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Abstract

The formation and structural properties of end-linked polymer networks were
studied in the framework of the bond fluctuation model on a three-dimensional cubic
lattice. Only excluded volume interactions were considered between repeat units
(monomers and cross-links). Networks were created with a wide range of the ratio of
cross-link sites to precursor polymer chain ends, r, to test the experimental observation
that a non-stoichiometric ratio generates a more perfect network. Systems of 10-, 20-,
and 50-mer precursor polymer chains with values of r ranging from 0.9 to 1.6 were
studied. An algorithm was developed to determine the soluble fraction and the amount of
loops and pendent structures. The network properties were evaluated at the same number
of Monte Carlo steps per repeat unit for each chain length independent of r value. In
agreement with experimental observations, the smulation results show that the optimum
r values are non-stoichiometric, increase with increasing chain length of the precursor

polymer chain, and increase with side reaction.



I ntroduction

The molecular architecture of polymer networks strongly influences their
mechanical and chemical behavior. An ideal, model end-linked network is one in which
al of the precursor polymers become elastic chains'. In real networks, however,
imperfections cause the elastic properties of the networks to diminish. These
imperfections include pendent structures, which are attached to the network at only one
end, and loops. It is desirable to determine the conditions at which these microscopic
network defects are minimized so that macroscopic properties such as the elastic modulus
can be optimized. One parameter that can be optimized is the ratio of number of cross-
link sites available for reaction divided by the number of chain ends available for
reaction, r.

It was experimentally determined with model end-linked poly(dimethylsiloxane)
networks' and with end-linked poly(tetrahydrofuran) networks?, that a non-stoichiometric
ratio generates a network with a lower soluble fraction and a higher elastic modulus
indicating a more defect-free network. This effect may occur because cross-links react
with themselves in a side reaction® or because kinetic limitations prevent systems at low
r values to achieve high extents of reaction®. It was also determined that the r value at
which the networks' defects are minimized, rqp, Was dependent on the precursor polymer
molecular weight?, such that as the precursor molecular weight was increased, the I opt
would shift to a higher r value.

Computer simulation has become a powerful tool to study network physica
properties because it can be used to characterize the network on a microscopic level,

providing information that is difficult or impossible to collect experimentally. Various



computer simulation studies of polymer networks have been performed®®. One of the
earliest studies®™ of network formation was performed using a static cross-linking
method to obtain structural properties of tetrafunctional and trifunctional end-linked
networks. These researchers measured the soluble fraction and network imperfections,
including dangling chains, loops, and dangling loops. They also varied the ratio of cross-
links to precursor chain ends between r = 0.8 and r = 1.2 and found that the most perfect
networks where obtained when r = 1.0, when the networks were compared at the same
extents of reaction. Other simulation studies®® of the structural properties of
stoichiometric, end-linked networks were performed using Monte Carlo smulations. The
influence of different reaction times on the kinetics of formation and the structure and
swelling of the resulting networks was determined. The soluble fraction, and network
imperfections including the dangling chains, loops, and dangling loops were found to
depend only on the precursor polymer chain length, not on the reaction speed.

In this work, we have studied the formation of end-linked polymer networks with
a range of precursor polymer chains lengths and cross-link concentrations using Monte
Carlo simulations. Specifically, we have studied precursor polymer chain lengths of 10-,
20-, and 50-mer with values of r ranging from 0.9 to 1.6. To the best of our knowledge,
the effect of the ratio, r, on network properties has not been previousy studied by a
dynamic simulation.

We have investigated the resulting network molecular architecture with a method
we developed that catalogs the connectivity of the network and allows for the calculation
of the soluble fraction and network imperfections, including pendent material and loops.

Using this method, we have determined the optimum r value that minimizes network



defects for the networks studied. We have also studied the effect of incorporating a side

reaction between cross-links during the cure on ro of the resulting network.

