 6, the
conformation that corresponds to a “collapse” is char-
acterized by the values of Ry = 7.664 and R, = 5.616,
for a ratio R¢/Rnh = 1.365. Note that the values of Ry, for
the “monomer unit” (Figure 4 structure) and the “mi-
crogel unit” (Figure 6 structure) are comparable in value
while there is a significant difference in the Ry values.

We conclude that the mechanism proposed for the
microgel formation as an interchain cross-linking pro-
cess followed by an intrachain cross-linking to a more
collapsed structure is accurately portrayed by the “bias
walk” model as proposed. These simulations of a simul-
taneous collapse of the interior structure due to in-
tramolecular cross-linking with an increase in the
extension of the branch chains is thus a verification of
the model proposed by Burchard and co-workers.'® In
addition, the “bias walk” model offers a viable approach
to search for “candidate” structures for the more time
intensive computations with more sophisticated models.
The structures generated in Figures 2—6 took only a
few minutes of a Macintosh G3 PowerBook, whereas the
simulations shown in Figure 1 took more than 5 days
on the DEC Alpha AXP2100/M500. With a suitable
modification the present approach would be available
in other microgel-forming systems, e.g., formation of
microgels via aqueous redox polymerization of N-iso-
propylacrylamide monomer in the presence of a surfac-
tant (e.g., see ref 16). Although the microgel formation
in the PVA system starts from the cross-linking of the
polymer, the process in which the polymerization and
the cross-linking occur at the same time should be a
good model in further developing in the present ap-
proach.
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Appendix

To mimic the stability of a chemical bond form by
cross-linking, we employ an attractive potential of the
Yukawa form,

exp(—yr)

- (A1)

BUpp = —A

where § = 1/kgT, kg is the Boltzmann constant, T is
the absolute temperature, A is a measure of the strength
of interaction, and y is the rate of decay of the interac-
tion with distance of separation r, which is given in units
of the radius of the macroion. The characteristics of Uy,
are such that its influence goes to zero within a
reasonable separation distance. To this end, the param-
eters A and y were arbitrarily chosen to give a very deep
but short-ranged attractive potential well when coupled
with the infinite repulsion of hard-sphere overlap condi-
tions. Through trial and error the parameters A = 2.2
x 10° and y = 7.34 were chosen. The profile is shown
in Figure 1A, which indicates that the attraction takes
place when the particles are within one macroion radius
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of each other. The simulations were carried out for
several values of the volume fraction, where those
simulations reported in this study ¢, = 0.01.

The time evolution of the positional coordinates was
achieved by the prescription

0" = g + PD,ALF, + /DAL (A2)

where Dj is the diffusion coefficient, At is the time
interval for the move, —1 < w < +1 is a random number,
and F; is force exerted on the jth particle by all of the
other particles present,

Np Np 8Uji

F, = F, =— — (A3)

LI T %1 i:;¢j 090; i
where Uj; is given by eq Al, and the derivative is taken
with respect to the qth coordinate distance between the
jth and ith particles. In practice, the mean-square
displacement along one coordinate is used in the simu-
lations reported herein, where the “step size” s is
assumed to be 2DAt = [32[] The step size in these
simulations was s = 0.1.

The BD simulations were carried out on a DEC Alpha
AXP2100/M500 at the University of Missouri Comput-
ing Facilities. These results were analyzed and graphi-
cally represented using Mathematica on a Macintosh
G3 PowerBook. The results are shown in Figure 1.
Particles with separation distances in the range 2 < r
< 3 are therefore “trapped” as pairs which physically
means that a chemical bond is formed. Figure 1B shows
the initial configuration of the particles in a cubic array
for ¢p = 0.01. Figure 1C is the final configuration after
each particle was given 107 chances to move. Of course,
the aggregated particle cannot move since the Velcro
potential is too strong to be overcome by the random
movement of the particles. The resulting configurations
are highly extended due to the excluded-volume effects.
Hence, these simulations justify the inclusion of a “bias”
parameter in one direction for the generation of the
chains.
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