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ABSTRACT

Dynamic Monte Carlo simulations of self-avoiding,
single polymer chains were performed on body-centered (BCC),
face-centered (FCC), and simple cubic (SC) lattices for a
variety of chain lengths. A potential energy interaction
between the non-bonded nearest-neighbor beads for each
lattice was included to simulate the effects of temperature
or solvent gquality. Scaling exponents relating the
relaxation times for the normal modes to the chain length
and mode number were determined from the data according to
the relations

t(L,k) -~ rak)
and

t(L,kx) =~ xP(D)
where t is the relaxation time, k is mode number, and L is
chain length. Even in poor solvent conditions the cross-
correlations of the normal modes were found to be
statistically equal to zero. The data for the mean square
end-to-end distance was fit to the scaling relation below in
order to determine 2v

< R%®> -~ L2V
Fogﬁextended chains, the scaling exponents of the lattices
were approximately equal for a given value of q*E,., where ¢
is the coordination number minus one and -E, is the minimum
of the square-well potential divided by kgT. Within this
regime the scaling exponent, a(l), behaved in reasonable
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agreement with scaling theory predictions for Bead-Spring
models, i.e. a(l)=2v+l. The theta point was found to occur
of the temperature corresponding to approximately
T=1.75(q*E, k) 1.

In the poor solvent regime the dynamic scaling
exponents for the BCC and FCC lattices were approximately
equal for the same value of q*E,.. However, the values for
the SC lattice were quite different for a given value of
q*E,., presumably because the two-bead crankshaft motions
required for obtaining reasonable dynamics in the SC lattice
are less likely to be performed due to the high bead density
within a collapsed chain.

For all three lattices,in all regimes studied, a(k)
values increased with increasing k. This dependence became
great in poor solvent conditions. In these conditions b(L)
decreased with increasing L. The relaxation times in poor
solvent conditions were in general consistent with the
predictions of Brochard and deGennes for the creation of gel
modes. 1 Also, in the collapsed regime b(L) values were found

to be highly correlated with coil density.
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INTRODUCTION

The huge size of polymers makes the characterization
of their properties one of the most difficult problems in
the fields of chemistry and physics. The usefulness of
polymers makes understanding their properties one of the
most important tasks in these fields at present.
Experimental methods for studying many polymer properties
are often unavailable, and if there are available methods,
they are often expensive and difficult to perform. This is
particularly true in the field of polymer dynamics. If
polymers were simple enough to be described by
straightforward theoretical treatments, then perhaps the
difficulty of obtaining experimental data on polymers would
not be of much concern. Unfortunately, the large size of
polymers makes most theoretical treatments difficult,
usually requiring approximations of dubious validity.
Another way of gaining insight into polymer behavior is by
the use of computer simulations. A computer model of a
polymer allows one to conduct a controlled study of a system
modeled in a way which is believed to closely resemble an
actual polymer.

Most computer simulations involving the studies of
polymers are Monte Carlo simulations. The main advantages of
Monte Carlo simulations are their simplicity from a
computational standpoint and that simulations allow one to

study the effect of an individual factor independent of all



others. For example, the effect of excluded volume can be
studied by comparing the simulation results for a chain in
which excluded volume is ignored and the results for the
same chain with the excluded volume condition included.
Obviously, this could not be done on a real chain.

There are disadvantages to Monte Carlo studies. One
of the most important is that the polymer must be modeled in
a physically reasonable way. This is not a trivial task as
there are many simulations in the literature which claim to
study a given property of real polymer chains, but it is
found that the simulation model had a physically
unreasonable condition built into it. There is also the very
real chance that it will not be possible to judge what is
and is not a physically reasonable model. For example, most
Monte Carlo simulations describe a polymer chain as a string
of connected beads 1lying on the vertices of a lattice.
Restricting the chain to a 1lattice would not seem
reasonable, yet off-lattice studies of equilibrium
properties have generally shown no significant differences
with equivalent lattice studies. Likewise, the type of
lattice used in a study seems to have little, if any, effect
on the equilibrium properties observed.

There have been comparatively few Monte Carlo studies
of polymer chain dynamics which is the primary focus of this
work. It is not known if dynamic properties of polymers

would be particularly sensitive to the model selected, but



previous literature has enough conflicts to cause some
concern. Therefore, all the simulation models used in this
work will be compared with at least one other model in order
to verify the universality of the models.

The Monte Carlo model which is the most frequently
used to study polymer dynamics consists of a chain of beads
confined to the vertices of a simple cubic (SC) lattice. The
bonds between the beads are of fixed length and the beads
are moved singly or in pairs. An elementary motion involving
a bead pair has been proven to be necessary to achieve
physically reasonable dynamics. The need for motions
involving bead pairs is a great disadvantage at high
concentrations, since at high concentrations the odds of
finding two empty locations into which the bead pair may be
moved are quite low compared to the chance of successfully
moving one bead. In effect, the two-bead motions no longer
take place.

Crabb saw the need to develop a dynamic simulation in
which physically reasonable dynamics were obtained by a
model requiring only one-bead motions.? The high-
coordination number of the face-centered cubic (FCC) lattice
made it the appropriate lattice for developing such a model.
This work will attempt to follow the preliminary work of
Crabb and to also develop a dynamic simulation using a body-
centered cubic (BCC) lattice. These lattices will be used to

verify that different lattice models give similar dynamic



scaling behavior. Dynamic scaling behavior of the chains
will be investigated by the relaxation times obtained for
the chains normal modes. Results will be compared to the
well known predictions of bead-spring models and the few
previous Monte Carlo studies.

Assuming the data obtained from these two models have
been shown to agree with other simulations and theories,
more complex models will be developed in which the chains
will interact through a square-well potential. This
potential will allow the beads of the chain to interact over
longer distances and in a more complicated manner than the
typical dynamic simulations in which the only self-
interaction is due to the excluded-volume condition, i.e.
the restriction that no two beads may occupy the same
lattice vertex. These pair interactions will allow the
simulation of solvent or temperature effects. This is of
interest since the dynamics of polymers in thermal solvents
has scarcely been studied by simulations, and it is of
particular interest to observe how dynamic scaling behavior
changes at the theta point, i.e. the temperature at which a
chain’s attractive self-interactions become great enough to
overcome thé expansion caused by excluded volume. At the
theta point the chain behaves as an ideal chain (a random
walk).

In the first chapter of this thesis, previous

literature of particular relevance to this work will be




discussed, beginning with a short review of the bead-spring
description of polymers in a dilute solution. This is
followed by a discussion of the development of a simple
cubic lattice model which is used frequently in Monte carlo
studies of polymer dynamics (including in this work). The
development of this model is instructive in showing some of
the hidden problems which can occur in attempting to develop
a simulation model. Also discussed are earlier dynamic
simulations of particular interest to this work, simulations
to examine static scaling behavior of polymers in a variety
of solvent conditions, and pertinent developments in
experimental methods of studying polymer dynamics.

In the second chapter, the models used in this work
will be discussed in detail. Also, the method of calculating
the normal modes of the chain and the relaxation times of
these normal modes will be explained. It is primarily by
examining the scaling properties of the normal modes that
the dynamics of chains will be investigated in this work.
The scaling behavior found for the normal modes can be
compared to the well known bead-spring models of Rouse,3
Bueche,4 and Zimm.®’® The methods with which the data is fit
to dynamic scaling exponents is presented in the second
chapter as well.

The third chapter contains the results of the
simulations performed in this work. The results show that in

good and theta solvents, the dynamic scaling observed shows



good agreement with the bead-spring models. The models give
approximately the same scaling exponents for a given value
of g*E, where q is the coordination number of the lattice
minus one and E, is the negative of the minimum of the of
the square-well potential divided by kgT. E, will be refered
to as the reduced potential and g*E, will be refered to as
the effective potential. This observation indicates that
dynamic properties are not sensitive to the coordination
number of the lattice even in dense systems.

In the poor solvent regime, the dynamics of the
simple cubic model behave differently than the dynamics of
the higher coordination number lattices, presumably due to
the difficulty of performing two-bead elementary moves in a
collapsed chain. In this regime, the dynamics show good
agreement with the predictions of Brochard and deGennes for
gel modes.! The formation of gel modes aré predicted to
occur if the average lifetime of a pair contact is increased
to a value which is approximately of the order of the
relaxation time of a mode. When this occurs the relaxation
time for that mode should increase dramatically. This is

appears to occur for the collapsed chains studied in this

research.




CHAPTER I

BACKGROUND

A. The Rouse Model

The classical theory of polymer chain dynamics was
developed by works of Rouse3, Bueche4, and Zimm®’6.
Collectively their works are known as bead-spring models. It
was Rouse in 1953 who first simplified the mathematics of
the dynamics of an isolated polymer chain into a
mathematically tractable form by dividing the polymer chains
into segments. These segments were chosen to be long enough
so that, to a first approximation, the equilibrium end-to-
end distance of these segments obeyed a Gaussian
distribution function. In the absence of solvent motion, the
motion of the chain would be the result of the Brownian
motion of the individual polymer segments as the chain
traversed through the equilibrium ensemble of the polymer.

In a paper written approximately one year later,
Bueche? modeled a polymer as a chain divided into N segments
which interacted with one another through springs obeying
Hooke’s Law. In the absence of other interactions, the
motion of the springs was the result of Brownian forces.
Despite the different starting points, the results of Bueche
were similar to those of Rouse.’ Zimm*’® soon unified the

mathematics of these two models by treating the internal

interactions between segments in Rouse’s model to be forces



obeying Hooke’s Law. 2imm also added a pre-averaged
hydrodynamic interaction to the model. This interaction is
due to the effect of the flow of the displaced solvent which
results from the movement of a chain segment. The resulting
motion of the solvent may effect chain segments far along
the chain contour from the segment which originally moved.
This interaction was not considered in the original Rouse
model.

Bead-spring models describe, in a simple manner, the
dynamics of polymeré in a dilute solution where
intermolecular interactions between polymer chains have
negligible importance. The model is the standard theory of
polymer dynamics in dilute solutions, and there are numerous
articles in which it is discussed in great detail. Here,
only a brief discussion of Rouse’s bead-spring model which
follows the description of deGennes’ will be presented. In
this description and throughout this work, the hydrodynamic
interactions are ignored.

The Bead-spring Model may be thought of as a set of
N beads at the positions ry, Ty,..., Ty which are connected
by L=N-1 springs (bonds) oriented along the vectors 1,,
12,..., 1L. (Note: Throughout this work vectors and
coordinates will be indicated by bold type.) Since the
length of the chain segments are assumed to be Gaussian, the
entropy of the chain segment between the beads i and i+1 is

S; = 3kg|l];/212 (1)



= (3kp/2)[(Tj4q - T3)/<(Tjyq - r3)3>],
where 1; is the end-to-end vector of chain segment between
beads i and i+l and 12 is the mean square end-to-end length
of the segment. The pointed brackets < > represent ensemble
average values whenever they appear in this work. The
elastic free energy of the chain is then
G = T Zi Si- (2)

Next, it is assumed that the force on bead i, f; can be
written as the sum of forces applied to it from its two
neighboring beads,

£.

i = dG/dri

= (3kB‘I‘/212)[(ri+1 - rj) - (rj_1 - ry)l, )
and that the velocity of the bead is due to a 1linear
combination of these forces
drij/dt = uf;, (4)
where u has the units of mobility per bead segment.
Equations 2 and 3 may be combined to give
drj/dt = (3kgTu/212)(ry,, - 2r; + rj_q), (5)
which in the continuous limit becomes
dr/dat = (3kgTu/212)(a%r/di?). (6)
Equation 6 is known as the Rouse equation. At the chain ends
the force along the chain’s contour drops to zero. This
requirement gives the boundary conditions,
(dr/di)j.o = (dr/di)j_y = O. (7)

The solutions to the Rouse equation are found to be the

eigenmodes




rj x(t) = mgcos(nki/L)exp(-t/ty), (8)
where k is the mode number, m, is the mode amplitude and, tx
is the relaxation time of the k’th mode given by

t,"! = (3kgTu/212) (1k/L)2. (9)
The most important predictions of this equation are that the
relaxation time of every mode is proportional to the square
of the number of bonds in the chain and is inversely
proportional to the mode number squared.

The bead-spring model of Rouse is an extremely
simple one since it neglects some forces on the chain which
would be very difficult to deal with mathematically. One
such force is the hydrodynamic interaction. When a bead
moves through the solvent, the resulting solvent backflow
would effect the m;tion of beads which may be far along the
chain’s contour, whereas the Rouse Model assumes that a bead
is only affected by forces originating from its neighboring
beads. Although the effect of hydrodynamic interactions was
added to the model in a simple way by Zimm by a pre-
averaging approximation,sf6 this effect will be ignored in
this work. Another problem with the ofiginal model of Rouse
is that it assumes that more than one bead of the chain may
occupy the same point in space. This ignores the volume
which a real polymer chain would occupy. Chains modeled by

this assumption are referred to as ideal or phantom chains.
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B. Treatment of Excluded Volume

The excluded volume condition which Rouse ignored
was of great interest in this work. One of the simplest and
most successful treatments of  the excluded volume
interaction involves Flory’s use of Mean Field Theory.8
deGennes has simplified these arguments and modified them
somewhat.? The mathematical arguments below follow those of
Reference 9. They lead to the prediction, shown below, known
as the dynamic scaling hypothesis.

tl - Ll+2v' (10)

where 2v is the scaling exponent relating the mean square
end-to-end distance to the chain length. The theoretical
arguments from which the value of 2v is derived are also
shown below.

The mathematics of deGennes’ argument are fairly
straightforward. He starts with the assumption that the
polymer chain has the free energy, G(R), of an ideal spring-
like coil. Therefore,

G(R) = KkgT(cR%/R2) = kgT(c R%/1%1), (11)
where c; is a numerical constant, R is the end-to-end

distance of the chain, R, is the equilibrium end-to-end

o
distance of an ideal coil, and 12 is the mean square end-to-
end distance of a spring. deGennes adds to Equation 11 a
repulsive term for L interacting springs, each having an

excluded volume V, which collectively occupy a volume RP in

a roughly uniform manner, where D is the dimensionality of

11



the system. This gives

G(R) = kpTl[(c;R%/12L) + (c,L?v/RD)]. (12)
Minimizing G(R) with respect to R yields the equality

2c,Rp/1%L = c,DLv/RpPHE, (13)
where Rp is the new equilibrium end-to-end distance.
Equation 13 predicts that

Rp ~ LY, (14)
where the static scaling exponent v is

v = 3/(D + 2). (15)
Therefore in three dimensions

Rp = L3/3, (16)
For such a simple method the previous arguments’ prediction
of v=3/5 leads to a surprisingly good agreement with
computer simulations and experimental results.

To determine the dynamic scaling exponent, deGennes
starts with the assumptions that we are dealing with small
deviations from equilibrium

R - Rp = dR. (17)
Using Equation 13 and a Taylor expansion about the

equilibrium value of R=Rp deGennes gets

G(R) - G(Rp) (1/2) (426 (Rp) /dR?) (dR?) + ...

(D + 2) (c;kgT) (dR?/12L) (18)

- (aR)%/L -~ (aR/Ry)2.
Numerical procedures indicate that the mean field techniques
used in Equations 11 (p 11), 12, and 18 overestimate both

the attractive and repulsive energies of a three dimensional
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chain by a factor of about L9-2, (Note that this result does
not effect the predictions of Equations 14, 15, and 16 (p
12) . Therefore deGennes multiplies the right-hand side of
Equation 18 by .92 and uses Equation 16 to get the
corrected energy difference

G(R) - G(Rp) ~ (dR/Rp)2. (19)
The rate at which the chain dissipates energy is

dG/dt = ILu~l(dr/dt)2. (20)
Equating this to the rate of change of G(R) as is written on
the right-hand side of Equation 19 and canceling terms
yields

Lu"l(ar/dat) ~ drR/Rg?, (21)
which implies

t; ~ LRg2. (22)
Substituting LY for Rp gives the scaling law of Equation 10
(p 11). In three dimensions Equation 10 becomes

t; ~ L2:2, (23)
Equation 23 can be combined with the scaling law relating
the relaxation times and mode number predicted by the bead-
spring models,

t, ~ xP(h), (24)
where the scaling exponent b(L) is predicted to be equal to
2.0 by the Rouse model. The combination of Equations 23 and
24 lead to the relation,

t(L,k) ~ xP(L)12.2 (25)

It is worth noting that these arguments do not predict how
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many bead segments in the chain are necessary to achieve
asymptotic scaling as described by Equation 25.

Despite their great simplicity, the bead-spring
models and deGennes subsequent analysis of excluded volume
are the basis of most of the mathematical treatments of the
dynamic and static properties of polymers. These models have
been quite successful. The comparison between these
predictions and experimental results is briefly discussed in
Section H, but first a brief review of computer simulation

techniques and results will be given in Sections C-G.

C. Monte Carlo Techniques
The use of modern computers has given polymer
scientists the ability to simulate and analyze the structure
and dynamics of polymers via Monte Carlo methods. One
typical Monte Carlo method which is used in this work is a
three step process of

(1) Identifying all states 1,2,...,N immediately
accessible from the present state 0.

(ii) Compute the transition probabilities Po/Pys--+,Py
for the movement of the system from the present
state (o} to each of the N immediately
accessible states using the appropriate
(usually Boltzmann) distribution. Py is the
probability of remaining in the present state.

(iii) Generate a random number X between 0 and 1 to

14




determine the next state of the system. If

Po+Py+...+Pj_1 < X < Po+P+...+Py, (26)

then j is selected as the new state of the systemn.
This process is repeated until a significant number of
states have been traversed. Assuming the Monte Carlo method
provides a pathway for obtaining every state of the system
then, as the number of states generated approaches infinity,
the macroscopic properties of the system should approach
their ensemble averages.

Another commonly used Monte Carlo method is that of
Metropolis et al.1l0 The sampling cycle occurs as follows.
One of the states immediately accessible from the present
state is randomly selected. If the selected state is at a
lower energy than the present state, the transition is made
to the lower state. On the other hand if the selected state
is higher in energy than the present state, then a raﬁdom
number X between 0 and 1 is generated. If Eq, the energy
difference between the selected and initial states,
satisfies the inequality

X < exp(-Eq/kgTl), (27)
the transition to the selected state is made. Otherwise the
initial state is kept. This process is continued until a
large number of states been been traversed. These selection
rules ensure that the Principle of Detailed Balance is
obeyed.

The two Monte Carlo methods described above

15



generated and sampled states in proportion to the Boltzmann
factors of the states. Such a process is called simple
sampling. All of the data reported in this work were
collected by simple sampling procedures. There are other
Monte Carlo simulations where all possible states are
generated at equal rates without regard to a Boltzmann
factor. Such simulations are appropriate for a system which
is temperature independent. This implies all allowed states
are equally probable. The simulations descibed in Chapter
II, section A are of this type.

For these methods, the ensemble average is found by
calculating weighting factors for the sampled states, then
multiplying these weighting factors by the property measured
for their respective states, and averaging. If all possible
states are generated at the same rate, then the weighting
factor of a given state is proportional to the Boltzmann
factor of that state. This type of sampling is called biased
sampling. A disadvantage of this method is that it may use
up computer time without significantly contributing to the
ensemble average.

More complicated Monte Carlo methods may even
generate states at rates which are neither proportional to
their Boltzmann factors nor at equal rates for all possible
states. This means a very careful weighﬁing procedure must
be used to get correct ensemble averages. An example of this

is the polymer chain studies of Mazur and McCrackin.ll

16



For Monte Carlo studies of polymer dynamics such as
those cited and performed in this work, it is necessary to
define a time scale. The choice of time scale seems obvious.
If the polymer chain is at equilibrium then all beads should
experience similar Brownian forces over time. These
fluctuations are represented in the simulation by attempted
bead motions. If we have two chains of N, and N, beads where
N, and N, attempted bead moves have been performed for the
respective chains, then the beads on one chain have the same
probability of having undergone an attempted bead movement
as the beads on the other. Therefore, for a chain of N
beads, the standard time unit will be defined as N attempted
bead moves. This definition has been used by most, but not
all, researchers in this field.