M odel and Simulation M ethodology

Model

The polymer networks were studied using the bond fluctuation model®? in three
dimensions on a simple cubic lattice. This coarse-grained lattice algorithm is widely used
for the simulation of dense polymer systems?®, including polymer networks®0141724,
Monomers and cross-links, both considered to be repeat units, are modeled as occupying
eight lattice sites. The repeat units are connected by bond vectors whose lengths vary in
such a way that both the local self-avoidance of the chains is guaranteed and the chains
are prevented from crossing each other in the course of their motion. There are six
classes of bond vectors available: [2,0,0], [2,1,0], [2,1,1], [2,2,1], [3,0,0], and [3,1,0].
Permutation and sign combination of these classes of bond vectors leads to a combination
of 108 different bond vectors with five different choices for the bond length.

The random motion of the chains is modeled by a diffusive hop where a repeat
unit is chosen at random and displaced a lattice constant in an arbitrary lattice direction.
The move is accepted if the neighboring lattice sites in the direction of the move are
empty and if the resulting new bond vectors are in the set of five available bond lengths.
This model is appropriate for studying dense systems because each eight-site repeat unit

requires only four vacant lattice sites to successfully execute a move®, which allows for

both the difunctional monomers and the multifunctional cross-links to exhibit mobility®.



Since we are interested only in the structural properties of the networks, we have
studied the networks in an athermal setting where only excluded volume interactions and
connectivity are considered between repeat units. We studied the systems with a volume
fraction ranging from around 0.46 to 0.48, which has been previously established to

correspond approximately to polymer melt densities®’.

Simulation Methodol ogy

The systems were created by adding tetrafunctional cross-links to monodisperse
polymer melts. For the 10- and 20-mer systems, we used a 60x60x60 lattice and for the
50-mer system, we used a 95x95x95 lattice. Periodic boundary conditions were imposed
in the x and y dimensions and hard walls were placed in the z dimension to alow for
deformation simulations at some later time. The volume fraction is defined as:

_8(LM +C) (1)
- v

f

where L = the number of monomers per precursor chain, M = the number of precursor
chains, C = the number of cross-links, u = the volume of a lattice site, V = the lattice
volume, and 8 is the constant representing that each repeat unit occupies eight lattice
gites. For thistetrafunctional end-linked system, r = 2C/M.

The 10-mer networks were generated with 1225 precursor chains and r values of
0.9, 1.0, 1.05, 1.2, and 1.4. The 20-mer networks were created with 612 precursor chains
and r values of 0.9, 1.0, 1.05, 1.2, and 1.4. The 50-mer networks were created with 968
precursor chains with r values of 0.9, 1.0, 1.2, 1.4, and 1.6 for the systems without side

reaction, and with r valuesof 1.0, 1.1, 1.2, 1.4, 1.6, 1.8, 2.0, 2.4, and 3.0 for systems with



side reaction. Each smulation for al of the chain lengths at the various r values was
performed four times in order to get error estimates.

The initial configurations were created using the unrestricted set of six bond
vectors in the bond fluctuation model. These initial configurations have a small fraction
(less than 1%) of immobile monomers because the three bond vectors ([2,2,1], [3,0,0],
[3,1,0]), which allow for the bond lengths of 3 and O10, can cause two polymer chains to
intertwine and create an immobile knot”’. We re-ran several of the simulations in an
identical fashion except that the initial configuration was created with a restricted set of
bond vectors ([2,0,0], [2,1,0], and [2,1,1]), which eliminates immobile knots. We found
that the absence of these knots in the initial configuration does not change the qualitative
results of the structural properties of interest of the networks and that the quantitative
results are the same within statistical uncertainties.

The system was equilibrated using monomer and cross-link displacement moves.
Such a move is one where either a monomer or a cross-link is attempted to relocate to
one of six nearest neighbor positions. The move was accepted if the lattice position was
unoccupied and the new bond vector was in the class of available bond vectors in the
bond fluctuation model. The equilibration period was approximately 7,800 Monte Carlo
steps per repeat unit (MCS/RU) for the 10-mer system, 23,900 MCS/RU for the 20-mer
system, and 163,700 MCS/RU for the 50-mer system. During the equilibration phase, no
reaction was allowed to occur.

When the cure was started, a bond was alowed to form when an unsaturated

chain end or cross-link moved into one of each other's six nearest neighbor positions.



It was determined in previous work® that the reaction probability with which a bond was
formed did not affect the evolution of the soluble fraction or the network imperfections
during the cure. Therefore, since the reaction probability in these systems determined the
speed at which the network cured and did not affect the properties of interest, a reaction
probability of unity was chosen. The network was allowed to cure until a specified
number of Monte Carlo steps per repeat unit, denoted by te, Was reached. Stopping the
cure a tere More closely resembles experimental protocol than stopping the cure at a
specified extent of reaction, because experimentally, the reaction is stopped after a
gpecific time has elapsed. The chosen tqe Was Set as a constant value for all r values
studied for a given chain length.

The simulation of the cure with a side reaction was performed dlightly differently.
Instead of allowing unsaturated cross-links to only bond with unreacted chain-ends, they
were also allowed to bond with other unsaturated cross-links with a specified probability.
This probability, Px, was set to be 0.25 for these simulations. We studied the effect of the

side reaction with the 50-mer networks as the representative system.

Determining network properties

We evaluated the structural properties of the resulting networks by first
determining their soluble fractions. We created a method to determine the soluble
fraction by tracing a route of connected chains and cross-links within the network. This
method is loosely based on the SPANFO? algorithm in that it uses the same type of input
parameters. The soluble fraction is defined as.0

nL+nm
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where n = the number of network chains and m= the number of network cross-links.

Furthermore, we developed a method to determine the pendent materia in the

network. It isimplemented as follows:

1)

2)

3)

4)

Start at any of the terminal points of the network. If there is only ONE path from a

terminal point to the network, the whole structure is pendent. A pictorial

representation of the terminal points are shown in Figure 1 and they are defined as

follows:

a) an end-capped chain - a chain that has a single-functional cross-link attached to
one of its chain ends and is attached to the network at the other end.

b) adangling loop - a chain which is connected twice to the same cross-link that is
attached to the network.

¢) adangling chain - a single chain that is connected to only one cross-link that is
attached to the network.

Trace the route until a cross-link is found that has more than one connection to other

chains that are not pendent material. Keep track as to which chains and cross-links

have been visited to avoid over counting of pendent material.

Count any single-chain loops that are found along the way as part of the pendent

material.

Include specific sites of the cross-links that are attached to pendent chains in the

calculation of the pendent material®.

Long connected pendent chains and branched pendent structures can be calculated using

this method. Any loops that have more than one chain are not included.



Single-chain loops attached to the elastic network rather than to large pendent

structures are also not considered elastic material**®

. The number of these loops was
calculated by determining the number of chains that were connected at both ends to the
same cross-link and that were not part of larger pendent material. Then, the fraction of
the elastically effective material is:

Wyag =1 Wgy = Wigng = Wigops 4
where Wpeng is the fraction of pendent material and Wioops is the fraction of single-chain

loops attached to the elastic network.

Results & Discussion

Evolution of the Network Properties

We present the network properties of the 50-mer networks as a representative
system as they evolve during the cure as a function of Monte Carlo step per repeat unit.
The data in all of the following figures is the average of four independent runs and
representative error bars are shown. In Figure 2, the fraction of unreacted chain ends is
plotted versus MC step per repeat unit for al the values of r examined. The fraction of
unreacted chain ends during the cure of the network for r = 1 is expected to decay as a
power law in time t? with a ~ 0.5 at intermediate times*. Although time is not a quantity
that is inherently present in Monte Carlo simulations, Monte Carlo steps can be
considered to be proportiona to time. Trautenberg, et a.® verified this behavior with
their Monte Carlo study of the 10- and 20-mer networks on a 123x123x123 lattice. We
used smaller system sizes depending on precursor chain length to decrease the CPU time

to cure the networks. In order to justify using the smaller system size, we monitored the



fraction of unreacted chain ends as the reaction proceeded. We found that for the 10- and
20-mer systems on the 60x60x60 lattice, the fraction of unreacted chain ends matched the
literature data for the 123x123x123 lattice. Also, the 50-mer networks on the 95x95x95
system followed the expected behavior and exhibited a ‘time’ regime where the fraction
of unreacted chain ends decayed ~ t%°. The small, straight line shown on Figure 2
represents a sope equal to -0.5.