The greatest disadvantage of a Monte Carlo method is
that the dnly useful information generated comes from
ensemble averages, which requires the simulation to generate
a large number of representative samples from the ensemble.
The advantage of a Monte Carlo method is that it is a simple
process and therefore quite fast from a computational
viewpoint. Deterministic methods, i.e. molecular dynamics,
would be much more complex from a computational view for all
but the simplest systems. The huge size of polymers alone
makes it unlikely that a deterministic method would be a
practical way of modeling dynamic scaling behavior of

polymers.

17



In fact, the only molecular dynamics simulation which
investigated dynamic scaling behavior of what could truly be
described as a macromolecule is by Gotlib and co-workers.l2
In this simulation a chain and solvent molecules were placed
in a tightly packed periodic box. Both the solvent and chain
segments interacted through a Lennard-Jones potential, and
the bonds were of fixed length. For a chain of 123 segments
in a box with four solvent molecules, the authors did report
the normal modes to decay exponentially with time. From
their figures, it appears that the scaling exponent b(L) was
somewhat lower than the Rouse prediction of 2.0.

It is worth noting that occasionally a mixture of
Newtonian Dynamics and random fluctuations called Brownian
Dynamics is employed. Typically this method is used to
simplify solvent effects by treating the solvent as having
uniform viscosity and as the source of Brownian forces
acting on the chain. The self-interaction of the solute is
treated in a deterministic method. Ceperly, et.al.13 nave
performed Brownian Dynamic simulations on polymer chains.
The solvent interactions had no effect on dynamic scaling as
the authors found that a=2.2, which was predicted by the
mathematical treatment of excluded volume discussed in

Chapter I, Section B.
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D. The Monte Carlo Polymer Dynamics Simulations of Verdier

During the 1960’s many researchers began to use
computers to model polymers and thereby understand polymer
properties. At first, computers were used almost exclusively
to examine the static properties of polymers since dynamic
properties would require much more computer time to
simulate. Static properties could be studied by generating a
large number of independent samples of polymer contours and
averaging the property of interest over the resulting
collection. Two of the most well known of these methods are

the slithering snake method of walll4 and the Rosenbluth

walkl®. The results of these simulations of static polymer
properties gave results consistent with the Rouse Model in
the absence of excluded volume. In the presence of excluded
volume the results agreed with the predictions of deGennes.

The first attempt to model the dynamics of polymers
was made by Verdier and Stockmayer in 1962.16 The subsequent
refinements of this model have been used in many works,
including this one. Therefore, the genesis of this model
will be discussed in some detail.

The original model proposed by Verdier and
Stockmayer described a polymer chain as a series of N beads
located at the vertices of a simple cubic lattice, each bead
being separated by a fixed distance from its two nearest-
neighbors on the chain contour. This distance was equal to

the spacing between lattice points. In units equal to the
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lattice spacing, the chain’s contour is then of length L =
N-1. A typical chain contour for simulations with the
excluded volume restriction volume is shown in Figure 1 (p
21). The intent of their paper was to examine static
properties of a polymer chain, but unlike previous
simulations in the 1literature, the method of generating
chain conformations was made by a dynamic process which
Verdier and Stockmayer considered to be a reasonable
simulation of a polymer chain’s motion.

In their model, the beads of the chain are moved by
selecting a bead at random. If the bead is an internal bead,
the bond vectors between this bead and its neighbors are
then exchanged. This means that the bonds remain in the same
plane in which they started, and is referred to as a bond
vector exchange or in-plane motion. In the presence of
excluded volume, this site is then examined to see if it is
occupied. If it is, the attempted motion is aborted.
Otherwise the bead is moved to this new location. It is
worth noting that in the absence of excluded volume that
this ‘new’ location will turn out to be the same as the
previous location if the neighboring beads both occupy the
same site. The possible motions of an internal bead are
shown in Figure 2 (p 22).

If the randomly chosen bead is an end bead, a motion
to one of the other five locations which are nearest-

neighbors to the next-to-end bead is attempted as is shown
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Figure 1. The contour of a typical chain positioned on a SC
lattice.
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Figure 2. The motion of an internal bead for a chain placed
on a SC lattice.




in Figure 3 (p 24). In the presence of excluded volume the
attempted move is aborted if the position is already
occupied. The attempted motion of a bead (whether or not the
attempted motion is aborted) is called a bead cycle, and
throughout this work the unit of time will be defined to be
N bead cycles.

In the original paper of Verdier and Stockmayer, the
authors defined the relaxation time of the mean square end-
to-end distance, <R2>, to be the time it took for the
quantity to decay to a value of 1/e of the difference
between its initial and final (equilibrium) values. In the
absence of excluded volume the authors found rough agreement
with the Rouse Model. In this paper there were also results
of simulations in which the excluded volume constraint was
included, but the statistical scatter was too great for the
results to be meaningful.

In a later paper using this model, Verdier introduced
autocorrelation functions to study the dynamics of these
chains.l? The general form for an autocorrelation function
of a variable Q(t) is

Fq(£)=[<Q(0)Q(t)>=<Q(t)>2]/[<Q(t) 2>-<Q(0)>2]. (28)
For a variable with an average value of zero (e.g. a
randomly directed vector) the autocorrelation function has
the form

Fo(t) = <Q(0)Q(t)>/<q(t)2>. (29)

Throughout this work, the relaxation time data collected
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Figure 3. The possible motions of an end bead for a chain
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will be of the form of Equation 29.

Verdier found the decay of the autocorrelation
functions of the chains’ end-to-end vectors, R, to be
exponential at moderately long times, i.e. a semi-log plot
of Fp vs. time was found to be linear. At very short times
the autocorrelation functions did not decay exponentially.
The reason for this is that at short times the relaxation of
all modes are contributing to the relaxation of <R%>. At
long times the contributions of the faster-relaxing, higher
modes die off, and only the first mode contributes to the
decay. At very long times, statistical noise prevented
meaningful data being collected from which to construct the
autocorrelation function. The relaxation times were defined
to be the inverse of the negative of the slope of the semi-
log plots of the autocorrelation functions. This convention
will be followed for all data generated for this work.

In a later paper,:"8 Verdier introduced the use of
autocorrelation functions to study the relaxations of the
eigenmodes (the normal coordinates). A coordinate
transformation was used to convert the Cartesian coordinates
of the beads, Ty, to normal coordinates, Uy, as is shown in
Equation 30.

U (t) = (2/N)1/2 erj(t)cos[(j-o.s)n k/N] (30)
The autocorrelation functions for the relaxation of a
chain’s coordinates were then calculated using Equation 29

(p 23). From the autocorrelation functions, the relaxation
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times of the normal modes could be obtained. Most of the

dynamic measurements performed in this work are relaxation
times obtained from the decay of the autocorrelation
functions of the nomal modes.

Verdier’s first attempt18 to use the autocorrelation
functions of the normal modes gave results which agreed with
the Rouse Model in the absence of excluded volume. However,
in the presence of excluded volume Verdier found that the
autocorrelation functions of the normal modes did not decay
exponentially. He concluded that the chains with excluded
volume did not possess true normal coordinates. In another
work Kranbuehl and Verdierl® observed that for chains
possessing excluded volume, the relaxation times were
proportional to the chain length to the 3.2 power. Both
these observations were far different from the predictions
of the Rouse Model and it was debatable if the inclusion of
excluded volume alone could account for this.

Hillhorst and Deutch analyzed the Verdier and
Stockmayer Model and arrived at an explanation of why the
model gave such unexpected dynamics.20 Qualitatively, their
argument was that the local extrema of the chain in the x,
Y, and z planes could not pass each other using the bead
movement rules of the model. Therefore, the only way for the
chain’s conformation to relax was for these extrema to
diffuse out the chain’s ends. This corresponds to the one-

dimensional diffusion of hard particles and such motion has
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a time scale on the order of the number of particles cubed.

Hillhorst and Deutch suggested modifying the bead movement
rules to include a two-bead, 90° crankshaft motion as shown
in Figure 4 (p 28).

Kranbuehl and Verdier responded by constructing a
model in which all motions were two-bead motions. The
motions were the result of bond vector exchanges between the
bonds connecting a two-bead section to the rest of the
chain.?l 1n the presence of excluded volume they got results
which were essentially the same as before. Boots and Deutch
examined this model and determined that there were still
traps which prevented structures within the chain from
passing each other. 22 Therefore, the only way for the chains
to relax was for these structures to diffuse from the ends
of the chains. Boots and Deutch suggested once again that
such problems could be eliminated by a combination of two-
bead crankshaft and one~bead motions.

Several authors eventually made use of a model
somewhat similar to that suggested by Boots and peutch.
Using a combination of one- and two-bead motion Kranbuehl

23,24 obtained data for which the relaxation

and Verdier
times were not proportional to the cube of the chain length
but relaxed somewhat faster as chain length increased,
although the effect of excluded volume still seemed somewhat

larger than was anticipated. Statistical scatter and the

varying of the rate and type of two-bead motions made their
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Figure 4. The 90° crankshaft motions.
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results difficult to interpret.

In the latter paper of the two,24 Verdier and
Kranbuehl reported that the best fit for the data seemed to
give a scaling law of

t = 126, (31)
More recently Verdier and Kranbuehl confirmed this scaling
law for chains on body-centered cubic, face-centered cubic,
and simple cubic lattices as well as for freely-jointed
chains (i.e. chains not on a lattice where a two-bond
segment can twist torsionally about a randomly selected
angle).25 All of these chains obeyed the ekcluded volume
condition and possessed one-~ and two-bead motions.

The reason for the scaling exponent being
unexpectedly larger than deGennes’ prediction is that there
were still unrealistic obstacles to the chain’s relaxation
due to the nature of the bead movement rules. The bead
movements involved only motions which were the result of
bond vector exchanges between the bonds connecting the bead
or beads being moved to the rest of the chain. For example,
in the simple cubic lattice, the crankshaft motion would
thus be a 180° motion not the 90° recommended by Boots and
Deutch. This meant that structures could not rotate out of
the plane in which they lie. This was clearly not a
reasonable restriction on an isolated chain’s dynamics.

Other authors who modeled the dynamics of polymer

chains using models involving one- and two-bead motions
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found that the exponent relating the chain lengths and the
relaxation times was greater than two but not as great as
those observed by Verdier and co-workers. One of the more
notable papers was written by Heilman and Rotne in 1982.26
This paper was an extension of a rather obscure paper
written by Heilman in 1968.27 In his original paper, Heilman
had used a combination of one and two bead moves long before
it was suggested by Hillhorst and Deutch. In the latter
paper, the authors found that in the presence of excluded
volume the relaxation times scaled in a way which was
consistent with the predictions of deGennes for chains
possessing 90° crankshaft motion.

It is worth mentioning that some of the first dynamic
simulations used a tetrahedral lattice. The Monte Carlo
simulations using this lattice were pioneered by Monnerie
and Geny.28 They were interested in examining the motions of
a chain at the atomic level as opposed to the longer range
motions that most dynamic Monte Carlo studies were concerned
with. The tetrahedral geometry of the lattice made it the
obvious choice for such a study.

Assuming that bond 1lengths are fixed, the minimum
length motion possible on a tetrahedral lattice would be a
two-bead motion. It has become recognized that to get
reasonable dynamics, it is necessary to include a three-bead
motion.?? This serves the same function that the crankshaft

motion serves in the simple cubic lattice. Unfortunately,
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there are no Monte Carlo simulations on this lattice which
have examined the dynamic scaling properties of polymers so
a comparison with this work is not possible.

This concludes the discussion of the previous models
upon which the Monte Carlo simulations of polymer dynamics
performed at the University of Tennessee are based. Before
this work began a number of changes, tests, and
modifications were made by previous workers within the
University research group, and these efforts are reviewed in

the next section.

E. Dynamic Monte Carlo Simulations for Single Chains
Performed at the University of Tennessee

In a paper published in 1982, Gurler and co-workers
presented the results of Monte Carlo simulations which used
a model with excluded volume along the lines of the one
suggested by Boots and Deutch.3% In this model, if an
internal bead was selected for an attempted motion, then the
angle formed by the bead and its bonded neighbors was
examined. A 1linear conformation resulted in no attempted
motion. However, if this was not the case, then a bond
vector exchange was attempted between the bonds connecting
the bead to the chain. If this move was not possible due to
the excluded volume constraint then the local structure of
the selected bead was analyzed. If the selected bead was

found to be in a crankshaft structure then one of the two
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90° crankshaft motions was randomly selected. The chain
would then be moved to this position assuming the excluded
volume condition was not violated. The motion of the end
beads were the result of randomly selecting a bond vector
from the next-to-end bead which was perpendicular to the
bond vector connecting the end bead to the chain. The end
bead would be moved to this location if the excluded volume
condition was not violated. For programming simplicity, when
a next-to-end bead was selected for an attempted motion, no
crankshaft motion would be.attempted.

The results of this simulation showed that the affect
of excluded volume on dynamic scaling appeared to be fairly
small. The times measured for the relaxation of the end-to-
end distance scaled with the chain length in a manner
similar to that predicted by deGennes. The scaling exponent
measured was 2.13, close to deGennes’ prediction of 2.2, but
far from the value found in any of Verdier’s results.

In a later paper, this model was used to examine the
relaxation times for the normal modes of polymer chains.31
Unlike the studies of Verdier, these results showed that the
autocorrelation functions of the normal modes decayed
exponentially. The scaling exponent relating the relaxation
times of a chain’s normal modes and the mode number seemed
to be around 2.15 for the longer chains (L=35,47,59)
studied. This was slightly larger than the Rouse prediction

of 2.0, and the reason for this was not known. When the
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excluded volume constraint was removed this scaling exponent
dropped to about 2.05.

While this model gave dynamical results which seemed
fairly reasonable, it was still the object of some
criticism. Romiszowski and Stockmayer32 objected to the use
a bead cycle in which two different bead motions could be
attempted during the same cycle, i.e. the crankshaft motion
was attempted only after different motion was attempted and
failed. Having two different motions during the same cycle
could lead to an ill-defined and distorted time scale.

To examine this potential problem, a study was
performed in which an internal bead was selected and a
random choice was made as to whether its attempted motion
was a two-bead crankshaft or a one-bead bond-vector exchange
motion.33 The relative probability of selecting a two-bead
or one-bead motion was varied over a wide range. Except for
the simulations with very high probabilities for two-bead
motion, the scaling exponent relating the relaxation times
of the end-to-end distance and the chain length was found to
be about 2.14. This was not a significant difference from
the earlier result.

The combined results did lend support to the idea
that the model for the simulation gave reasonable dynamics
and therefore could be used as a basis for more complicated
simulations involving polymer dynamics. One area of great

interst was (and is) highly dense systems. However, the
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simple cubic lattice model appeared inappropriate for these
systems. The reason for this 1is that at a high
concentration, C, the probability of a successful one-bead
motion would be proportional to (1-C) while the probability
of a successful two-bead motion would be proportional to (1-
C)z. Therefore, the crankshaft motion which was crucial to
achieving reasonable dynamic motion would be preferentially
frozen out at high concentrations. It seemed that developing
simulations on lattices with higher coordination numbers
would be necessary.

The face-centered cubic and body-centered cubic
lattices both had the property that one-bead out~-of-plane
motions could be performed without changing the bond lengths
between beads. The fact that this could not be done on the
simple cubic lattice resulted in the necessity for two-bead
crankshaft motions. These high coordination number lattices
would also have the advantage of a well- defined time scale
since only one-bead motions are performed. The development
and testing of these models for single chains is one purpose
of this thesis, and this effort will be discussed in later
sections.

Aside from developing models appropriate for high
concentrations, another item of interest is to develop

simulations which involve interactions between chain

segments over longer ranges. The previously discussed models

had at most only two interactions. Firstly, the bond lengths
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between beads were fixed. Secondly, the beads obeyed the
excluded volume condition. For certain purposes it would be
desirable to include interactions between beads which while
spatially close together are far apart along the chain
contour. These interactions could simulate the effects of
the solvent and of temperature byrcausing chains with highly
attractive interactions to contract and even collapse as
temperature decreases.

Naghizadeh and Kovac have developed such a dynamical
model using a simple cubic lattice.34/3% This model had a
square-well potential between non-bonded beads. If two such
beads occupied adjacent sites, an energy reduction occurred.
The elementary motions were the same as the previously
described model of Gurler et al.3% This means that if a
normal bead motion is not possible due to a violation of the
excluded volume condition, then a 90° crankshaft motion will
be attempted.

In this model each of the possible locations to which
a bead or, in the case of the crankshaft motion, beads can
move to, as well as the possibility of remaining at rest,
will be assigned a Boltzmann factor. A random number is used
to pick which of the possibilities will be accepted for the
chain’s new state. This procedure for selecting which
elementary motions will be performed is different from the
Metropolis method Gurler et al. used. Instead, it is an

example of the generic Monte Carlo method discussed in
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Chapter I, Section C (p 14). This method is also consistent
with the Principles of Microscopic Reversibility and
Detailed Balance.

This model showed that in good solvent conditions,
the dynamics were in agreement with the bead-spring
predictions of Equation 10 (p 11). The diffusion of the
center-of-mass showed an expectedly sharp change at the
theta point (defined as the point at which the attractive
potential is great enough to cause the scaling exponent 2v
to decrease to its random walk value of 1.0). Below the
theta point the collapsed chains diffused as if they were
hard spheres. The dynamic properties of this model will be
investigated further in this work.

Long range interactions such as those in the model
described above have not often been included in dynamic
Monte Carlo studies. However, interactions of this type have
been included in a number of previous Monte Carlo
simulations in which static properties of the chains were
studied. Some of these simulations are discussed in the next

section.

F. Previous Monte Carlo Simulations of Equilibrium
Properties

A number of workers have been studied the properties

of chains with non-bonded nearest-neighbor interactions on

lattices or Lennard-Jones potentials for chains not
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restricted to a lattice. These methods have included the use
of different lattices and there is at least one notable off-
lattice simulation. Different methods of generating chains
have been used and different lengths of chains have been
employed. Of all this data, what is most notable is that the
only major difference in the observations is that resulting
from simulations involving chains of greatly different
length. Specifically, the effect of increasing the chain
length seems to cause the chain to have a lower theta point,
the temperature at which a chain’s self-interactions offset
the repulsive effects caused by the excluded volume
condition. Thus, a chain at the theta point should resemble
an ideal chain. Below is a brief summary of some of the more
interesting articles and the observations of most importance
to the present work.

Of the previous studies performed using Monte cCarlo
methods which allowed interactions between non-bonded beads,
the first major studies were by Mazur and co-
workers.11,36,37 These studies were also in greater depth
than other studies and are of the most relevance to this
work. The method used to generate chain conformations was a
modification of the Rosenbluth walk.l® In this method a
chain was grown from an initial bond vector. Each succeeding
vector was added to the chain by examining the nearest-
neighbors to the chain end and making a random choice

between the unoccupied nearest-neighbor positions. If all
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nearest-neighbor positions were occupied, the walk would be
terminated and the process would start over. To obtain
ensemble averages each walk had to be weighted according to
how many unoccupied nearest neighbors there were to choose
between at each step. Therefore the weighting, W, given a
chain of length L would be

W o= (@) B(ny)(ny) . . . (np), (32)
where q is the coordination number of the lattice minus one
and n; is the number of unoccupied nearest neighbors for
step i of the walk. Mazur and co-workers modified this
method to include nearest-neighbor interactions. The method
of doing so was exceedingly simple. The previously
determined weighting of each chain was multiplied by the
Boltzmann factor, B, which is given below.

B = exp(ZEp/kBT) = exp(ZE,), (33)
where Ep is the energy reduction resulting from the contact
of non-bonded nearest neighbors and Z is the number of such
contacts for the entire chain.

The studies of Mazur et al. examined a number of
thermodynamic properties of chains and compared the
simulation results with theoretical predictions for chains
confined to a lattice. For this work the most important
observations made involved examining the chain dimensions as
a function of the coordination number of the lattice and as
a function of the energy between pairs. In these simulations

bonds were of fixed length and self-avoiding. The beads
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interacted through a square-well, pair potential. This
potential caused an energy reduction whenever two beads
occupied adjacent positions. In their first paper,11 Mazur
and McCrackin reported that for a given value of the
effective potential, q*E,., chains on the face-centered cubic
and simple cubic lattices would have the same value for the
static scaling exponent 2v. For the chain lengths studied
(10<1L<200), the theta point occurred at E,=.14 for the face-
centered cubic lattice and at E,=.30 for the simple cubic
lattice. In a 1973 study35'36 for longer chains (L as great
as 1000) these values decreased to .124 and .275
respectively. In these later reports, they also studied the
mean-square radius of gyration, shown below.
<Rg2> = Nl< [ (R{ - Ry %> (34)

where R; and Ry are the coordinates of the bead i and the
center-of-mass respectively. They found that the scaling
exponent relating <Rgz> with L to be equal to 2v in good
solvent conditions. Guttman, their co-worker for these later
papers extended these studies to include measurements of the
hydrodynamic radius and cross-over behavior at the theta
point.38'39

Other authors have performed similar studies. In a
Monte Carlo simulation aimed at investigating the second
virial coefficient at the theta point, Janssenns%© reported

a theta point for E,=.27 as the asymptotic 1limit

extrapolated for infinitely long chains. This was determined
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from chains of length 10 to 40 beads lying on a simple cubic
lattice. Unfortunately he was not very clear on how the
simulation was performed.

Olaj and co-workers wrote a series of articles?1-44
dealing with the pair distribution function and the shapes
of chains at the theta point as a function of concentration
and/or distance between the centers of mass of isolated
chains as they were brought together. In these simulations,
both chains possessed a non-bonded nearest-neighbor
interaction between the beads irregardless of what chain the
neighbors belonged to. The simple cubic lattice was used.
Individual chain contours were generated by a Metropolis
method in which the smaller end of the chain was rotated
about a randomly selected bond. This was done for four-way
chains (i.e. chains in which the bond angles are always 90°
and hence four possible directions at each step of the walk)
and five-way chains (in which a 180° angle is allowed). Olaj
found for four-way chains that the theta point occurred at
about E,=.27 although he did not state the length of the
chains used to determine this. For five-way chains of length
as large as 400 beads, he also found the theta point at
E,=.27. In his later studies, he assumed the theta value to
be E,=.265 for four- and five-way chains. It is possible
that this assumption introduced an error into his results.

Ccurro and Schaefer?® also studied chains with non-

bonded nearest neighbor interactions. The chains were
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generated using a slithering snake method.l4 This method
involves selecting a bead at the end of the chain. A random
bond vector is added to this end of the chain and the last
bond on the opposite end of the chain is eliminated. Whether
this new conformation is accepted is determined by its
energy difference with the original conformation in the
manner of a Metropolis processes. Using a simple cubic
lattice and chains of length as great as I=299, Curro and
Schaefer found the theta point at E,=.28. Their most
important observation involved the observation‘of internal
expansion within chains. They found that above the theta
point, the length per monomer of a short chain segment was
greater than that of the chain as a whole. This the opposite
of what deGennes predicted in his blob model,7 but is in
agreement with the predictions Fixman obtained using
perturbation theory applied to the interior segments of a
polymer chain.?® 1In the arguments of Fixman, repulsion
between the chain ends caused a repulsive perturbation which
caused interior segments to expand beyond the size the
segment would have if it were isolated and was not connected
to other segments.

Kremer and co-workers?’ performed a simulation with
nearest-neighbor interactions on a tetrahedral lattice and
compared their results to those of Curro and Schaefer. To
generate chains they used three different methods; a random

walk which aborted whenever the excluded volume condition
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was violated, a slithering snake method, and a dynamical
technique involving crankshaft-like twists of randomly
selected three- and four-bond internal sequences of beads.
The weight of each chain in the ensemble was then determined
by its Boltzmann factor. The theta point was extrapolated to
occur at E,=.444 for an infinitely long chain. They found
cross-over behavior consistent with the blob model.’’2 The
width of the theta region decreased as L'l/z, which is in
agreement with renormalization predictions. What differences
they obser&ed from the blob model they felt could be
explained by the fact that the blob model assumes infinitely
long chains. Kremer and his co-workers wrote that, in their
opinion, the internal chain expansion which Curro and
Schaefer observed was probably the result of local chain
stiffness and the finite length of the chains used. These
features would disappear for extremely long chains.

Another Monte Carlo simulation of this sort was
performed by Webman, Lebowitz, and Kalos.48 Their method
used chains made of vectors which were not constrained to a
lattice. These chains were constructed by a slithering snake
method where a randomly selected vector was added to the end
of the chain while a segment was removed from the other end.
The vectors were added to a randomly selected chain end.
This vector could be of fixed length to give a chain made of
rods, or the length could be variable. For the chains with

variable 1lengths, each segment was given an energy
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corresponding to the extension of a spring. For both types
of chains, non-bonded beads interacted via a Lennard-Jones
potential. New chain conformations were accepted to replace
the old according to the Metropolis scheme. The authors
found that at the theta point the collapse of chains behaved
in a similar manner for the different types of chains. As
the temperature was decreased the collapse was more rapid
for larger chains. In fact, their plot of the collapse
appeared very similar to one given by Mazur and McCrackin
obtained from lattice simulations.ll These results seem to
confirm that the static behavior of polymers is not
distorted by lattice models.

A recent study of this type was performed by
Kolinski, Skolnick, and Yaris.492/30 e study was conducted
using chains of lengths from 100 to 800 units lying on a
tetrahedral lattice. Chain conformations were generated by
taking an existing chain and attempting either a snake-like
motion from one of the ends, a rotation of the last two
beads of the chain, or a crankshaft-like motion of a
randomly selected internal segment. Whether this new
conformation was accepted as the new chain conformation was
determined by the Metropolis procedure. In Reference 47, an
energy difference between gauche and trans states was
included in addition to a non-bonded nearest-neighbor
interaction. It was found that the collapsed chains had very

different forms depending on how strong the preference for
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the trans state was. If the preference was strong, the
collapsed chain consisted of long linear segments with
occasional sharp folds. When the preference was weak, the
chain appeared to be a disordered collapsed Gaussian coil. -
In the second article, Reference 48, no preference was given
to trans states. By extrapolation the authors found the
theta point tol be approximately Ep=.47kBT for infinitely
long chains. They also found that the theta point of a given
chain fit the equation,

kpTy/Ep = 6 L7Y/2 4+ o, (35)
where T; is the theta point as determined for a chain of
length L and c¢; and €, are constants. This is in agreement
with the theoretical predictions of Duplantier, Jannick, and
desCloizeaux.3!

All of the above works give somewhat similar results
when allowance is made for the fact that different chain
lengths and lattices are used. The data appears quite
consistent if one remembers two observations: one, the
observation of Mazur and McCrackin that the scaling
exponents obtained on different lattices are equal for a
given value of q*E,., two, that the theta point is not
independent of chain length.

This concludes the review of Monte Carlo studies of
static properties of polymers. The next section is devoted
to Monte Carlo studies of the dynamic properties of

concentrated systems. Although this work involves
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simulations of isolated chains, which have already been

‘reviewed, the 1literature concerning the dynamics of more
concentrated solutions is worth mentioning since the models
developed here may be useful in simulating dense systems.
Such systems have 1little if any solvent interaction.
Therefore, simulations such as these in which the solvent is

ignored may be appropriate.

G. Monte Carlo Simulations of the Dynamics of Concentrated
Systems

The dynamics of polymers in concentrated solutions
are quite different from the dynamics of dilute solutions.
In the melt, the viscosity (and presumably the relaxation
times) are proportional to the length of the chains raised
to the 3.4 power for chains above a critical molecular
weight. The best theoretical description for this property
has been developed by deGennes.’2 deGennes assumes that the
motion of a polymer chain in a melt is similar to that of a
single, mobile chain in a network of closely spaced, fixed
obstacles. This confines the chain’s net movement to be
along its contour. This means that local structures within
the chain can only be removéd.by the diffusion of these
structures to the ends of the chain. This is essentially the
same one-dimensional diffusion which was observed by Verdier
and Kranbuehl in their simple cubic lattice model. Such

diffusion takes place on a time scale proportional to the
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chain length cubed.

Doi and Edwards have attempted to modify deGennes’
original theory to take into account small motions
perpendicular to the chain’s path and the fact that the ends
of the chain are more mobile than the central monomers.>3
The proposed modifications also attempt to take into account
the mobility of the chains which form the cage that confines
the chain to motions along its contour. These modifications
attempt to make the model more self-consistent and explain
the larger chain length dependence of viscosity than that
given by deGennes’ original model.

The model of deGennes and its subsequent
modifications is referred to as the reptation model since
the motion of the chain resembles that of a snake sliding
through a tube of fixed obstacles. One of the major
successes of the model is its correct prediction of the
relation between chain length and the center-of-mass
diffusion coefficient. The diffusion coefficient is defined
by

Dew = <(Cp(t) - €y(0))23>/6t (36)
where C; is the position of the center-of-mass. 1In
concentrated systems it is found that Doy is inversely
proportional to chain length squared, which is what
deGennes’ theory predicts. One signature feature of the
reptation model is the prediction for the behavior for the

mean-square displacement of a central monomer within the
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chain. For the i’th monomer this is defined as

gi(t) = <(Ry(t) - R;i(0))%>. (37)
For an isolated chain obeying Rouse dynamics,

gj(t)y ~ ¥ (38)
where y=1, 1/2, and 1 respectively for increasingly 1long
times. The reptation model predicts that at high
concentrations the intermediate region will be broken into
three regions in which y=1/2, 1/4, and 1/2 for increasingly
long times respectively. Observing a region in which y=1/4
would be important evidence for reptation dynamics.

Unfortunately, making such an ~observation
experimentally would be quite difficult, although deGennes
claims to have seen some experimental evidence for it.>4%
Several computer studies have been conducted trying to find
evidence of reptation in the dynamics of the simulation.
Only a few proved to have relevant information. Most had
movement rules that in one manner or another cast doubt on
their validity. Typical problems with such simulations were
movements rules which biased the chain towards reptating
motions or rules in which the excluded volume condition was
not always enforced. However, there are a few studies worth
mentioning.

The first of these studies was conducted by
Baumgartner and Binder®>. Their simulation involved ten
chains of 16 beads packed tightly in a periodic box. The

chains interacted through a Lennard-Jones potential and were
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self-avoiding. The temperature and concentration were
varied. The data did not show evidence of reptation for the
mobile chains, even when the chains’ mobility dropped to
zero and a glassy state was formed. One possible problem
with this study was that the chains were very short and
possibly not very entangled. Within this study, they also
examined the dynamics of a single mobile chain moving among
fixed immobile chains. In this simulation, they observed a
region in which y=1/4.

Kremer®® conducted a simulation on a diamond lattice
using self-avoiding chains of 200 beads with a concentration
of 34.4% of the lattice sites filled. Although he showed
that the chains were quite entangled he found no evidence
for reptation. When he studied the movement of one chain in
the presence of fixed chains he obtained data for gj(t)
consistent with reptation.

Crabb and Kovac have performed dynamic Monte Carlo
simulations of dense systems.57 Originally, they used a
simple cubic lattice with the same movement rules as Gurler,
et. al.30 They varied chain length between 12 and 48 beads.
The concentration was varied up to 90% occupancy. Two
scaling exponents were obtained. One was the scaling
exponent relating chain length and the relaxation time of
the end-to-end vector, tp, where

tp = <R(t)R(0)>/<R2>, (39)

The scaling law is
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~ LY, (40)

tgp should be approximately equal to the relaxation time of
the first normal mode at long times since at these times
only the slowest relaxation process is contributing to the
motion of the chain ends. The other scaling law related the
center-of-mass diffusion coefficient with the chain length
according to

Doy ~ LM O (41)
Crabb and Kovac found that at a concentration of 90%, w=2.7
and h=1.68. Both the values are quite different from those
found for dilute solutions, but are still not very close to
that predicted by the reptation model. The data obtained for
gj(t) indicates deviations from dilute solution behavior,
but a range in which y=1/4 was not observed. One possible
problem with this study is the use of relatively short
chains.

In a later study Crabb, Kovac, and co-workers®8 found
the relaxation times for the normal modes for chains at high
concentrations on both the simple cubic and the face-
centered cubic lattice. At 90% concentration, the a(k)
values for the face-centered cubic 1atticekwere only about
2.5. This low value indicated that reptation was not taking
place and that the higher values of a(k) obtained for the
simple cubic lattice in this study were probably due to the

low probability of successfully performing a two bead motion

at high concentration.




In another étudy performed at the University of
Tennessee, Naghizadeh and Kovac studied an entangled
system.59 Mobile chains of up to 48 beads were placed in an
array with obstacles which consisted of lines 1lying along
the x, y, and z axes. For self-avoiding chains in an array
of fixed, regularly spaced obstacles separated by three bond
lengths, they found h=3.34 and w=2.12. This is in good
agreement with the reptation model. When the obstacles were
allowed to move the dynamics were similar to those of a
dilute solution.

The most thorough dynamic Monte Carlo study of dense
systems performed to date is the work of Skolnick, Kolinski,
and Yaris.®? The first of their studies involved chains of
49, 98, and 147 beads lying on a tetrahedral lattice.®l as
concentration was increased, they found a region in which
y<1/2. As the concentration was increased, y decreased in
this region until at 92% concentration y=0. This indicated
that a glassy state had been formed. In a later study using
the tetrahedral lattice,62 they reported that h=2.06 and
w=3.36 at 75% concentration and for chains up to 96 beads
long. These values are in good agreement with experimental
work, but they found that chains’ motion in dense systems
showed no preference for motion along its contour. Instead
the chain moved in an isotropic manner. They later confirmed
this observation for longer chains (up to 800 beads) 1lying

on a simple cubic lattice at 50% concentration.®3 In this
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study they also found h=1.52 and w=2.63 for chains of up to
216 beads. They also studied the effect of increasing the
length of mobile, solvent chains in which a solute chain was
allowed to move.%4 They found the probe chain’s diffusion
rate was slowed in a manner consistent with experimental
data.

In another study of dense systems, they investigated
the static properties of densely packed chains on a
tetrahedral lattice in which varying degrees of preference
were given for trans vs. gauche conformations.®> Local
ordering was observed to increase with increasing chain
stiffness. A study of static properties involved tetrahedral
chains of 12 or 24 beads at concentrations of 50% and 75%.66
It was found that increasingly attractive nearest-neighbor
interactions between non-bonded beads lead to a transition
from an isqtropic to anisotropic state. This agreed with
previous work by Baumgartner67, but Baumgartner’s study only
allowed favorable interactions between parallel bonds and so
was not as general as the study of Skolnick and his co-
workers.

The only study involving a tightly coiled chain also
deserves mention here. Baumgartner studied freely-jointed,
self-avoiding chains of up to 64 beads which interacted
through a Lennard-Jones potential.‘sa'69 Two bond segments
were moved by rotation about a randomly selected angle

according to a Metropolis procedure. Although he was mainly
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interested in static properties, he did report that the
density fluctuations of the chains were consistent with
Bead-Spring models above the theta temperature but not
below. At very low temperature he found an apparent glass
transition. In the glassy state, he reported observing y=1/4
at intermediate times. Baumgartner’s study is particularly
notable for two reasons. First, it is the only Monte Carlo
simulation in which reptation-like dynamics has been
observed where all occupied lattice points are filled by
mobile beads. Second, it is the first dynamic study in which
longer range interactions are considered. In fact prior to
this work reported in this thesis, the only other dynamic
Monte Carlo simulation employing interactions with a longer
range than the excluded volume interaction was that of
Naghizadeh and Kovac.34/35 By the use of such interactions,
temperature effects could be studied.

Pakula’®? and Pakula and Geyler71'72 have studied
dynamic properties of dense systems by a unique Monte Carlo
technique known as cooperative relaxations. In this method,
all lattice sites are filled and the only possible motions
are from the simultaneous, cooperative motions of beads. For
long chains of 512 beads, Pakula and Geyler71 found that the
scaling exponent, y, had a minimum value at intermediate
times of .43. This was significantly 1less than 1/2, the
value expected for Rouse chains, but was still not very

close to 1/4, the value predicted for reptating chains. The
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data did show that the values of the center-of-mass
diffusion constant for long chains did show good agreement
with the scaling predictions of the reptation model. They
also found that cycic chains had essentially the same self-
diffusion properties as linear chains.’2.

This concludes the discussion of dynamic Monte Carlo
simulations of dense systems. The following section briefly
reviews experimental methods of observing polymer dynamics
in dilute solutions. Before proceeding there are a couple of
computer simulations of dense systems which deserve mention
at this time.

Kremer and co-workers’3:74 have performed a Brownian
Dynamics simulation on densely packed polymers. The chains
interacted through a Lennard-Jones potential and were also
subjected to white noise. For 20 chains of 150 monomers and
85% concentration, the authors found a(1l)=3 and a region for
which y=1/4. Both of these observations are in good
agreement with the reptation model.

This same method was used to study the scaling law
which relates relaxation times of the end-to-end vector of
the arm of a star polymer (a polymer with a number of linear
strands connected at approximately the same point) with the
number of arms.’> The authors found good agreement with the
Daoud-Cotton blob model,76 which predicted little change in
the relaxation times as the number of arms increased.

Despite the apparent success of this Brownian Dynamics
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method, it is doubtful that Brownian Dynamics will replace
Monte Carlo studies in this field as this study took a huge

amount of super computer time.

H. Comparison with Experiment

Before proceeding, it is appropriate to note that
experimental results have shown good agreement with bead-
spring models. It is well known that polymers in a good
solvent obey the static scaling law, Equation 14 (p 11).
This has been confirmed by light scattering, measurements of
the viscosities of dilute solutions, and photon beat
methods.’ These methods give slightly different values for
the scaling exponent 2v, but all are very close to the bead-
spring prediction for three dimensions of 2v=6/5.

The dynamics of a chain are harder to observe, but
there have been studies confirming the usefulness of the
bead-spring description. To describe the dynamics of a
polymer in a dilute solution, it is necessary to include

hydrodynamic interactions. This requires the use of Zimm’s

methods. Ferry’s monograph, Viscoelastic Properties of

Po e s,77 gives a number of light scattering studies of

viscoelastic dynamics which show, at least indirectly, good
agreement with Zimm’s theoretical approach for dilute
solutions.

Recently new methods of investigating polymer

dynamics have appeared which show some promise in solving
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problems associated with older methods. These methods
involve attaching chromophores to a polymer, exciting these
chromophores, and then observing the emissions or
absorptions of the chromophores. These methods can precisely
probe the motions of small chain segments. Previous methods
have been unable to do this.

Austin and co-workers have attached chromophores to
DNA strands and then excited these strands with polarized
light.78'79 The changes in the chromophores’ anisotropic
absorption with time is then used to determine the motions
of the strand. Over long ranges and short time frames, the
resulting dynamics showed good agreement with Barkely and
zimm’s treatment80 of a stiff chain. The Barkely-Zimm theory
is essentially Zimm’s bead-spring model with the inclusion
of terms which account for a chain’s stiffness to bending.