Figure 2 indicates that the cure proceeds more rapidly as r is increased. For r =
0.9 and 1.0, the decay to the final state is significantly slower than for r > 1.0, an effect
that is to be expected™. In fact, the extent of reaction approaches unity for r = 1.6 by the
end of the run.

In Figures 3 to 6, the behavior of individual network properties is shown as a
function of the number of MC steps per repeat unit for the 50-mer networks for a range of
r vaues. Figure 3 shows the evolution of the soluble fraction and shows that the
minimum soluble fraction is reached with r = 1.2. The soluble fraction for r = 0.9 and
1.0 is dlowly decreasing while for r > 1.0 has reached a relatively constant value. In
Figure 4, the behavior of the fraction of pendent material is shown. This property goes
through a maximum and then levels off for r > 1 and slowly decreases for r £ 1. The
minimum value of the fraction of pendent chains is exhibited with r = 1.2. As can be
seen in Figure 5, the fraction of single-chain network loops increases as the cure
progresses and appears to level off for r = 1.4 and 1.6, but continues to increase owly
for r £ 1.2. The highest value for Wops is obtained for r = 1.0 with intermediate values
observed when r = 0.9 and 1.2 and the lowest value for r = 1.6. The fraction of elastic

chains continually increases asis shown in Figure 6. The largest fraction of elastic chains
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ispresent for r = 1.2. Although, the waag for r = 1 is steadily increasing and looks as if it
may overtake the fraction of elastic chains for r = 1.2, it has not done so in a reasonable
cure time.

Just like in an experiment, it is unreadlistic to alow the cure to continue for an
infinite time, so an appropriate stopping time was determined. This tc,e Was determined
separately for each chain length, as the time beyond which the soluble fraction and
network defects "ceased changing significantly”. The slow evolution of the system
beyond a certain time can be seen in Figures 3 - 6. Somewhat arbitrarily, tere Was chosen
to be 370,000 MCS/RU for the 50-mer system, 159,000 MCS/RU for the 20-mer system
and 155,000 MCS/RU for the 10-mer system. The cure of the 50-mer systems that
incorporated a side reaction was stopped at a tqe Value of 205,000 MCS/RU, which is
less than for the 50-mer system without side reaction because the crosslink sites
available for reaction were depleted more rapidly. These chosen values of tye do not
strongly affect the qualitative conclusions of the behavior of the structural and elastic

properties of the resulting networks.

Structural Properties of the Network

In Figures 7 to 11, the network properties are plotted for all three chain lengths at
their respective tqe vValues. The lines drawn through the data in these figures are guides
for the eye and representative error bars are shown. In Figure 7, the weight fraction of
soluble material is plotted vs. r. The soluble fraction goes through a minimum value for
all chain lengths studied. There is an increased wy, for r < ron caused by unreacted chain

ends due to lack of cross-links. Also, there is an increased Ws, for r > ron because the
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overabundance of cross-links causes end-capping of pendent network chains and of
soluble chains rendering them unreactive. For the 10-mer networks, rop is betweenr = 1
—1.05, for the 20-mer networks between r =1.05 — 1.2, and for the 50-mer networks at r =
1.2. Minimum soluble fractions for all chain lengths are less than 1%, indicating that the
networks are close to being model networks®. Furthermore, the values for rqy indicate
that minimum values are found at non-stoichiometric ratios. Also, as the precursor chain
length is increased, the rqn shifts to higher r values. Both these findings corroborate
experimental evidence'?.