Winnik and co-workers have used a similar method to
study the rates of end-to-end cyclization for polystyrenes
of various lengths.al'85 To determine the rate of
cyclization, Winnik attaches pyrene chromophores to the
chain ends. The chromophores are then excited. If the
chromophores make contact, an eximer is formed. Assuming the
reaction mechanism is correctly determined, the rate at
which the eximer is formed can be used to determine the rate
at which cyclization occurs.

The cyclization reaction takes place at long ranges

and over long time frames. Therefore, only the lowest mode
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should be contributing to the motions resulting in
cyclization. In the presence of strong hydrodynamic forces,
Zimm’s theory predicts

t, ~ 13/2 (42)
and

Doy ~ L~1/2 (43)
The presence of strong hydrodynamic forces cause the scaling
exponent a(k) to drop by -1/2 from the values predicted by
the original Rouse model in which hydrodynamic forces are
ignored, i.e. a(k)=2. Likewise, the scaling exponent e
increases by 1/2 from -1 to -1/2. It seems logical to
describe the decrease in t; due to solvent effects in terms
of Dcy, especially since Doy is a measurable quantity.
Therefore, we rewrite Equation 10 (p 11) as

t; ~ L¥V/Doy -~ <R%>/Dgy (44)
Using values of <R%> and Doy obtained from literature,
Cuniberti and Perico®® find that Winnik’s cyclization
results of Reference 76 for different chain lengths show
scaling in good agreement with the Zimm’s theory.

In two more recent papers, Winnik and co-workers have
studied the effect of excluded volume on the rate of
cyclization.89'9° The results were consistent with the
assumption that chains at the theta point had a distribution
for R which was much closer to being Gaussian than chains
which were in a good solvent. Overall, the work of Winnik

and his co-workers seem to give results consistent with
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bead-spring theories.

However, the scaling results for cyclization kinetics
obtained by Horie and co-workers for the same polymers gave
very different results.8®1/82 Much of their data could not
even be fit by a simple scaling law. To obtain their data,
Horie’s group used a chromophore which when excited formed a
triplet. When triplets met annihilation occurred. By
following annihilations, the cyclization rate could be
determined, but to do so the assumed mechanism had to be
correctly assigned. It was the judgment of Cuniberti and
Perico that this was the potential problem in the data of
Horie and his co-workers.86

These new methods involving the use of chromophores
to study polymer dynamics promise to be a great improvement
over older methods to examine short range polymer dynamics.
This is not to say that there are not potential
difficulties. We have already seen that the mechanism of the
excitations must be correctly assigned to get the proper
results. It is also necessary to use very dilute solutions
so that intermolecular interactions do not effect the
results. Winnik has pointed out other potential problems.83
The molecular weight distributioh'must be small. The chains’
ends must be close to 100% substituted with the chromophore,
and fluorescent impurities must be eliminated. Some of these
problems invalidated Winnik’s earliest reported results.8l

Despite these problems this type of method is a great leap
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forward in experimental methods of examining polymer
motions. Still it is unlikely that these methods will make
Monte Carlo studies of dynamics obsolete in the immediate
future.

This concludes the review of literature of particular
interest to this thesis. For readers interested in a broader
overview of Monte Carlo studies of polymer properties there
is a recent review by Kremer and Binder which discusses most
of the more common Monte Carlo techniques and some of the
more interesting results.®l In the following chapter, the
Monte Carlo lattice models to be used in this work will be
discussed in detail. The methods of obtaining relaxation

times is also discussed.
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CHAPTER II

MODELS AND CALCULATIONS

A. Introduction

In this chapter the simulation models used in this
work will be discussed in detail. The first two models are a
face-centered cubic and a body-centered cubic lattice models
designed to closely resemble the previously developed simple
cubic lattice model.3? These models simulate polymer
dynamics under athermal solvent conditions only, i.e.
conditions were all allowed conformations of the chain have
equal energy (probability) and therefore the properties are
not temperature dependent. The models with this property
will be referred to as athermal models.

The models will be tested to see if they can
reproduce the scaling behavior of the SC lattice model for
simulations with and without the excluded volume
restriction. If they can, this will help confirm the
appropriateness of using these lattice models to simulate
polymer dynamics. One advantage of these two models is that
they require only one-bead elementary motions to achieve the
out-of-plane motions that were necessary for reasonable
dynamics in the simple cubic lattice. It is especially
important to develop such models for studies of dense
systems since at a high concentration, C, two-bead motions

would be successfully performed at a rate proportional to
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(l-C)2 while the one-bead motions would be performed at a
- rate of (1-C). The effect of this on the dynamics may
invalidate the data obtained.

After the two new models are developed, more complex
models will be develqped to include more complicated self-
interactions. Most previous studies of polymer dynamics have
studied polymers under athermal conditions. Under these
conditions the only self-interaction is the excluded volume
requirement which prohibits the double occupancy of a site.
Polymer behavior under other conditions such as in the
region of the theta point is of extreme interest, but with
the exception of the studies by Naghizadeh and Kovac34r33
and Baumgartner68'69 thermal solvent effects on dynamics
have not been examined by simulations.

In order to simulate thermal conditions, it is
necessary to include longer range self-interactions. Studies
of static properties have used both square-well and Lennard-
Jones potentials to do this. The similarity of the results
obtained for these two potentials means that the simpler
square-well potential should be sufficient to provide the
longer range self-interactions. The models used in this work
have square-well, pair interactions which are capable of
simulating thermal solvent effects, by creating a net
attraction (or repulsion) between non-bonded beads of the-
chain. This potential will cause the polymer chain to

contract as the attractive interaction increases (or
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temperature decreases), thus simulating the effect of an

increasingly poor solvent. Therefore, these models will be
referred to as the thermal models. The details of the

individual models will be given in the following sections.

B. The Athermal Face-Centered Cubic Lattice Model

Preliminary work on the athermal face-centered cubic
model was performed by Crabb.2 A number of modifications of
the Crabb’s computer algorithm were made in this work to
simplify the code of the simulation. The model is
constructed as follows. The beads of the chain are placed on
the vertices of a FCC lattice. A typical chain contour is
shown in Figure 5 (p 62). The lattice points are located in
a periodic box described by a large array of memory. In the
FCC lattice model, the vectors from one lattice point to its
twelve nearest neighbors are (+1,+1,0), (+1,0,+1), or
(0,+1,+1). Choosing vectors between neighboring lattice
points in this manner ensures that position vectors of the
beads of the chain can be determined by integer arithmetic.

The elementary motions are performed as follows.
First, a bead is chosen at random. If it is a bead on the
end of the chain, then one of the other eleven lattice sites
which are nearest neighbors of the next-to-end bead is
chosen . at random. In the presence of excluded volume, this
location is analyzed to see if it is already occupied, if

not then the end-bead is moved to this new location.
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The contour of a typical chain placed on a FcCC

Figure 5.

lattice.

62




If an interior bead is chosen, its conformation in
relation to the two beads with which it is bonded is
determined. In the presence of excluded volume the two bonds
can form four different angles: 60°, 90°, 120°, and 180°.
The elementary motions possible depend on the bond angle. If
the angle is 180° the bonds are collinear and no motion is
possible since all the models used in this work have fixed
bond lengths. If the angle is found to be 180°, the
attempted motion of the bead is abandoned. If the bond angle
found is 120° then the only allowed motion which will
maintain the fixed length of the bonds is a bond vector
exchange between the bead’s bonded neighbors as is shown in
Figure 6 (p 64). This is analogous to the normal bead motion
of the SC lattice model discussed in the previous chapter.
If this position is unoccupied the bead is moved to the new
location. If it is not, the attempted motion is abandoned.

Both the 60° andv90° angles have a greater number of
possible moves. In both cases, the bead may undergo a bond-
vector exchange type motion in the manner of the 120° bond.
Both conformations also allow out-of-plane motions that are
roughly analogous to the crankshaft-like motions of the
simple cubic lattice model. When a 60° or 90° angle is found
a random choice is made between one of the three possible
sites to which the bead could move. The site selected is
then checked for the excluded volume condition and if the

site is unoccupied the bead is moved. Otherwise the
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Figure 6. The motion of a bead in a 120° angle conformation
for a chain on a FCC lattice.
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attempted motion is abandoned. The possible motions of the
60° and 90° degree conformations are shown in Figure 7 (p
66) .

If excluded volume is not considered, then the only
change in the above rules is that the occupancy of the site
chosen for the bead’s new location is not considered.
Therefore, the bead is moved to the selected location
irregardless of the occupancy of the site. Without excluded
volume, there is also the possibility of a spike
conformation in which the bonds to a bead form a 0° angle.
The attempted motion of a bead in a spike conformation is
treated in the same manner as an end bead.

From the above movement rules it can be seen that
this simulation can be thought of as a Metropolis method in
which there are only two energy levels. One energy level is
infinite. This level occurs for states in which the excluded
volume condition is violated. All other states have the same
energy. In this simulation, when there is a choice between
two states with the same energy (the original and the
selected state), the new state is always preferred and the
transition to the selected state takes place.

This concludes the discussion of this model. The
data and dynamic properties obtained for this model will be
discussed in the next chapter. In the next section the

athermal body-centered cubic model will be discussed.
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Figure 7. The possible motions of a bead in a 60° or a 90°
angle conformation for a chain on a FCC lattice.
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C. The Athermal Body-Centered Cubic Lattice Model

This model closely resembles the FCC lattice model.
The beads of the chain are placed at the vertices of a body-
centered cubic lattice. The vectors between a lattice point
and its eight nearest neighbors are (+1,+1,+1). This choice
ensures that the components of a vector between any two
lattice points will be integers. A contour for a typical
chain, placed on a BCC lattice and obeying the excluded
volume constraint is shown in Figure 8 (p 68).

The elementary motions occur as follows. First a bead
is chosen at random. If it is an end bead then one of the
other seven locations which are nearest-neighbors of the
next-to-end bead is chosen at random. In the presence of
excluded volume, the position is checked to see if it is
occupied. If it is, the attempted motion is abandoned. If
not, the bead is moved to the new location.

If the selected bead is an internal bead then the
angle formed by the bonds with its neighbors is either 60°,
120°, or 180°. If the angle is 180°, then no motion is
possible. If the angle is 120°, then the only motion
possible is a bond vector exchange. This is identical to the
120° motion of the FCC lattice shown in Figure 6 (p 64).
When the bond angle is 60°, there are three possibilities.
These possibilities are shown in Figure 9 (p 69). One is a
bond vector exchange and the other two are out-of-plane

motions. This out-of-plane motion allows new bond vectors to
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Figure 9. The possible motions of a bead in a 60° angle
conformation for a chain placed on a BCC lattice.

69




be created in the chain’s interior. This serves the same
purpose as the crankshaft motion in the simple cubic lattice
model. When a 60° angle is found, a random choice is made
between one of the three possible locations to which the
chain may be moved. Next, the occupancy of the selected site
is analyzed. If the site is vacant, the bead is moved. If
not the attempted motion is abandoned.

If excluded volume is absent, the occupancy of a
selected site is not examined and the bead is moved to the
selected location. Without excluded volume, there is the
possibility of a 0° angle. If a bead selected for an
attempted move is found to be in this conformation, the
attempted motion will be treated in the same manner as an
end bead. As was the case of the previously discussed FCC
lattice model, the attempted motions of this model can be
thought of as a Metropolis process in which all attempted
motions between states of equal energy are accepted. Without
excluded volume, every possible motion leads to a state of
equal internal energy. In the presence of excluded volume,
the possible motions may lead to one of two energy levels.
Any state in which the excluded volume condition is violated
has an infinite energy, and therefore motions that create
such a stéte are rejected.

This concludes the discussion of this model. The
calculétions and dynamics for this model can be found in the

next chapter. The following sections describe the thermal
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models.

D. The Thermal Lattice Models
The thermal models used in this work are all
modifications of athermal models. These models use the same
elementary motions as the athermal models. The elementary
motions of the athermal FCC and BCC models have been
described in Sections B and C above. The elementary motions
of the thermal SC model are based on the athermal model of

30 which was discussed in Chapter I, Section

Gurler et al.
5. The thermal SC model used in this work was recently
developed by Naghizadeh and Kovac.34/35 The thermal FCC and
BCC models developed for this work were patterned closely
after the Naghizadeh and Kovac model.

There are two major modifications made to the
athermal models. One is the inclusion of a square-well

potential between non-bonded bead pairs. The potential,

V(r), has the property

V(r) = 0 ' r > 1,
V(r) = -Ep ’ r = 1, (45)
V(r) = = ' r < 1,

where 1, is the bond length. The last condition indicates

that the excluded volume condition is in effect. E.. is the

P
reduction in the chain’s energy resulting from each bead
pair contact. When a bead is selected for an attempted

motion, its conformation is examined as was the case with
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the athermal models. Next, the possible motions allowed by
the chain’s conformation are identified. The energy which
would result for each of the possible motions is calculated
by finding the number of bead pair contacts. Each of the
positions to which the bead (or in the case of the
crankshaft structure beads) may move as well as that of the
original position is given an unnormalized probability
corresponding to a Boltzmann factor, P;. Pj is set to be
zero if the excluded volume condition is violated.
Otherwise,

P; = exp(z;E/kgT) (46)
where z; is the number of bead pair contacts which would be
made by the bead(s) involved in the attempted motion
assuming the bead(s) in question is(are) placed in position
i. In the athermal models one of the possible positions
would be chosen randomly and the choice of whether to move
the bead to this location would be determined in a
Metropolis procedure (the motion would be made unless the
excluded volume condition was violated). For the thermal
models, the choice of which position will be selected
follows the generic Monte Carlo procedure outlined in
Chapter I, Section C (p 14). The choice between the allowed
positions (including the original position) is determined by
.the use of a random number X chosen such that

0 < X < Ljp; (47)




P1+000P < Z < P1+...+P' (48)

J
then the chain is moved to position j. This selection method

j-1

is consistent with the Principle of Detailed Balance. This
concludes the section on the elementary motions of the
thermal models. In the next section, the methods of studying

the dynamics are described.

E. Calculations

The properties of the chains are studied by the use
of samples of the chain coordinates taken at reqular
intervals. Between 20,000 and 30,000 samples will be
collected for each computer run. For most of this work the
sampling interval is chosen to correspond to a decay of
about 0.7% in the autocorrelation function of the first
mode. For the work involving highly collapsed chains the
interval will be increased to (N/12)2 bead cycles. The
autocorrelation functions of the modes are calculated from
the chain coordinates by the equation below.

Fie(t) = <Up(t)Uyp(0)>/<Uy(t)3> (49)
where U, is the k’th normal coordinate defined by Equation
30. The autocorrelation function of the mean end-to-end
vector is calculated in a similar manner as is shown below.

Fp(t) = <R(t)R(0)>/<R(t)3> (50)
From the autocorrelation functions, the relaxation times of
the normal modes and the mean end-to-end vector are found by

a least-squares plot of 1n(F) vs. t. The negative of the
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slope of this line is the relaxation time. For the normal
modes, the slope is calculated from data within the range

0.0 < 1In[Fp(t)] < -1l.2. (51)
For the mean end-to-end vector, the range is

-0.4 < 1n[Fp(t)] < =-1.2 (52)

The relaxation times of the normal modes obtained are
fit to the scaling laws

t(L,x) ~ 1a(k) (53)
and

t(L,k) ~ xP(D), (54)
by means of an unweighted least-squares fit of 1n{(t(L,k)}
vs. 1ln(L) and 1ln(k) respectivély. The relaxation times of
the mean square end-to-end vector are fit to the scaling
law, Equation 40 (p 49). The values for the mean square end-
to-end distance will also be obtained and fit to the
equation

<R%> ~ L2V (55)
by an unweighted least squares plot of 1n<R?> vs. In(L).

The scaling exponents obtained should give insight
into the dynamic properties of polymers. Special attention
will be paid to how well the results of the simulations
agreed with bead spring models and the relationship between
static and dynamic properties of the chains. Also of great
interest is whether the models give results consistent with
one another. This is necessary if the generality of the

results is to be accepted.
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CHAPTER III

RESULTS AND DISCUSSION

A. The Athermal Models

Simulation runs were performed on chains of
12, 24, 36, 48, and 60 beads for both the face-centered
cubic (FCC) and body-centered cubic (BCC) lattices.
Simulations with and without the excluded volume constraint
were performed for both lattices and compared to the results
obtained earlier for the simple cubic (SC) lattice.30,31 a¢
least three computer runs were performed to obtain each item
of data. 30,000 coordinate samples were recorded for each
run. From these samples, the relaxation times of the end-to-
end vector autocorrelation functions and the autocorrelation
functions of the first three normal modes were calculated.

The average values of the relaxation times of the
autocorrelation functions of the end-to-end vector and the
first three normal modes for the three lattices are shown in
Tables 1-4 (pp 76-79). Typical autocorrelation functions are
plotted in Figures 10-15 (pp 80-85). From the figures it can

be seen that the normal coordinates obtained from the Rouse
equation do relax exponentially both in the presence and
absence of excluded volume. Verdier had reported that this
was not the case for his model when the excluded volume
constraint was included.l® From the data it can be seen,

that within the limits of the study, the relaxation times
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Table 1.

Values of the Relaxation Time of the End-to-End

Vector,

tr(L),

for Chains With [and Without] the

Excluded Volume Constraint as a Function of cChain

Length, L, and Lattice Type.2:P/C

Lattice Type

Chain
Length sc FCC BCC
11 38.5 (.9) 46.2 (3.6) 52.2 (2.6)
[20.2 (.5)] [18.3 (2.2)] [{18.3 (.8)])
23 179 (8) 249 (84.1) 289 (45)
[78.0 (3.2)] [84.1 (7.8)] [76.5 (1.7)]
35 441 (30) 643 (23) 776 (72)
[168 (8)] [187 (24)) [176 (18)]
47 870 (120) 1190 (120) 1460 (165)
{320 (40)] [316 (7)] [309 (11)]
59 1330 (150) 2030 (120) 2330 (130)
(465 (51)]) [533 (34)) [490 (40)]

28 values of tr(L) for chains without the excluded

volume constraint are in parentheses.

b SC lattice values are from Reference 30.

€ standard deviations of the runs are in parentheses.
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Table 2. Values

Mode, t(L,1),

for Chains With

fand Without]

of the Relaxation Time of the First Normal

the

Excluded Volume Constraint as a Function of Chain

Length, L, and Lattice Type.3:b/C

Chain Lattice Type
Length sc FCC
11 36.49 46.4 (18.7)
[18.67] [18.7 (1.3)]
23 180.97 252 (80.0)
[78.10] [80.0 (4.0)]
35 425.0 649 (14)
[175.3] [194 (21)]
47 809.3 1220 (120)
[310.5] [314 (4)]
59 1315.1 2050 (90)
[501.1] [552 (39)]

51.9 (2.5)
[18.6 (.9)]

293 (44)
[76.5 (1.6)]

781 (70)
[177 (19)]

1460
[310

(310)
(16)]

(100)
(51) ]

2350
[495

2 values of t(L,i) for chains without the excluded

volume constraint are in brackets.

b standara deviations of the runs are in parentheses.

€ sc lattice values are from Reference 31.
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Table 3. Values

Mode, t(L,2),

for Chains With

(and Without]

of the Relaxation Time of the Second Normal

the

Excluded Volume Constraint as a Function of cChain

Length, L, and Lattice Type.2:P/C

Chain Lattice Type
Length sc FCC
11 6.574 9.78 (.26)
[3.289] [4.66 (.28)]
23 . 38.14 57.0 (5.0)
[18.31] [18.7 (.4)]
35 101.2 150 (2.2)
[42.64] [44.4 (2.1)]
47 187.0 298 (19)
[77.38] [(81.1 (4.7)]
59 310.8 476 (39)
[120.9) [125 (3)])

[20.1

10.7 (4.7)
[4.74 (.13)]

66.8 (3.3)
(-4)]

167 (45.0)
[45.0 (2.8)]

316 (7.0)
[78.8 (2.1)]

523 (27)
[126 (1))

@ values of t(L,2) for chains without the excluded

volume constraint are in brackets.

b standard deviations of the runs are in parentheses.

€ sc lattice values are from Reference 31.
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Table 4. Values of the Relaxation Time of the Third Normal

Mode, t(L,3),

for cChains With

[and Without] the

Excluded Volume Constraint as a Function of Chain

Length, L, and Lattice Type.2:P/C

Chain
Length sc
11 1.264
[.904]
23 13.04
[7.408]
35 38.00
[17.86]
47 78.48
[33.68]
59 124.0
[(51.59]

Lattice Type

FCC

3.81 (.14)
[2.20 (.05)]

22.7 (1.2)
[9.23 (.17)]

60.7 (20.7)
[20.7 (1.2)]

125 (4)
[36.4 (1.8)]

200 (9)
[58.6 (1.7)]

4.21 (2.1)
[2.12 (.10)]

27.2 (8.5)
[8.52 (.25)]

68.3 (3.3)
[20.1 (1.0)]

139 (10)
[37.5 (2.2)]

228 (13)
[55.6 (2.2)]

2 values of t(L,3) for chains without the excluded

volume constraint are in brackets.

b standard deviations of the runs are in parentheses.

C sc lattice values are from Reference 31.
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Figure 10. Semi-log plot of the autocorrelation function of
the end-to-end vector vs. time for a chain of length L=59
placed on a FCC lattice without the excluded volume
constraint.
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the end-to-end vector of a chain of length L=59 placed on a
BCC lattice with the excluded volume constraint.
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are about same the for all three lattice models when
excluded volume is absent. In the presence of excluded
volume, the chains of the SC model relax the most quickly,
while the BCC model gives the longest relaxation times.

In order to test the dynamic scaling hypothesis, the
mean-square end-to-end distance, <R2>, was also found for
chains of various lengths. The values obtained for <R2?> are
listed in Table 5 (p 87). Using these values, the static
scaling exponent, 2v, was found for each model, and the
results are listed in Table 6 (p 88). The values found for
2v are about 1.0 in the absence of excluded volume. This is
in good agreement with the Rouse model. In the presence of
excluded volume, 2v is approximately 1.2, the value
predicted by the scaling arguments given in Chapter I,
Section B. Note: For chains obeying the excluded volume
restriction, the relaxation times for chains of length IL=11
were not used to calculate the scaling exponents, 2v, w, and
a(k) because this chain was apparently too short to give
good asymptotic scaling. The evidence for this will be
presented later.

From the data for the relaxation times of the end-to-
end vector, the values for the scaling exponent, w, defined
by Equation 40 (p 48) have been found for each lattice both
in the absence and presence of excluded volume. These values
are listed in Table 6 (p 88). In the absence of excluded

volume, the resulting values are, within the limits of the
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Table 5. Values of the Mean-Squared End-to-End Distance,

<R2>, for Chains With [and Without] the Excluded
Volume Constraint as a Function of Chain Length and

Lattice Type.2:P/C

Chain Lattice Type
Length sc FCC BCC
11 18.9 (.1) 16.4 (.3) 17.4 (.4)
[11.1 (.5)] [10.9 (.3)] [(11.1 (.5)])
23 46.2 (23.4) 39.8 (22.4) 41.8 (23.2)
[23.4 (.4)] [22.4 (.6)] [23.2 (1.4)]
35 76.2 (2.2) 65.9 (1.6} 66.8 (1.5)
[36.1 (.1)] [34.9 (1.5)] [33.4 (.7)]
47 108 (3.2) 91.7 (1.3) 96.1 (3.3)
[48.8 (1.9)] [46.9 (.8)] [47.1 (2.0)]
59 140 (6) 121 (4.7) 122 (4)
[60.1 (3.3)] [57.5 (.5) [567.2 (.7)]

2 values of <R?> for chains without the excluded

volume constraint are in brackets below the respective entry

for chains with excluded volume.

b standard deviations of the runs are in parentheses.

C sc lattice values are from Reference 30.
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Table 6. Values of the Scaling Exponents for Chains With

(and Without) the Excluded Volume Constraint as a

Function of Lattice Type.2:/P/C

Lattice Scaling Exponent
Type 2v w a(l) a(2) a(3) w=2v a(l)-2v
SC 1.18 2.13 2.13 2.30 2.41 .95 .95

(1.01) (1.88) (1.95) (2.14) (2.07) (.87) (.94)

FCC 1.17 2.25 2.21 2.27 2.33 1.08 1.04
(1.00) (1.98) (1.99) (1.97) (1.95) (.98)  (.99)

BCC 1.14 2.27 2.21 2.18 2.27 | 1.13 1.07
(.98)  (1.98) (1.95) (1.95) (1.97) (1.00) (.97)

2 values of the scaling exponents for chains without
the excluded volume constraint are in parentheses below the

values for the chains with excluded volume.

b Values of 2v and w for the SC lattice are from

Reference 30.

€ Values of a(l), a(2), and a(3) for the SC lattice

are from Reference 31.




study, equal to the Rouse prediction of w=2.0. This is not
surprising since Iwata and Kurata have analytically proven
that a continuum model with Rouse-like, elementary motions
gives the Rouse result in the absence of excluded volume.22
Therefore, the results here merely show that no exotic
dynamic features were accidentally included in the models.
In the presence of excluded volume, the values of w are
quite close to the value of 2.2 predicted by the scaling
arguments of deGennes which were discussed earlier.?

The scaling exponents, a(k) defined by Equation 53 (p
74) were obtained from the relaxation times of the normal
modes and are also listed in Table 6 (p 88). In the absence
of excluded volume, the values of a(k) are, within the
limits of this study, equal to the Rouse theory’s prediction
of 2.0. In the presence of excluded volume the values of
a(l) are quité close to the deGennes’ scaling predictions of
2.2. The values obtained for dynamic scaling exponents, w
and a(l), and the static scaling exponent, 2v, showed good
agreement with the dynamic scaling hypothesis, Equation 10
(p 11). For each lattice, it is found that a(l)-2v and w-2v
are close to 1.0, the value predicted by the dynamic scaling
hypothesis. This can be seen in the last two columns of
Table 6. This is true for chains with and without the
exc;uded volume constraint.

The values for the higher modes show a(k) increases

with k. This was observed previously for the SC lattice.31
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Increasing values of a(k) indicate that short range motions
are relaxing more slowly relative to long range motions as
chain length increases. If the dynamic scaling hypothesis
correctly describes the motions of the internal segments,
then as the chain length is increased, the short range
segments of the chain must be increasing in length at a
faster rate than the longer segments. This obviously cannot
be the case for asymptotically long segments, but it may be
possible for the short chains used here. It is worth noting
that Curro and Schaefer?® have observed that short range
segments are more expanded than long range segments. This
observation is in agreement with the predictions Fixman
obtained using perturbation treatments,46 but is contrary to
the predictions of the blob model that predict short
segments to be contracted in the manner of a random walk.’
Unfortunately, it is not known how the expansion changes
with chain length for the models studied in this work. This
is a matter which deserves further study.

There appears to be some difference between the
values of a(k) obtained for the SC lattice and those
obtained for the others, particularly for the higher modes.
There may be larger sources of statistical errors in the
earlier study, but it is more likely that this is due to the
short chain lengths used and the fact that the two-bead
crankshaft motions may be too close in size to the range of

motion being probed by the higher modes.
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The reason for this is that the k’th mode probes
motions with a range of approximately L/k bonds. For the
third mode in a chain of L=11, we have L/k<4. The crankshaft
motion involves the movement of three bonds, and therefore
the third mode in a chain of 11 would be examining motions
on the same length scale as the elementary motions. It is
for this reason that the relaxation time of the third mode
was not used to calculate the scaling exponent, b(11l), in
the simple cubic lattice.31

The scaling exponents, b(L), defined by Equation 54
(p 74), are listed in Table 7 (p 92). From the data it can
be seen that there is no obvious lattice dependence for
these values with the possible exception of the shortest
chain lengths. For the short chains the b(L) values obtained
for the SC model are higher than those of FCC and BCC
models. Agéin this is 1likely to be due to the crankshaft
motion being too close in size to the range of motion being
probed by the normal modes. In the shorter chains, the
values of b(L) decrease with increasing L. If short-range
segments are expanding faster than long range segments with
increasing chain 1length, then this observation would be
consistent with the dynamic scaling hypothesis. The decrease
in b(L) with increasing chain length seems to disappear for
the longer chains.

To determine how well the data for the simulations

with the excluded volume constraint fit the scaling
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Table 7. Values of the Scaling Exponent, b(L), for cChains
With (and Without) the Excluded Volume Constraint

as a Function of Chain Length, I, and Lattice

Type.a'b
Chain T Lattice Type
Length sC FCC BCC
T 2.47 (2.50)  2.27 (1.96) 2.29 (2.21)
23 2.38 (2.13) 2.19 (1.98) 2.16 (1.99)
35 2.18 (2.07) 2.15 (2.05) 2.22 (1.98)
47 2.12 (2.02) 2.07 (1.96) 2.15 (1.93)
59 2.14 (2.07) 2.12 (2.05) 2.13 (1.99)

@ values of b(L) for chains without the excluded

volume constraint are in parentheses.

b SC lattice values for b(L) are from Reference 31.
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relation given by Equation 25 (p 13) we define the constant
which satisfies the equality suggested by the equation as
A(L, k) = xP(D)/(e(r,xyra(k)y (56)
A(L,k) is plotted verses L and k for both the FCC and BCC
lattices in Fiqgures 16-19 (pp 94-97). a(k) was set to the
value predicted by deGennes of 2.2. b(L) was set to the
value which best seemed to fit the data for long chains. For
the FCC lattice this was 2.11, and for the BCC lattice this
was 2.14. From the figures, it can be seen that the scaling
exponents fit the data quite well. The values of A(k,L) show
relatively little dependence on k or L. The one exception to
this is the data obtained for chains of length, L=11,
obeying the excluded volume restriction. Since these chains
appear to be too short to give good asymptotic scaling, the
chains of length, L=11, were not used to fit the scaling
exponents, 2v, w, and a(k), for either the FCC or BCC model.
The near constant values of A(L,k) obtained indicate that
the chains are long enough to give a fair estimate of the
asymptotic values of the scaling exponents. Similar results
were found for the SC model. For a comparison of these
figures with the figures obtained for the SC lattice see
Reference 30.
The results above indicate the lattice models

give data in agreement with bead-spring predictions, that
are consistent with one another, and can give values close

to that of an asymptotically long chain. The simulations
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Figure 16. A(L,k) as a fuction of chain length L, for the
data obtained from the athermal FCC model.
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Figure 17. A(L,k) as a function of chain length, L, for the
data obtained from the athermal BCC model.

k=1(@®), 2(Q), and 3(A).
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Figure 18. A(L, k) as a function of the mode number, k,
the data obtained from the athermal FCC model.

L=11(m), 23(@®), 35(A), 47(Q), and 59(0).
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Figure 19. A(L,k) as a function of the mode numbper,
the data obtained from the athermal BCC model.

L=11(W), 23(@®), 35(A), 47(A), and 59(Q).
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required only small amounts of computer time and therefore
there appear to be no obvious problems with extending these
simulations to include temperature (solvent) effects. The
next step is to include a square-well potential between non-
bonded beads of the FCC and BCC models. Data generated using
these two lattice models and the previously developed SC
model of Naghizadeh and Kovac34/35 yill be used to
investigate polymer dynamics in good, theta, and poor
solvent conditions. Of particular interest is testing the
usefulness of bead-spring models in describing the dynamics
of chains under these solvent conditions, and whether the
models will give results that are consistent with one

another.

B. The Good and Theta Solvent Regime

Simulations were conducted for chains of 24, 36, 48,
60, and 72 beads for the thermal SC and FCC models. 25,000
and 20,000 samples were recorded for the SC and FCC models
respectively in each computer run. At least three runs were
performed to obtain an average for each item of data. The
nearest-neighbor potential, Ep, was varied over a wide range
of values, including repulsive potentials. The relaxation
times were ;btained from the autocorrelation functions of
the mean end-to-end vector and the first three normal modes.
Some typical autocorrelation functions are shown for chains

of length L=59 in Figures 20-27 (pp 99-106) for both models.
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The average values found for the relaxation times and the

mean square-end-to-end distance are shown in Tables 8-12 (pp
108-112) for the SC chains at a variety of values of E.
where E,. has been previously defined as the negative of the
minimum of the square-well potential divided by kgT. E, is
referred to here as the reduced potential. Likewise the
values of the relaxation times and the mean square end-to-
end distance for the FCC model are listed in Tables 13-17
(pp 113-117).

In the good solvent regime, the relaxation times
decrease with increasingly attractive pair interactions.
This can be easily understood in terms of the dynamic
scaling hypothesis. The attractive interactions reduce the
chain’s dimensions and therefore the relaxation times.
However, the data shows that when the attraction becomes
strong enough, the relaxation times of the third mode begin
to increase for both the SC and FCC lattices.

To test the dynamic scaling hypothesis, the mean-
square end-to-end distances for the chains were used to find
the static scaling exponents, 2v, for each potential and
lattice model. The values of 2v are given in Tables 18 and
19 for the SC and FCC models respectively. Likewise, the
relaxation times were used to find the dynamic scaling
exponents a(k) and w. Tﬁese exponents are also found in
Tables 18 (p 118) and 19 (p 119).

In the last two columns of the table the values of w-
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Table 8. Data for the Chain Length L=23 for the SC Model as

a Function of the Reduced Pair Potential, Er.aﬂb

E, <R2> tp(23)  t(23,1) t(23,2) t(23,3)

-.20 53.7 315 317 70.0 27.1
(.4) (5) (9) (2.7) (.6)

-.10 51.4 328 326 66.4 26.0
(1.2) (23) (26) (1.8) (.7)

0.00 48.4 257 268 65.1 26.5
(.5) (33) (28) (5.9) (1.0)

.10 45.2 255 284 65.4 25.9

(.9) (21) (14) (4.1) (1.8)

.20 40.9 244 244 61.3 25.4

(.9) (37) (31) (4.0) (.8)

.30 36.8 220 229 60.4 28.1

(.7) (17) (17) (2.1) (1.5)

.32 36.1 209 216 63.8 29.8

(.4) (11) (10) (2.7) (1.8)

.34 35.0 210 216 62.7 29.9

(.7) (6) (11) (4.0) (1.5)

.36 34.0 209 220 65.3 31.1

(.9) (18) (15) (5.0) (2.1)

.38 33.1 204 216 66.0 32.2

(.9) (16) (16) (4.7) (2.2)

.40 31.9 190 209 64.3 31.8

(1.4) (63) (16) (3.5) (1.4)

.50 26.3 163 186 75.8 39.0

(.8) (8) (8) (7.1) (2.3)

Acr2> data for the values of ER = 0.0, .10, and .20

was obtained from data collected for References 34 and 35.

b standard deviations of thé runs are in parentheses.
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Table 9. Data for the Chain Length I=35 for the SC Model as

a Function of the Reduced Pair Potential, ER.a'b

E, <R%> tp(35) t(35,1) t(35,2) t(35,3)
-.20 90.7 930 921 187 76.9
(2.8) (100) (87) (10) (4)

-.10 87.8 770 785 177 70.0

(3.1) (74) (80) (22) (5.2)

.00 79.6 704 722 173 72.0

(3.2) (33) (29) (5.9) (1.0)

.10 73.3 725 708 166 66.4

(3.3) (130) - (100) (4) (1.8)

.20 65.7 572 591 149 66.5

(1.8) (69) (67) (11) (4.9)

.30 55.8 547 562 156 70.5

(1.3) (17) (17) (2) (1.5)

.32 54.3 504 542 158 71.0

(1.7) (17) (30) (11) (3.9)

.34 52.5 489 516 156 74.3

(2.1) (26) (30) (11) (5.1)

.36 53.1 487 496 160 74.9

(2.2) (51) (37) (22) (3.4)

.38 47.7 464 491 156 81.0

(2.0) (21) (23) (6) (5.5)

.40 46.5 450 490 156 77.9

(2.4) (37) (28) (9) (4.5)

.50 36.2 390 442 178 94.1
(2.1) (47) (47) (7) (20)

acr2s data for the values of Ep = 0.0, .10, and .20

was obtained from data collected for References 34 and 35.

b standard deviations of the runs are in parentheses.
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Table 10. Data for the Chain Length L=47 for the SC Model as

a Function of the Reduced Pair Potential, ER.a'b
E, <R%> tp(47)  t(47,1)  t(47,2) t(47,3)
-.20 129 1750 1750 352 142
(2) (170) - (170) (14) (2)
-.10 120 1650 1630 336 139
(3) (130) (340) (15) (4)
.00 114 1260 1320 317 134
(7) (50) (110) (26) (17)
.10 105 1230 1230 301 122
(3) (110) - (93) (14) (3)
.20 90.2 1040 1080 293 125
(6.4) (50) (30) (13) (7)
.30 77.5 993 1010 288 137
(4.4) (142) (110) (22) (8)
«32 74.6 928 975 283 130
(1.5) (64) (53) (11) (6)
.34 68.0 899 949 299 141
(98) (90) (28) (28) (8)
.36 66.8 855 910 270 148
(1.1) (51) (25) (15) (10)
.38 62.8 855 928 300 151
(2.2) (65) (58) (16) (7)
.40 60.9 812 879 289 146
(4.1) (66) (70) (9) (7)
.50 41.4 601 720 358 195
(1.9) (61) (32) (23) (19)

a<R2> data for the values of Eg = 0.0, .10, and .20

was obtained from data collected for References 34 and 35.