Figure 8 shows the fractions of pendent material as a function of r. Hereit can be
seen that the r value at which Wpeng is @ minimum is r = 1.05 for the 10-mer networks,
between r = 1.05 — 1.2 for the 20-mer networks, and at r = 1.2 for the 50-mer networks.
The lack of cross-links generate dangling chains for r < 1 and the abundance of cross-
links create pendent end-capped structures for r >> 1. The minimum values of Wyeng are
between 4-6% for the three chain lengths.

The fraction of network single-chain loops vs. r plotted in Figure 9 shows that it
exhibits a maximum for all three chain lengths. The maximum occurs at r = 1.05 for the
10-mer system and r = 1 for the 20- and 50-mer systems. The values for the maximum
Wioops @€ ~ 5% for the 10- and 20-mer networks, and ~ 2% for the 50-mer networks and
are comparable to the results of Leung and Eichinger®” and of Grest, et d*2. The fraction
of single-chain loops decreases with increasing chain length because intramolecular
reactions occur more favorably with shorter chains. The lowest fraction of loops occurs
at the highest r values because the abundance of cross-links at these values does not favor

loop formation.
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The fraction of elastic chains is plotted versus r in Figure 10. There are clear
maxima in the fraction of elastic chains for each chain length. For the 10-mer network
the maximum appears to be at r = 1.05, for the 20-mer network, the maximum appears to
be between r = 1.05 and 1.2, and for the 50-mer networks, the maximum isat r = 1.2.
The 50-mer networks has the highest weyag Of dmost 92%. These r values at which Wyag
is a maximum correspond to where the wg, values are at a minimum within the error bars
for each of the chain lengths studied. This result is also observed experimentally®.

Also in Figure 10, the fraction of elastic chains is compared with results from the
Macosko & Miller nonlinear polymerization theory®* for the 10-mer and 50-mer
systems. An average extent of reaction was determined from the four tria runs of the
simulation for each value of r and each chain length. These average extents of reaction
where then used as input to the Macosko & Miller theory to calculate the fraction of
elastic material. Qualitatively, the theory matches the simulation results in that there is a
maximum in the fraction of elastic material a r > 1 for all chain lengths and that the
maximum appears to shift to higher r values with increasing chain length. The actual
values of Wy for the theory are higher than the smulation however, because the theory
does not take into account loop formation and determines the pendent material indirectly.
Although theoretical models have been developed which include intramolecular reactions

in nonlinear copolymerization reactions®°

, these theories require solving sets of
differential equations and calculation of additional parameters.

Figure 11 shows the soluble fraction versus r for the 50-mer systems that were
allowed to cure with a cross-link-cross-link side reaction with a reaction probability, Px =

0.25, and without a side reaction, P, = 0.0. For the networks with side reaction, the wg,
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values appear to level off to a constant value (within the error bars) for r > = 1.4. This
indicates that side reactions do indeed shift the rqy vValue to higher r values. The average
Wy Value at which the plateau occurs is approximately 0.1%, which is lower than we, for
the system without a side reaction which is 0.3%. This plot does not exhibit a clear
minimum as is apparent in the system studied without a side reaction, because the cross-
links can keep on reacting with each other as the cure progresses. Such trends are also
observed experimentally. For example, for PDMS networks formed from vinyl-
terminated precursor chains of molecular weight 18.5K and
tetrakis(dimethylsiloxy)silane cross-links, a sharp roy at 1.69 is observed where W =
1.21%". In this case, the extent of side reaction is expected to be small and on the order
of 10%°. On the other hand, for PDMS networks of hydroxyl-terminated precursor chains
of molecular weight equal 17.7K with tetraethylorthosilicate (TEOS) cross-links, no
sharp rop IS observed®. Instead, we, values reach a plateau at approximately 0.7% over
the range of r = 2 to 5. In this case, TEOS reacts with itself extensively and gets
incorporated in the network causing the soluble fraction for low polydispersity PDMS

precursors to remain negligible for an extremely wide range of r values.