P standard deviations of the runs are in parentheses.
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Table 11. Data for the Chain Length L=59 for the SC Model as

a Function of the Reduced Pair Potential,-ER'.a'b

E, <R%> tp(59)  t(59,1) t(59,2) t(59,3)
-.20 172 2900 2860 574 237
(3.6) (220) (200) (20) (16)
~.10 157 2270 2340 539 219
(1.4) (110) (170) (24) (4)
.00 153 2270 2260 553 225
(7) (110) (180) (22) (15)
.10 139 1930 1940 499 211
(3) (100) (90) (36) (10)
.20 115 1910 1920 475 210
(3.8) (190) (180) (52) (10)
.30 95.6 1560 1620 428 223
(4.6) (150) (150) (16) (11)
.32 92.0 1480 1540 466 215
(1.8) (210) (160) (25) (9)
.34 80.7 1440 1520 468 226
(1.7) (110) (90)  (22) (25)
.36 80.9 1400 1450 473 241
(2.1) (90) (60) (17) (18)
.38 77.3 1320 1420 451 235
(2.7) (90) (90) (14) (9)
.40 71.2 1260 1360 473 247
(3.8) (90) (80) (35) (22)
.50 47.7 928 1220 537 330
(2.2) (28) (61) (37) (39)

a<R2> data for the values of Eg = 0.0, .10, and .20

was obtained from data collected for References 34 and 35.

b standard deviations of the runs are in parentheses.
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Table 12. Data for the Chain Length L=71 for the SC Model as

a Function of the Reduced Pair Potential, Eg.2

E, <R2> tp(71)  t(71,1)  t(71,2) t(71,3)
-.20 216 4310 4300 920 367
(430) (430) (220) (30) (10)
-.10 201 3670 3660 855 345
(4) (170) (100) (24) (8)
.00 — 3780 3740 788 335
(240) (190) (68) (16)
.10 -— 3370 3400 747 331
(210) (230) (40) (16)
.20 -— 2770 2830 675 283
(145) (165) (35) (47)
.30 114 2320 2400 677 322
(4) (120) (140) (22) (19)
.32 112 2150 2230 688 328
(1) (150) (150) (55) (20)
.34 106 2070 2190 651 328
(5) (270) (240) (29) (13)
.36 96.3 1940 2051 684 335
(1.5) (140) (150) (28) (18)
.38 89.6 1900 2110 664 361
(3.1) (200) (160) (40) (30)
.40 82.1 1870 2090 688 390
(2.5) (160) (150) (74) (29)
.50 51.2 1160 1550 822 510
(2.2) (100) (110) - (68) (24)

2 standard deviations of the runs are in parentheses.
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Table 13. Data for the Chain Length I=23 for the FCC Model

as a Function of the Reduced Pair Potential, Er.a

<R%> tp(23)  t(23,1) t(23,2) t(23,3)
44.5 400 403 82.1 29.9
(1.4) (84) (80) (5.7) (.7)
43.1 327 330 75.6 28.2
(1.1) (18) (19) (4.3) (1.4)
39.3 323 310 70.1 26.6
(1.4) (29) (13) (4.6) (1.0)
36.1 302 308 68.2 27.9
(.5) (33) (20) (3.4) (1.0)
33.5 249 255 66.7 26.0
(1.5) (19) (18) (4.2) (2.7)
31.3 254 259 61.8 28.5
(.8) (18) (20) (3.1) (2.3)
29.6 231 228 63.4 27.3
(1.3) (13) (26) (5.5) (2.1)
26.9 201 216 66.8 28.8
(1.1) (19) (24) (7.2) (1.5)
26.2 203 217 61.1 27.9
(.3) (9) (7) (4.3) (-4)
24.1 191 207 65.3 30.1
(.6) (16) (22) (.8) (2.7)
20.3 160 183 65.1 37.8
(.9) (12) (18) (7.2) (4.3)

2 standard deviations of the runs are in parerntheses.
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Table 14. Data for the Chain Length L=35 for the FCC Model

as a Function of the Reduced Pair Potential, Er.a

E, <R2> tp(35)  t(35,1) t(35,2) t(35,3)
-.10 77.2 895 925 220 83.6
(4.0) (95) (101) (8) (5.3)
-.05 71.8 790 832 189 81.9
(2.1) (37) (43) (6) (4.3)
0.00 65.6 823 873 177 74.9
(1.9) (35) (29) (17) (1.1)
.05 58.4 698 700 175 75.5
: (1.7) (45) (47) (9) (4.0)
.10 51.5 586 593 155 69.1
(2.2) (28) (17) (15) (7.5)
.12 48.5 614 621 161 71.5
(1.8) (44) (54) (13) (4.2)
.14 45.5 531 567 158 72.8
(.7) (88) (84) (10) (4.7)
.16 41.2 459 490 156 74.3
(1.7) (15) (21) (11) (7.5)
.18 40.3 553 584 155 72.4
(1.7) (40) (46) (17) (6.1)
.20 36.3 450 502 154 72.2
(1.1) (19) (35) (10) (7.0)
.25 26.8 348 447 181 100
(1.9) (36) (44) (22) (19)

8 standard deviations of the runs are in parentheses.
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Table 15. Data for the Chain Length 1=47 for the FCC Model

as a Function of the Reduced Pair Potential, Er.a

E, <R2> tp(47)  t(47,1)  t(47,2) t(47,3)
-.10 102 1940 1900 423 166
(3) (230) (200) (53) (9)
-.05 97.2 1620 1620 412 158
(3.6) (220) (200) (30) (17)
0.00 92.8 1490 1500 341 152
(1.1) (130) (180) (18) (7)
.05 85.8 1240 1280 342 138
(1.1) (46) (63) (26) (3)
.10 72.2 1140 1120 301 136
(2.0) (80) (70) (20) (15)
.12 67.1 1060 1090 286 130
(3.2) (178) (210) (34) (10)
.14 60.2 977 1050 285 139
(1.9) (128) (60) (11) (3)
.16 70.0 953 1020 268 137
(2.4) (59) (100) (5) (5)
.18 50.2 794 850 287 144
(3.2) (63) (17) (21) (8)
.20 43.4 720 794 291 149
(2.5) (29) (46) (7) (9)
.25 32.2 553 698 283 170
(-.8) (51) (92) (16) (19)

2 standard deviations of the runs are in parentheses.




Table 16. Data for the Chain Length L=59 for the FCC Model

as a Function of the Reduced Pair Potential, Er.a

E, <R?> tp(59)  t(59,1)  t(59,2) t(59,3)
-.10 145 3060 2970 669 290
(8) (370) (300) (63) (8)
-.05 135 2900 2950 634 263
(5) (440) (340) (47) (18)
0.00 121 2760 2440 597 238
(2) (160) (250) (90) (17)
.05 113 2420 2470 520 243
(5) . (210) (130) (59) . (5)
.10 93.2 1880 1870 491 224
(2.3) (230) (180) (18) (15)
.12 85.6 1860 1900 474 210
(1.3) (250) (190) (28) (15)
.14 79.7 1550 1600 447 215
(3.9) (120) (90) (29) (9)
.16 70.0 1600 1620 469 221
(2.5) (210) (200) (18) (16)
.18 60.4 1200 1300 447 217
(2.0) (120) (70) (34) (12)
.20 52.7 1120 1250 428 235
(2.5) (29) (46) (21) (3)
.25 33.2 714 943 454 304
(1.2) (37) (64) (26) (30)

3 standard deviations of the runs are in parentheses.
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Table 17. Data for the Chain Length I=71 for the FCC Model

as a Function of the Reduced Pair Potential, Er.a

E, <R3> tp(71)  £(71,1)  £(71,2) t(71,3)
-.10 176 4250 4440 1100 437
(5) (1100) (990) (45) (22)
-.05 168 4030 4100 969 395
(11) (530) (480) (80) (33)
0.00 154 3920 3810 887 387
(7) (600) (350) (31) (38)
.05 138 3250 3370 829 355
(2) - (190) (130) (32) (24)
.10 114 2890 3070 714 308
(5) (270) (220) (30) (23)
.12 97.4 2350 2520 721 339
(5.7) (150) (140) (29) (19)
.14 93.8 2350 2390 682 310
(6.0) (160) (170) (34) (12)
.16 83.7 2110 2200 696 306
(3.7) (170) (110) (47) (14)
.18 67.8 1680 1900 636 363
(3.2) (160) (140) (43) (27)
.20 58.7 1490 1710 647 380
(.8) (120) (130) (37) (28)
.25 34.8 860 1250 660 394
(1.9) (100) (100) (52) (16)

2 standard deviations of the runs are in parentheses.
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Table 18. Values of the Scaling Exponents 2v, w, and af(k)
as a Function of the Reduced Pair Potential, Ex,

for the SC model.

.20 2.17 2.18 2.15 2.16 1.10 1.07 1.08

.30 2.08 2.07 2.11 2.18 l1.01 1.07 1.06
.32 2.07 2.06 2.10 2.12 1.00 1.07 1.06
.34 2.04 2.05 2.09 2.13 .98 1.06 1.07
.36 1.99 1.99 2.08 2.14 .93 1.06 1.07
.38 1.98 2.02 2.05 2.13 .89 1.09 1.13
.40 1.92 2.02 2.08 2.15 .84 1.08 1.18
.50 1.74 1.90 2.12 2.30 -——- - ———
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Table 19. Values of the Scaling Exponents 2v, w, and a(k)
as a Function of the Reduced Pair Potential, Ex,

for the FCC model.

E,. 2v w a(l) a(2) a(3) w=2v a(l)-2v
.10 2.15  2.15  2.27  2.39 1.2z .93 .93
-.05 2.28 2,27 2.28 2.33 1.20 1.08 1.07
0.00 2.23 2.18 2.26 2.35 1.21 1.02 .97

.05 2.15 2.13 2.19 2.26 1.20 .95 .93

.12 2.01 2.05 2.16 2.17 1.03 .98 1.02
.14 2.05 2.07 2.09 2.15 1.03 1.02 1.04

.16 2.15 2.11 2.07 2.11 1.01 1.14 1.10

.18 1.82 1.86 2.08 2.24 .84 .98 1.02
.20 1.82 1.86 2.07 2.24 .78 1.04 1.08
.40 1.92 2.02 2.08 2.15 .84 1.08 1.18
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2v and a(l)-2v are listed. According to the dynamic scaling
hypothesis these values should be equal to 1.0. It can be‘
seen that the data gives values very close to the predicted
value of 1.0 for repulsive potentials and temperatures above
the theta point. Therefore, it seems that the dynamic
scaling hypothesis holds quite well for extended chains.

Below the theta point the data for the mean-square
end-to-end distance did not fit the static scaling law given
by Equation 14 (p 12) well and therefore no value is given
for 2v. The absence of a good scaling relation for <R?> just
below the theta point has been reported before and other
researchers’ data suggests that the radius of gyration may
be a more useful measure of a chain’s dimensions below the
theta point.37'68 This should be investigated in future
work.

Mazur and McCrackin had previously found that the
static scaling exponent, 2v, found for the FCC and SC
lattice models was the same for a given value of q*Er.11 We
find that this is true for the data collected in this study
as can be seen from Figure 28 (p 121). Since the chains obey
the dynamic scaling hypothesis in the good solvent region,
this implies that a(k) values obtained for the two lattices
are also equal for a given value of q*E,.. From Figure 29 (p
122), we can see this graphically. Since the models have the
same scaling behavior for a given value of g*E,, this

quantity is referred to here as the effective potential.
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The values of a(k) increase with increasing k for
both lattice models. There are a few exceptions to this
rule, but these are almost certainly the result of
statistical scatter. The increase of a(k) with k was
previously observed for the athermal models. In good solvent
conditions, the differences between a(l), a(2), and a(3)
found here are about the same magnitude as was found for the
athermal model. In terms of the dynamiclscaling hypothesis,
the increase of a(k) with k would mean that short segments
are increasing in scale at a faster rate than the longer
segments when the chain is increased in length. This is not
possible for infinitely long chains, but cannot be ruled out
for the short chains used in this study.

The two models give a(k) values with very different
behavior below the theta point. As the attraction increases,
the SC lattice value of a(3) increases sharply, while a(2)
shows a small increase, and a(l) continues to decrease. For
the FCC model a(l) and a(2) decrease, while a(3) remains
approximately constant.

Monte Carlo studies of highly concentrated systems
have shown that increasing density causes an increase in
a(k).57'58 This increase is particularly great for the SC
lattice since its crankshaft motions are frozen out at high
concentration. Still, concentration effects cannot fully
account for the observed behavior of a(k). The chains being

studied here are not very collapsed since we are observing
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conditions near the theta point. Also, the high
concentration studies have shown that increasing
concentration effects all a(k) in approximately the same
manner.

Short range expansions of the chains which increase
in scale more rapidly than the overall chain dimensions as
the chain length is increased could also account for these
observations, but it is unlikely that any such thing would
happen. Such an expansion could not occur as the chain
became infinitely long. To explain the data observed here,
it would require that the chain lengths used here were of a
particularly short magnitude for which this expansion
occurs. If there was little difference between a(l), a(2),
and a(3), then this may be credible, but not for the large
differences seen here, especially since the chains used here
are of similar length. It is also debatable as to whether
short range expansions occur below the theta point. In Curro
and Schaefer’s study, there was no expansion observed for a
chain just below the theta temperature.45 For future work it
would be interesting to see how the internal segment
distnaces scale in comparison with the overall chain
dimensions for these chain lengths and potentials.

The most likely cause for the k dependence of a(k)
observed in the theta region is the effect of the increasing
attractions on the lifetime of pair contacts. As the

attraction increases the mean lifetime of a pair contact
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should also increase. If the mean lifetime of a pair contact
begins to approach the relaxation time of a normal mode,
then the relaxation time of that normal mode should begin to
increase dramatically. This is the physical basis of the
concept of gel modes given by Brochard and deGennes.l Gel
modes may explain much of the difference between the values
of a(k) obtained for the different lattices since the two-
bead, crankshaft motions of the SC model are likely to be
somewhat more effected by long pair lifetimes than single
bead motions.

The values obtained for t, and w below the theta
point are of debatable merit. As the theta point is passed,
the relaxation times of the normal modes begin to converge.
The relaxation of the end-to-end vector is the result of
contributions from the motion of all the modes. The linear
region from which its relaxation times are found should be
selected at long times since at long times the contributions
of all but the first mode have died out. If the relaxation
times of the modes are all approaching the same value, then
the linear region will occur at much longer times. Indeed it
was found that below the theta point the autocorrelation
functions of the end-to-end vector lose their linearity over
the region from which the relaxation times were calculated.

The relaxation times of the normal modes were also
used to obtain the values of the scaling exponent b(L).

These values are listed in Tables 20 (p 126) and 21 (p 127)
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Table 20. Values of the Scaling Exponent, b(L), as a
Function of Chain Length, L, and the Reduced Pair

Potential, E,, for the SC Model.

E, b(23) b(35) b(47) b(59) b(71)
-20 2.23 2.26 2.2 2.27 2.24
-.10 2.30 2.20 2.25 2.15 2.14
0.00 2.10 2.09 2.06 2.10 2.20

.10 2.17 2.15 2.09 2.10 2.13

.20 1.91 1.99 1.96 2.01 2.09

.30 1.91 1.89 1.80 1.78 1.79

.32 1.80 1.84 1.83 1.79 1.74

.34 1.80 1.76 1.73 1.73 1.73

.36 1.78 1.71 1.66 1.63 1.64

.38 1.73 1.64 1.65 1.64 1.61

.40 1.71 1.67 1.63 1.55 1.53

.50 1.41 1.40 1.17 1.19 1.00
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Table 21. Values of the Scaling Exponent, b(L), as a
Function of Chain Length, L, and the Reduced Pair

Potential, E,, for FCC Model.

E, b(23) b(35) b(47) b(59) b(71)
~.10 2.36 2.18 2.21 2.12 2.10
-.05 2.19 2.02 2.11 2.20 2.13
0.00 2.23 2.24 2.09 2.11 2.08

.05 2.19 2.02 2.01 2.13 2.05

.10 2.06 1.96 1.92 1.93 2.09

.12 2.02 2.00 1.93 2.00 1.83

.14 1.92 1.87 1.84 1.83 1.86

.16 1.82 1.71 1.84 1.81 1.78

.18 1.86 1.90 1.61 1.62 1.51

.20 1.75 1.76 1.52 1.52 1.37

.25 1.46 1.35 1.29 1.03 1.04

.50 1.41 1.40 1.17 1.19 1.00
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for the SC and FCC models respectively. For expanded chains,
the exponents for the two models are equal for a given value
of the scaled potential as is shown in Figure 30 (p 129).

From the figure, it can be seen that the SC model
gives smaller values of b(L) for a given value of g*E,. in
the theta region. The reason for this may simply be that the
crankshaft motions are rarely performed in the interior of a
somewhat collapsed chain, thus slowing the relaxations. The
motions in the interior of the coil are crucial for the
relaxation of the higher modes, but seem to be less
important to the relaxation of the first mode.

As the theta point is approached the values of b(L)
decrease for increasing L. Decreasing values of b(L)
indicate that the short range motions within the chain are
becoming more inhibited relative to the long range motions.
This is consistent with the concept of gel modes since the
longer chains have more nearest-neighbor pair contacts per
segment as a result of their comparatively smaller surface
area. Therefore, the gel mode hypothesis predicts that the
higher modes are particularly slow for the long chains. This
accounts for the decrease in b(L). This is not to imply that
the decrease in b(L) is a simple density effect. It has been
shown that b(L) is only weakly dependent on density and that
at high densities b(L) approaches the Rouse value of

2.0.97,58

Internal expansion effects are also unlikely to cause
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b(L) to decrease with increasing L. Curro and Schaefer
observed that internal segments of a given length are
approximately the same size as an isolated chain of the same
length for a chain just below the theta point, i.e. the
chain is self-similar. This indicates that the expansion
caused by the excluded volume condition has been effectively
overcome by the attractive interaction. If a chain is self-
similar, then the structure of the chain would affect all
ranges of motion in a similar manner.

The theta point is defined to be the temperature at
which a self-avoiding chain’s attractive self-interactions
cause it to behave as an ideal coil. It has been recognized
that it is unlikely a potential could be found at which all
the characteristics of an ideal chain would appear
simultaneously. Therefore, the term theta region has been
used to describe a temperature region where various of
characteristics of an ideal coil can be found. In this work
the theta point has been located for a number of different
properties.

For an ideal chain, the values of a(l), w, and 2v
should be equal to 2.0, 2.0, and 1.0 respectively. From
Tables 18 (p 118) and 19 (p 119), we find that for the FCC
lattice these characteristics occur at about q*E,=1.87,
while for the SC lattice these characteristics occur
approximately q*E,.=1.7. The reason for this difference is

not known. It seems odd that the more flexible of the two
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lattices would have the theta point requiring a greater
attractive force. The flexibility should allow its
dimensions to contract more easily since the correlation
~ between successive bond vectors will die off more quickly.
Therefore, it would seem that the difference in the observed
theta values is 1likely to be the result of statistical
errors inherent in any Monte Carlo study.

Another measure of the theta point is given by the
quantity <R2>/L. Domb and Fisher?3 have predicted that at
the theta point this quantity will be equal to 1.5 and 1.2
for self-avoiding chains on the SC and FCC lattices
respectively. This quantity is plotted vs. g*E, for the SC
and FCC lattices in Fiqures 31 (p 132) and 32 (p 133)
respectively. From the figures we find that the SC lattice
has its theta point value at g*E,.=1.7. For the FCC lattice
the theta point value occurs at g*E,=1.76.

The figures do not show any obvious chain length
dependence of the theta point. However, a previous study
using the SC model used center-of-mass diffusion data to
estimate the theta point for infinitely long chains to be
q*Er=1.5.35 For short chains, the study found the theta
point to be at g*E,=1.7 in agreement with the values
obtained in this work.

The previously mentioned measures of the theta point
all reach their theta point values at approximately the same

values of the scaled potential. Thus it is tempting to refer
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to a specific theta point rather than a theta region.
However, there are some obvious quantities which do not
reach their theta point values in this area. Both b(L) and
all a(k) values should be equal to 2.0 at the theta peint.
From the values of b(L) in Tables 20 (p 126) and 21 (p 127)
it can be seen that b(L) reaches its theta point value at
much less attractive interactions than the previously
discussed measures of the theta point. From Tables 18 (p
118) and 19 (p 119), it is apparent that as k increases,
a(k) reaches its theta point value of 2.0 at progressively,
less attractive potentials.

To show the approach to the theta point in terms of
the scaling exponents a(k) and b(L), plots were constructed
of a(k) vs. b, where b is the average of b(60) and b(72).
This was done for both the SC and the FCC data. Figures 33
(p 135) and 34 (p 136) show that the true Rouse spectrum of
dynamic scaling exponents is not even approximately obtained
by a single value of the pair potential. This shows that no
chain with excluded volume should be regarded és a truly
ideal chain.

The difference between the lattice models in the poor
solvent regime raises questions as to the credibility of the
results of either lattice model. Hopefully, the differences
are due to the two-bead elementary motions required for the
SC model. If this is the case, then the data obtained for

the FCC model may still provide an accurate representation
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of polymer dynamics in this regime. In order to investigate
this further, simulations should be performed for FCC and
BCC models. Since both of these models require only one-bead
elementary motions, the dynamics should be similar. If they
are not, it is unlikely that lattice models can provide
useful information on polymers in poor solvent conditions.
If the simulations provide similar results in this regime,
then they should provide evidence as to the existence of
gel modes. In the next section, the results obtained for
simulations in the poor solvent regime using the FCC and BCC

models are presented.