Conclusions

End-linked networks of 10-, 20-, and 50-mer precursor polymer chains were
created with a wide range of cross-link concentrations using the athermal bond
fluctuation model in three dimensions. The 10- and 20-mer networks were studied on a
60x60x60 lattice and the 50-mer networks on a 95x95x95 lattice. Networks were cured

with and without a side reaction between cross-links. In order to model experimental
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conditions, the cure was stopped at a constant MC step per repeat unit for al ratios of
cross-links to precursor chains studied for a given chain length.

A method to catalog the network connectivity was developed to determine the
soluble fraction and network defects such as loops and pendent material. This algorithm
can directly determine single-chain loops, pendent chains, and branched pendent
structures, which is an extension of previous work®*2. Optimum conditions minimizing
the soluble fraction and pendent material and maximizing the fraction of elastic material
were determined to be rqy ~ 1.05 for the 10-mer networks, rqy ~ 1.05 — 1.2 for the 20-mer
networks, and rqp = 1.2 for the 50-mer networks. This effect appears to be the result of
the kinetic limitation which prevents systems at lower r (r = 0.9 and 1.0) to achieve high
extents of reaction in a reasonable cure time. For the 50-mer networks with a 25%
probability of a cross-link-cross-link side reaction, the rqp 3 1.4.

In this study, we examined the formation and structure of both stoichiometric and
non-stoichiometric polymer networks. Non-stoichiometric networks had not been studied
previoudly using a dynamic simulation method such as Monte Carlo or molecular
dynamics. We confirm experimental results that optimum r values are found at non-
stoichiometric ratios, increase with increasing precursor polymer chain length, and
increase with side reaction. We are extending these same techniques to the study of the
molecular conformations of deformed polymer networks and of ‘dilute’ polymer

networks, which are cured in the presence of alarge fraction of unreactive linear chains.
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Figure Captions

Figure 1: Terminal points of the network used to determine pendent structures: a) end-

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

capped chain, b) dangling loop, ¢) dangling chain(s). The squares represent
cross-links and the lines represent polymer chains. The arrow indicates a

connection to the network.

Fraction of unreacted chain ends versus Monte Carlo steps per repeat unit

(MCS/RU) for the 50-mer networks as a function of theratio r. The thin,

straight line represents aline of dlope-0.5.

Soluble fraction, Wy, versus Monte Carlo steps per repeat unit (MCS/RU) for

the 50-mer networks as a function of theratio r.

Fraction of pendent material, Wpen,, Versus Monte Carlo steps per repest unit

(MCS/RU) for the 50-mer networks as a function of theratio r.

Fraction of single-chain loops, Weops,, Versus Monte Carlo steps per repest

unit (MCS/RU) for the 50-mer networks as a function of theratio r.

Fraction of elastic material, Wuas,, Versus Monte Carlo step per repeat unit

(MCS/RU) for the 50-mer networks as a function of theratio r.
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Figure 7: Soluble fraction, wsy,, versustheratio, r for each chain length at a constant

curetime. Linesare drawn through the points for visual clarity.

Figure 8: Fraction of pendent material, Wpend, Versus theratio, r, for each chain length at

aconstant cure time. Lines are drawn through the points for visual clarity.

Figure 9: Fraction of single-chain loops, Woops, Versus theratio, r, for each chain length

at a constant cure time. Lines are drawn through the points for visual clarity.

Figure 10: The fraction of elastic material, Wyag, Versustheratio, r, for each chain length
at aconstant curetime. Interrupted lines are drawn through the smulation
points for visual clarity. Continuous lines are from the Macosko and Miller

theory for 10- and 50-mer systems.

Figure 11: Soluble fraction, Wy, versus the ratio, r, for the 50-mer networks with and

without a side reaction. Py is the probability of side reaction. Lines are drawn

through the points for visual clarity.
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