C. The Poor Solvent Regime

Simulations were conducted using the thermal FCC and
BCC models for chains of 24, 36, 48, and 60 beads, at three
potentials below the theta point. 30,000 sample coordinates
were recorded in each computer run. The relaxation times
were obtained from the autocorrelation functions of the
first three normal modes. Each relaxation time reported here
is the average of the values obtained from four runs.
Typical plots of the autocorrelation functions are shown in
Figures 35 (p 138) and 36 (p 139) for a chain 24 beads.

The average values for the relaxation times are found
in Tables 22-24 (pp 140-142). For both 1lattices the
relaxation times are increasing in value for both the second

and third modes. The relaxation times for the first mode
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Table 22. Relaxation Times of the First Three Normal Modes,
t(L,k), as a Function of Chain Length, L, for the

FCC [BCC] Model Obtained at g*E,.=2.75.3/0/C

Chain
Length t(L,1) t(L,2) t(L,3)
23 180 (5) 64.4 (1.8) 33.6 (.5)
[212 (23)] [79.5 (3.1)] [42.2 (2.1)]
35 399 (12) 157 (3) 88.4 (3.0)
[511 (54)]) [197 (13)] [110 (4)]
47 641 (30) 285 (10) 173 (2)
[815 (53)] [363 (30)] [208 (12)]
59 920 (11) 471 (12) 288 (9)
[1230 (110)] [546 (29)] [353 (18)]

8 vValues of the relaxation times for the BCC model
are listed in brackets below the respective values obtained

for the FCC model.

b standard deviations of the runs are in paretheses.
€ E, is the reduced pair potential and g is the

coordination number of the lattice minus one.
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Table 23. Relaxation Times of the First Three Normal Modes,

t(L,k), as a Function of Chain Length, L, for the

FCC [BCC] Model Obtained at g*E,=3.30.2/0/C

Chain
Length t(L,1) t(L,2) t(L,3)
23 167 (7) 69.2 (1.2) 38.7 (.7)
[211 (11)) [(85.8 (2.2)] [47.9 (3.7)]
35 346 (7) 172 (7) 107 (1)
[418 (48)] [215 (11)] [138 (5)]
47 540 (38) 311 (15) 216 (4)
[697 (20)] [414 (14)] [273 (9)]
59 819 (19) 510 (28) 360 (13)
(956 (46)] [658 (36)] [467 (33)]

2 vValues of the relaxation times for the BCC model
are listed in brackets below the respective values obtained

for the FCC model.

b standard deviations of the runs are in parentheses.
c E, is the reduced pair potential and q is the

coordination number of the lattice minus one.
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Table 24. Relaxation Times of the First Three Normal Modes,

t(L,k), as a Function of Chain Length, L, for the

FCC [BCC] Model Obtained at g*E,=3.85.3/P/C

Chain
Length t(L,1) t(L,2) t(L,3)
23 154 (4) 76.1 (2.8) 46.0 (.9)
[197 (10)] [95.5 (5.3)] [58.2 (3.5)]
35 324 (11) 196 (5) 137 (7)
[400 (26)] [230 (26)] [167 ¢8)]
47 522 (26) 353 (12) 273 (273)
[629 (45)] [490 (26)] [384 (15)]
59 792 (13) 627 (26) 460 (13)
(1080 63)] (812 (80)] [633 (31)]

3 values of the relaxation times for the BCC model
are listed in brackets below the respective values obtained

for the FCC model.

b standard deviations of the runs are in parentheses.

€ gy 1is the reduced pair potential and g is the

coordination number of the lattice minus one.
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show a slight decrease. The convergence of the relaxation
times of the modes indicates that the chain is behaves very
much like a single, solid unit.

The fact that the relaxation times are converging
towards one another raises the question of whether
correlations are developing between the motions of the
modes. Verdier had reported that the normal modes of his
model had correlations between the motions of the modes, and
therefore did not give linear plots of In{F(t)} vs. t. To
investigate this possibility, the average of the cross-
correlation between modes, <Ui(°)Uj(°)>' was calculated.
This had previously been done for the athermal SC model of
Gurler et al.31 The earlier study had found no cross-
correlation between the modes. In this work, it was found
that the cross-correlation between the modes was
statistically equal to zero for all the data studied below
the theta point. This means that the normal modes are still
a good set of coordinates for studying dynamics below the
theta point.

The relaxation times were fit to the scaling law
given by Equation 53 (p 74) to give the scaling exponents,
a(k). There is no lattice dependencg.found for the data as
the values of a(k) obtained from each model are
approximately equal for a given value of the effective
potential, g*E,.. This can be seen from Figure 37 (p 144) and

Table 25 (p 145).
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Table 25. The Scaling Exponents a(k) for the FCC (BCC) Model

as a Function of q*Er.a'b

q*E,. a(l) a(2) a(3)
2.75 1.73 2.10 2.28
(1.85) (2.06) (2.25)
3.30 1.67 2.11 2.37
(1.62) (2.17) (2.41)
3.85 1.73 2.12 2.57
(1.77) (2.29) (2.57)

@ values of the relaxation times for the BCC model
are listed in parentheses below the respective values

obtained for the FCC model.

b E, is the reduced pair potential and g is the

coordination number of the lattice minus one.




The values obtained for a(l) are quite close to 5/3.
The dynamic scaling hypothesis predicts this value for
collapsed chains since for such chains 2v=2/3.
Unfortunately, the chains studied did not give a good fit
for the scaling law relating <R%> and L. This has been
observed previously.35'37'68 For future work, the radius of
gyration may be the more appropriate measure of a collapsed
chains dimensions at least in terms of scaling. Previous
studies have suggested this.37/68

The data shows large differences in a(l), a(2), and
a(3) values for a given potential, such that a(k) increases
with increasing k. This indicates that the relaxation of the
short range motions are becoming more inhibited relative to
the long range motions as the chain length increases. If
this is to be explained by application of the dynamic
scaling hypothesis to the internal motions of the chains,
then the dimensions of internal segments must be scaling
faster than the overall chain dimensions as the chain length
is increased. It seems unlikely that differences in the
chains’ internal expansions large enough to account for the
differences found in a(k) values could occur for chains of
such similar length. |

Furthermore, Curro and Schaefer have observed that
the internal segments of the chains have the same dimensions
as an isolated chain just below the theta point.45 This lack

of internal expansion may continue below the theta point. A
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study of internal chain expansions in the poor solvent
regime has not yet been done, but would be of some interest.

If the increase in a(k) with k cannot be explained by
internal expansions within the chains, neither can this
behavior be explained simply by the increasing density of
the chains. It has been found that a(k) increases for
increasingly dense systems, but the increase is
approximately the same for all values of k.>//58

It seems that the more likely explanation for the
observed increase of a(k) with k is the increase in the
lifetime of nearest-neighbor pair contacts for the
increasingly collapsed long chains. Brochard and deGennes
have predicted that as the mean lifetime of the contacts
approaches the relaxation time of a mode, the relaxation
time of that mode should increase dramatically, resulting in
the creation of what Brochard and deGennes have referred to
as gel modes.l In Table 26 (p 148) are 1listed the coil
densities as determined from the measurements of the mean-
square end-to-end distance by the equation

Cp = (3N/am<r2>"3/2, (57)
From the table it can be readily seen that the longer chains
are much more tightly coiled than the shorter ones, and
therefore should have long~lived nearest-neighbor contacts.
If Brochard and deGennes are correct, this would result
in unusually large values for the relaxation times of the

-higher modes in the longer (more dense) chains, which in
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Table 26. The Values obtained for the Mean Coil Densities,
Cps as a Fuction of Chain Length and the Effective

Potential, g*E,, for the FCC (BCC) Model.2/P

e 7275 TES0 IEp3-83
23 .0613 .0811 .1118
(.0580) (.0731) (.0986)
35 .0615 .0980 .1447
(.0567) (.0930) (.1384)
47 .0682 .1180 . .1839
(.0628) (.1078) (.1657)
59 .0773 .1370 .2087
(.0681) (.1355) (.1967)

a Cp Values for the BCC model are 1listed in

parentheses below the respective values obtained for the FcCC

model.

b E, is the reduced pair potential and gq is the

coordination number of the lattice minus one.
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turn implies an increase in a(k) with increasing k. The
large dependence of a(k) on k observed here is strong
evidence for the existence of these gel modes.

The relaxation times were also fit to the scaling
relation given by Equation 54 (p 74). The values of b(L)
obtained for the two models are listed in Table 27 (p 150)
and plotted vs. g*E,. in Figure 38 (p 151). From the figure
it is apparent that, within the limits of the study, the two
models give the same value of b(L) for a given value of the
scaled potential. We also see that as the attraction is
increased the dependence of b(L) on L increases; for larger
L, b(L) is smaller. This data indicates that the higher coil
densities result in greater inhibition of shorter range
motions relative to the longer range motions which is
consistent with the existence of gel modes.

A comparison of the b(L) values in Table 27 (p 150)
with the coil densities in Table 26 (p 148) shows a strong
correlation between b(L) and Cp- This is even more evident
in the plot of b(L) vs. Cp in Figure 39 (p 152). From the
plot it can be seen that there is a nearly linear
relationship between b(N) and Cp which is only weakly
dependent on chain length or potential. Most of the data
points lie relatively close to the same straight line. This
correlation between the static property, segment density,
and the dynamic property, the scaling exponent b(L) has not

been reported before, to the best of our knowledge.
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Table 27. The Values of the Scaling Exponent, b(L), as a
Function of Chain Length and the Effective
Potential, g*E,, for the FCC (BCC) Model.2:/P

Chain

e IEpT2.75  WESS30 I*Ey=3.83

23 1.520 1.325 1.093
(1.462) (1.345) (1.102)
35 1.369 1.058 .778
(1.398) (1.001) (.797)
47 1.190 .831 .589
(1.236) (.843) (.440)
59 1.048 .740 .478
(1.138) (.644) (.482)

2 values of the relaxation times for the BCC model

are listed in parentheses below the respective values

obtained for the FCC model.

b

E, is the reduced pair potential and g is the

coordination number of the lattice minus one.
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CHAPTER IV

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

The results for athermal simulations indicate that
the FCC and BCC models all give dynamic scaling results
which show good agreement with the bead-spring predictions
for self-avoiding chains. These results show that, for
athermal models, the dynamics are not dependent on the
coordination number of the lattice. The SC model had one-
and two-bead elementary motions, yet gave the same scaling
results as the BCC and FCC models which had only one-bead
elementary motions. This indicates that models such as these
will give reasonable dynamic scaling results as long as out-
of-plane motions are possible. The differences in the
dynamic scaling observed here and the scaling observed by
Verdier appear to be the result of the lack of out-of-plane
motions in Verdier’s simulations.

The thermal models also indicate that 1lattice
restrictions do not affect the dynamic scaling in any
fundamental way. Both the SC and FCC models gave dynamics
consistent with bead-spring predictions in good and theta
solvent conditions. This implies that dynamic and static
scaling properties are intimately related via the dynamic
scaling hypothesis.

For extended chains, the two models gave the same

dynamic scaling exponents for a given value of q*E,.. The
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differences in the collapsed state found the two models were
due to the preferential suppression of the two-bead motions
required for out-of-plane motions in the SC model. For the
short chains studied here, the value of the pair potential
for which the theta point occurred was found by a number of
measures to be approximately g*E,.=1.75.

It was found that the dynamic scaling exponent, a(k),
increased slightly with increasing k in athermal and good
solvents and for repulsive potentials. This was observed for
athermal SC, FCC, and BCC models and for thermal SC and FCC
models. Whether this is the result of internal segments
scaling faster than the overall chain dimensions as chain
length is increased should be investigated.

The thermal FCC and BCC models gave the same scaling
exponents for a given value of q*E,. in the poor solvent
regime. This indicates that the differences in lattice
coordination number do not effect the dynamic scaling
properties even for collapsed chains. The dependence of a(k)
on k became great in this region. Also, it was found that
the scaling exponent b(L) decreased with increasing L in
this regime. b(L) values were found to be highly correlated
with coil density in this region.

The observed behavior of the chains’ dynamics in the
theta region and below seems to be best explained by the
formation of gel modes as predicted by Brochard and

deGennes. In the future, it would be interesting to measure
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the actual lifetime of pair contacts for chains in the theta
and poor solvent regimes in order to further test Brochard
and deGennes hypothesis. An examination of the scaling
properties of internal segments would also be useful in that
it may eliminate the question as to whether this has a
significant effect on the dynamics.

The success of the bead-spring models in explaining
the results obtained from the computer simulations indicates
that bead-spring theories and simulations are in good
agreement with one another. This méans that simulations
using these models may be used to simulate real polymer
behavior in conditions where the hydrodynamic interaction is
negligible. One such situation is the demixing of polymers
in bulk and grain growth. Further study investigating the
reptation model in the bulk phase is also worth pursuing.
However, the computer time required to investigate bulk
properties would be considerable.

Another possible use for these models would be a
study of the effect of surfaces on polymer dynamics. A
potential such as the one used in this study could be used
to simulate a polymer’s attraction to a surface. This could
be used to investigate the properties of polymers on thin
films.

Finally, the dynamics of a single polymer chain have
not been studied for a strictly two-dimensional simulation.

The bead-spring models and the dynamic scaling hypothesis do
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make predictions for two-dimensional systems, but these have
not been investigated. Unfortunately, simulations such as
these are not able to simulate two-dimensional dynamics due
to the fixed length of the bonds. This means, that in a two-
dimensional simulation, structures would have to diffuse out
the ends of the chain. This would affect the dynamics in an
unreasonable way.

Recently, Carmesin and Kremer?4 have developed Monte
Carlo simulations of polymers with flexible bonds. This
would allow study of a two-dimensional system. It is
currently being used to study star polymers.95 This could
not be done by previous simulation models due to the
immobility of the star in models with inflexible bonds. This
flexible bond model also has the primarily aesthetic
advantage of allowing a dynamic transition to every state
where the excluded volume constraint is not violated.

Madras and Sokal?® have severely criticized
inflexible bond models because these models have states
which are dynamically inaccessible, although energetically
allowed. Therefore, in this sense the simulations are not
ergodic. However, these states are very few in number,
particularly for the highest coordination number lattices.
In fact, it has apparently never been shown that either the
FCC or BCC 1lattice would have states which were
energetically allowed but not dynamically accessible for a

single chain. The critism of Sokal and Madras is of concern
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only for the lowest coordination number lattices when used
to study the most highly concentrated systems. In a
concentrated system, the excluded volume effects are quite
likely to prevent the chain from having an allowed pathway
to certain states. The number of these inaccessible states
will increase with increasing concentration.

In conclusion, it is safe to say that the study
polymer dynamics via computer simulation is in a relative
state of infancy. New uses of Monte Carlo methods for
dynamic studies are common-place. Recent reports include
studies of spinodal decompostion in a two-dimensional

97, reports of simulations of the dynamic behavior of

systenm
the folding of different proteins,gs'99 and a study of the
dynamics of ring polymers.l90 previous work and the
observations reported here have shown that Monte Carlo
simulations can be a valuable tool in the study of polymer
dynamics. The models developed in this work should be useful
in simulating systems with temperature dependent effects,

and the high-coordination number models should be

particularly useful in investigating dense systems.
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APPENDIX I

FORTRAN CODE FOR THE FCC ATHERMAL MODEL

This program writes the sampled coordinates to a tape
through the buffer arrays TPX, TPY, and TPZ. The length of
the buffer must be declared. If the array dimensions are
a and b, then the buffer length (BUFLEN) is a*b. The maximum
value of the first dimension, a, is the number of beads in
the chain. b should be chosen to be a relatively large value
so that a significant number of sampleé are written to the
tape. This value is selected so that a*b<1536. 1536 is three
blocks on the tape. This basic procedure is used for all the
simulations in this work. The following code is for a chain
of 24 beads, and this chain length is used for all the codes
in each of the succeeding appendices. The code in this and
all the other appendices is written for an HP 1000 series

computer, which was used exclusively throughout this study.
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C THIS PROGRAM WAS USED TU GENERATE THE DATA FOR THE
C ATHERFMAL FCC MODEL.
C THIS IS AN INEFFICIENT PROGRAPM AND THE THERIAL FCC
C MODEL WHICH EVOLUED FROM THIS IS5 & BETTER ALGORI THIM
C 70 WORK WITH.
C UNLIKE THE LATER MODEL, THE COORDINATE COR AND RCOR
C ARE NOT CARTESIAN IN THIS PROGRAI.
C IN THIS PROGRAM RLCOR IS5 A CARTESIAN SET OF
C CARTESIAN SET OF COORDINATES.
C TO PERFUORPF SIMULATIONS WITHOUT THE EXCLUDED VOLUNME
C CHECK ELEMINATE THE LINES WHERE THIS 15 CHECKED
C WHICH ARE ENCLOSED BY COMMENT LINES OF UASHES, 1.E.--
FTNZX,Qd
$FILES 1,4
$CDS ON

PROGRAIM FCL1Z1

EMR HOME,X,Y,Z

LOGICAL HDHEL6B,60,6U)

INTEGER~*4 DBLOCK,SUi

INTEGER COR(12,3),RCORCLZ y> 3 ,RLEORC1Z,3)

INTEGER TPZU(1iZ LéUJ,UtLL}),ﬂLULKL¢J,1 TIME(S)

INTEGER KL)UUUUJ,YL)UUUUJ,&L}UUUU)
INTEGER TPYU(12,128),BUFLEN, EL(3J,MOVE(3,3)
INTEGER V(12,37 ,VEC(3),TPX(12,128)

EQUIuHLtNLt LbLULKLl),UULULKJ

DATA Suikiz0-s
THE ARRAY U HAS THE N
A CHAIN'S NtHNEbI—”L
DATA Us1,0,0,-
*,0,1,1,0,-1,0,

LU=44
BUFLEN=3072 .
9=
DBLDCK=U

ESIAN VECTORS WHICH LOCA
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09 HOMEUCIL,IZ,I3)=,FALSE.
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DPEN(UNIT=6 FILE-‘NlZl‘)

wNIIttL 7UJLthIH Num,Nz

REHD(S,FHT=129)((CDR(I LSRCOR(T ,J3,3=1,3)
*,1=1,LENGTH)

DO 303 I=1,LENGTH
lrkHUHtLCDR(I,LJ CORCI,:
HOMECCORCT , 17 ,CORC(T,Z,
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303 CONT INUE
CLOSE(5)
GO TO iis
632 WRITE(L,36511
565 FORMATU(' ERROR IN DATA',215)
STOP
c
iis WRITEC(L,33)
>3 FORMATC DATA OK# )
c
C SAMPLING INTERVAL 15 1/2 A BEAD CYCLE
CQ*********************************

JK=LENGTH*NUM* .5
C INITIALIZE THE RANDOM NUMBER GENERA
A=ARANCL )
A=BRANCL)
IS LOOP CONTAINS THE SIFULATIONS OF a
T1
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IF((IX.EQ.U(K,l)J.HND.(IY.EQ.U(K,ZJJ.HND.
(IZ.EQ.UMK,331) K=12
DO 1010 Ki= 1 )

UthKl)-LUNLdL Kl)+U(K Kl)

lFtUtLlKlJ.tu g3 UthKL}=bU
10310 CONTINUE

L' ______________________________________________
IF(HOME(DEL (L ,DELCZ) ,DEL 3 )50 TO 2700
Cm e e e e e
HOME(DEL (1) ,DEL (2 ,DEL (33 )=. TRUE.
HOMECCORC(J LJ,LUNLJ 23 ,00R(J,3)=.FALSE.
DO iozd K£=l )
CORC(T, K2)=DEL(K2)
HLUN(J ,KZ2)=RCOR(IL,KZI+UK,KZ)
1020 CDN|1NUE
GO TO 2700
C
C 120 DEGREE ROUTINE, AN ATTEMPTED BOND VECTOR EXCHANGE
C
4000 DO 4010 Ki=1,3

UtLLKl)-RCUNLJl yKLIJ-RCORCI,KII+CORCIZ,KL Y

lrkUtLLKlJ tu bl) DEL(K1II=1

L‘ ________________________________________________
IF(HOMECDEL (LY ,DELCZ Y ,DEL(3 3360 TO 2700
o e e e e e e e e e e e
HOME(DEL (L)Y ,DELCZ) ,DEL(3 1=, TRUE.
HOMECCOR(J,1) ,C0R(J,2),C0R(J,3) 1=.FALSE.
DO 4020 K2=1,3
CORCJ,KZI=DEL(K2)
RCOR(J,K2)=RCOR(JL ,KZ)+RCOR(IZ,K2 J-RCOR(J,KZ )
4020 CONTINUE
GO0 TO 2700
C
C 90 AND o0 DEGREE ROUTINES, RANDOMLY PICK ONE OF
C THREE DIFFERENT MOVES
2000 K=3»ARAN(OI+1
RLCORCJ, 1)=RCOR(J, 11 +RCORCT,2 )
RLCURLJ 23=RCOR(J,1)I+RCOR(T,3
RLCOR(J,31=RCORCI 4)+NCDRLJ,3J
C THIS IS5 THE 60 DEGEREE ROUTIN C(IDEL=1)
IFUIDEL.EQ. 1 I THEN
DO 2010 Ki=1,>3

VECKKI)'RLLUKLJ yKLJ+RLCOR(IZ ,K1)-2*RLCORCI,K1
IF(K.EQ. 1JTHEN
IFUIABS(VEC(KL) ). EQ.2) VEC(Ki)=0
ENDIF
IF(K.EQ. 2 THEN
IF
N

CIABSCVEC(KL Y ). EQ. 1) VEC(K1)=0
F

m
-

170



CONT INUE

ELCLI=C(UECUL)+VEC(2-VECK(3)Ir2
EL(Z)=(VEC(1J-VEC(ZI+VEC(3))/2
EL(3)=(VEC(2)+VEC(3)-UEC (1) )r2

Ny
fal]
fu—
f i}

ELSE
C THIS IS THE 120 DEGEREE ROUTINE
DO 3010 K1=1,3
VEC(K1)=(RLCOR(J1,K1+RLCORCIZ, K1) ) /2
- -RLCORUJ,KL
MOVECL ,K1)=VEC (K1}
IF(RLECORCIL KL NE.RLCOR(J,KL ) I THEN
MOVE(Z ,KiJ=0
FMOVE(3 ,K1)=0
ELSE
MOVE(Z ,K1J=1
MOVE(S ,Ki)==1
ENDIF
3010 CONT I NUE
EL(iJ=(UEC(1)+MDUE(K,1J+UECL2;+HDUE(K,2)—UECL3;
- ~-MOVE(K,3 172
EL(Z)=(UEC(1)+MGUE(K,l)—U'C(Z)-HDUE(K,ZJ+UEC(3)
ol +MOVE(K,31)/,2
EL(BJ=(UEC(2J+MDUE(K,2J+UEC(3J+HGUE(K,3)—UEC(1J
»* ~-MOVECK, 11172
ENUIF
DO 2030 K2=1,3
DEL(KZ)=EL(K2)+COR(I,K2Z)
IF(DEL(KZ).GE.61) DEL(KZI=DEL(KZ)-60
IF(DEL(KZ3.LE.0) DEL(KZI=DEL(KZ+60
2030 CONTINUE
o m e e e e e e e e
IF(HOMECDEL (L) ,DEL(Z),DEL(3) )60 TO 2700
e o e e e e et e e e e e
HOMECDEL (L) ,DEL(Z) ,DEL(3))=. TRUE.
HOME(CORVJ, 1) ,C0RCI, 23 ,CORVI,3 ) )=, FALSE.
DO 3030 K3=1,3
COR(I,K3 1=DEL(K3 )
RCORCJ ,K3 )=RCOR(JI,K3 ) +EL (K3 )
3030 CONTINUE
2700 CONTINUE
************'R******Q*'R*************Q******************************

(I
C RECORD COR TO THPE
c
19=15+1
IF (19.EQ.12%9) THEN
CALL EXEC(2,24+1008,TPX,BUFLEN,BLOCKCL) ,BLOCK(Z) )
DBLOCK=DBLOCK+3
CALL EXEC(Z,24+1008,TPY,BUFLEN,BLOCK (1) ,BLOCK(2))
DBLOCK=DBLOCK+3
CALL EXEC(Z,2Z4+1
DBLOCK=DBLOCK +3

C

[ v(]

o
-

I9=1




ENDIF
DO 2753 18=1,LENGTH
TPX(I8,12)=RCORCIB,1)I+RCORCIB,2Z )
TPY(I8,1%)=RCORCIS,1)+RCOR(IB,3)
TPZ(18,19)=RCOR(18,2)+RCORCISB,3)
2753 CONTINUE
C SINGLE CHAIN WORKUP
SUM=SUM+ (TPX(L, 19 )-TPX(LENGTH, I9)1**2
had +{TPY(L,I9)~-TPY(LENGTH, 191 )*~2
* +(TPZ(L,I19)-TPZ(LENGTH, I )*=2
XCI13=TPXCL,I9)-TPX(LENGTH, 19
YCILL)=TPY(L,I9)-TPY(LENGTH, 1%
ZL11J=|H4\1,va-IHLthNblH,le
2800 CONT I NUE

CALL EXEC(Z,24+lUGB,TPX,BUFLEN,BLDCK(l),BLDCK(ZJJ
DBLOCK=DBLOCK+3
CALL EXEC(Z,24+100
UULULK'UHLULK*?
CALL EXEC(Z,24+100B,
UBLOCK=DBLOCK+3

WRITECL,10DBLOCK

iag PUKHHIL' NEXT AVAILABLE BLOCK IS #,11107

E*****************************************************

[Il
'tl
-
-
o
C
T
r
3]
2
-
al
r
C
1wl
P
~
[
-
o
r
C
C
P
N
A

(]
| A
U
i
1 Cl
!
- C
C
I:
1‘

JTIME=0
OPENC(UNIT=8,FILE="HEX1Z ')
WRITE(S,50)LENGTH,NUI,R2

C THIS LOOP LHLLULHTtb THE AUTOCORRELATION FUNCTION OF
C THE END-TO-END VECTOR

DO 1301 12=1,200

SUN=U

DO 1401 13=1,MAXI
J=12+13
SUM=SUM+X (I3 *X(J)+¥(I3)*Y(J)+Z(I31*Z(J)
id01 CONT INUE
TAU=DBLE(SUiM ) 7DBLE(MAXI 1 /R2
JTIME=JTIME+.5
WRITE(8,1402)3TIME, TAU
1402 FORMATC(! TIME=',F7.3,5X, TAU=',PE13.6)
i301 CONT INUE
CLOSE(8)
C*****************************************************

C RECORD FINAL COORDINATES

i#3

[N

25 OPENCUNIT=6,FILE=‘Ni:
REWIND(6

WRITE(6 ,50 )LENGTH,NUM,RZ, ITIMECL) ,ITIME(4)
NRITE(6,129J((EDRk1 JJ,RCORCT,J),d=1,3),
* I=1,LENGTH

CLOSE(6)
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FUNCTION ARANUI

S5AVE
REAL*8 IRAND,IMULT ,LARGE
INTEGER ITIME(S}

DATA IRAND, 14532,/ ,1MULT/6553%.
UATA LHRGE/ZL4/4UJ64/ /

1r\1 :u UJbUID 1

IRAND=IRAND*DBLECITIMECLI+ITIME(Z ) +
+ITIME(4 )

WRITEC(L,393) IRAND
FORMAT(F10.2)
GOTO 2

IRAND= I RAND*MULT
1RHNU=UHUUL1RHNU LHRGEJ+1

IF(ARAN, LE. 0 JARAN=. 00
RETURN
END

IFCARRN. GE. LJHNHN 999
1

FUNCTION BRANCI)

SAVE
REAL*8 IRAND,IMULT ,LARGE
INTEGER IT Ntkb)

R
DATA IRAND/123479./,1MULT/65539.

DATA LARGE/ /2147483647, 7

IF(I.EQ.0IG0TO 1
CALL txnu(xl,x TIrED
GOTO 2
IRAND=IRAND*MULT

Z
o
2
[w
[ ]
g
C
C
I
. I
- Z
C
I’
(s
Al
0
lTI
|..l

bNHN-klNHNUJ/LLHKbt*l)
K=BRAN*30000
BRAN=FLOAT(K)~,30000.
[F({BRAN.GE. 1 JBRAN=, 955
IF(BRAN.LE. 0)BRAN=, 001
RETURN

END
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APPENDIX II

FORTRAN CODE FOR THE ATHERMAL BCC MODEL
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C FOR A SIMULATION WITHOUT THE EXLUDED VOLUME CONDITION
C SIMPLY REMOVE THE TWO LINES IN WHICH THE EXCLUDED
C VOLUME 15 CHECKED THESE ARE WITHIN COMMENT LINES OF
C DASHES, T.E. === mmm e e e
FTNZX,Q
$FILES 1,4
$CUS ON
PROGRAIM BCCZ41
Eirn HOME,X,Y,Z
LOGICAL HOME(S0,60,60)
INTEGER*4 DBLOCK ,SUR
DOUBLE PRECISION OSEED,DR
INTEGER COR(24,3,1),RCOR(24,3,1) ,KRX(8),KRY(8)
INTEGER ITIME(S) ,BLOCK(Z), uurLtN,|H4Lz4 ca;

INTEGER TPY(Z4,64) ,CN, KNLLU)
EWU IVALENCE (BLDCK(l),DBLDCKJ

C**************************************'.Q'R*************

KR
El

1 ¢

N Ca =
Ji Jl

1Vl
[}

kg
-~

|t\0

v
-
RE
-

l‘s(‘o(‘u

Ol
N

DRTA Suis07
ARRAYS GIVE EC
GHT NERREST-NEIGHB

1,1

MPONENTS OF THE VECTORSD TO THE
RS

CALL LURQUOPTION,LU
WRITECL,15
FURHHTK' ENTER STARTING BLOCK'®)

READ(1,25 )DBLOCK
FORMATCLIT10)
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0. 0. Ci~
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[3=1,60
HOMECIL,I12,13)=.FALSE.

************************R********************

AD IN FILE WITH LATTICE

AAEREBEARARARTA AR TA R AT AARRARAAAARAAATIARAAAATAAARTA D R

OPENC(UNIT=5 ,FILE="B241"°

READ(5 vUJL:Nblh Num,Nz ITIHE(lJ

* GO TO 632



HOMECCORCT , 1,100 ,C0R(I,2,100,C0RCI,3,10)1=.TRUE.
303 CONT I NUE
CLOSE(5
GOTO 1is
632 WRITE(L,36531,10
365 FORMAT(' ERROR IN DRTA',Z215)
STOP
C
1is WRITEVL,33)
33 FORMAT(Y DATA OK' )
C
l:**********************************
C INITIALIZE RANDOM NUFMBER GENERRTORS AND URRIABLES,
C KJ IS THE SAIMPLING INTERUVAL.
C 2 IS THE NUFMBER OF BEAD CYCLES BETWEEN SAIMPLES
JK=L_ENBGTH=*NUIM*2
C
A=ARANCL)
A=BRAN(L)
I#=0
C ATTEMPTED MOT1O0ONS
DO 2800 Ii=1,30000
DO 2700 12=1,JK
CN=1
C
C PICK A BERD
C
J=BRANUO J~LENGTH+1
C CHECK FOR END BERDS
IFCJ.EQ.1IGOTO 140
IFUJ.EQ.LENGTH)GOTO 150
C
Ji=J-1
Jz=J+1

L DETERMINE ORIENTATION
NOSG=( (RCOR(JL,1,CN)-RCOR(JZ,1,CNJI*=2
* +(RCOR(JL,2,CNJ-RCORCJIZ2,2Z,CN3)*=2

C*********************************Q***************
GO TO (160,300,300,2700) NDSQ
C SPIKE,60,120,LINEAR

L'*************************************************

C

C 60 AND 120 DEGREE MOVES

o

C FIRST DETERFMINE AVERAGE POSITION OF THE BEADS

C BONDED NEIGHBORS AND THEN THE VECTOR FROM THE BEAD

C TO THIS POSITION

300 IAX=(RCOR(JZ,1,CN)+RCOR(IL,1,CNJI/2
IAY=(RCOR(JZ,2,CN)+RCOR(JL,2,CN)1/2
IAZ=(RCOR(JZ,5 ,CNJ+RCOR(JL,3 ,CNJ 3,2

IRK=(IAX-RCOR(J,1,CN) =2
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Kl=ARANIDI*3+]1
IF(KL.ER. L) IRX
IFIKL.EQ.2)IRY=
IF(KL.E&.3)IRZ=
ENDIF
IX=COR(J,1,CNI+IRX
IY=COR(J,Z,ChNI+IRY
1Z=COR(J,3,CNJ+IRZ
IFUIX.BT.60) IX=1X-60
IFCIY.BT.60) I¥=ivy-60
IFUIZ.58T.603 1Z=1Z-60
IFCIX.LT. 1) IX=1X+60
IFCIY.LT. 1) IY=1IY+60
IFCIZ.LT.1) 1Z2=1Z+60

Cl Cv Ce

T
—
I
c
o
T
~
x:
™N
N’
[ry}
C

HOMECIX,IY,1Z)=.TRU
HUNtkCURLJ L,CN3,CO
LUNLJ l LNJ=IK

¢J,2,CNJ,COR(I,3,CN) J=.FALSE.

OO
o *
m #
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Ct
1]

L]
=
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Z
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AR R A A AL A XL A XEREEERELEEREXEYR

LA A 2 & ®*
ND AND SPIKE ROUTINEU(FORE OF THE SAME)

=IO CEo

60 NRX=

FMOVE ATTEMPTED
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(9
170  K2=ARAN(O)*8+1
C CHECK TO SEE IT IS NOT THE SAME VECTOR A5 15
C BETWEEN THE BEAD AND ITS NEIGHBOR
IF CUKRX (K23 . EQ.NRX) . AND. (KRY(KZ ) . EQ. NRY . AND.
~ (KRZ(K2J.EQ.NRZJIGO TO 170
KX=KRX(K23+COR(IL,1,CN)

KY=KRY (K23 +COR(IL,2,CN)
KZ=KRZ (K2 )+COR(IL,3 ,CN)
IF (KX, BT. 60)KX=KX=60
IF(KY.BT.60IKY=KY=60
IF(KZ.6T.60)KZ=KZ-60

IF (KX, LT, LIKKX=KX+60

L —————————————————————————————————————
IF(HOME(KKX ,KY ,KZ» 1650 TO 2700

Cmm e e e e e —————
HOFME (KX ,KY ,KZ1=, TRUE.
HOME(COR(J,1,CNY ,COR(J,2,CNJ ,COR(J,3,CN) I=.FALSE

COR(J, L ,CN)=KX
COR(J,2,CNY=KY

COR(J,3 ,CN)=KZ
RCOR(J,1,CNJ=RCOR(JIL,1,CN) +KRX(KZ)
RCOR(J,2,CNJ=RCOR(IL,2,CN) +KRY (K2 )

“““ Ji,3,CN)+KRZ(KZ)

2700 CONTINUE
C*********************************Q******************ﬂ'*

(.
[9=19+1
IF (I9.EQ.6%) THEN
CRLL EXEC(Z,24+1008B,TPX,BUFLEN,BLOCKU(L),BL
UBLOCK=DBLOCK+3
CALL EXEC(2,24+100B,
UBLOCK=DBLOCK+3
CALL EXEC(2,24+1008,
UBLOCK=DBLOCK+3
I9=1
ENDIF
Do 27
TPX(

Iy

Nt

K

(]
o

Ci

PY ,BUFLEN,BLOCK(L) ,BLOCK(Z))

PZ,BUFLEN,BLOCK(LY ,BLOCK(Z2) )

Z
I

bt =t =t ()

ol
o o —

—

i

1
[ I S
y (O (I

- e OO
CrC Cr~

NN N0 e
aoocr
A M
Pl i o
- - -
Ul N
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— a
L A

Z. 0 GO0
-

N

i

i

1= =
CuT
Z N <
b gt bt =1
Cie » ~
m.—l Prm) ey

- +(RCORV1,2,1)-RCORCLENGTH,Z, 1) )~*2
> +(RCORU1,3,1)-RCOR(LENGTH,3,1))%*2

X(11y=RCORCL,1,1)~-RCORCLENGTH,1,17

Z(I1)=RCOR(1,3,1)-RCORCLENGTH,S,1)
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2800 CONT INUE
C RECORD WHAT IS LEFT TO TAPE
CRLL EXEC(Z,24+100B,TPX,BUFLEN,BLOCK(1),BLOCK(Z
DBLOCK=DBLOCK+3
CALL EXEC(2,24+100B,TPY,BUFLEN,BLOCK(1),BLOCKLZ
DBLOCK=DBLOCK+3
CALL EXEC(Z,24+100B,TPZ,BUFLEN,BLOCK(1),BLOCKLZ
DUBLOCK=DBLOCK+3
WRITECL,101DBLOCK
1o FORMATOY NEXT AUAILABLE BLOCK IS *,1iil0)
C**********************************************
C RECURD DATHA
C
RZ=5UiM-30000.
JTIFE=0
OPEN(UNIT=8,F ILE="B0D24° )
WRITE(S,50)ILENGTH ,NUIM,R2
C LOOP CALCULATES THE AUTOCORRELATION FUNCTION OF
C THE END-TO-END UVECTOR
DO 1301 I2=1i,200
SuUri=0
MAXI=30000-12
DO 1401 I3=1,rMAXI

J=12+13
SUri=SUIM+XCI3 )X II+Y (I3 I*Y (JI+ZCI3I%Z ()
1401  CONTINUE
TAU=DBLE {SUM) /DBLE (MAX 1 ) /R2
JTIME=JTIME+2
WRITE(S,1402)3TIME,
02  FORMAT( TIME='IF7.2,
0l  CONTINUE
CLOSE(8)

25 OPEN(UNIT=6 ,FILE=B241")
REWIND(S)
WRITE(6,50)LENGTH,NUM,RZ, I
DO 10LL Il=1,NUr
WRITE(6,129)({CORCI,I, 11y ,RCORCI,I,113,d=1,3)

*~ ,I=1,LENGTH)
1011 CONTINUE
WRITE(6,50)LENGTH,NUM,RZ, ITIMNE(L)
CLOSE(6)
129  FORMAT(Z014)
STOP
END

C ARAN AND

FUN

SAVE

REAL*8 [RAND,MULT ,LARGE

INTEGER ITIME(S)

ARE RANDOM NUMBER GENERA

RA
TION ARANCIT I

BRAN
CTIO
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IFUARAN. GE. L JARAN=, 9%
IF(ARAN.LE. 0JARAN=. 001
RETURN

REAL*8 IRAND,IMULT ,LARGE
INTEGER ITIHE(?)

DATA LHRGE/414/46964/ 7

Irtx tu u)uu;u i

. —-—t -

GOTO 2
IRAND= [RAND*HULT

[ -

IF (BRAN. bt LJUNHN 9 9
L0001

RETURN

END
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APPENDIX III

FORTRAN CODE FOR THE THERMAL SC MODEL
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1,4
PROGRAM 5241
EitiA HUNt X Y Z

INTEGER*4 UULULK bUN

INTEGER LUNKL&Q),CDRYLZ4J CORZ(24) ,RCORX(24)
INTEGER KLUN&LZQ),ULULKLZJ,NHHXK&J,NRﬁY(Z)
INTEGER POX(6),POY(6),PO0Z(6),DELX(6) ,DELY(6)
INTEGER NLUHY\A4J,NNH4L4),ULLZ(d),CRNKLZS(ZJ
INTEGER NXTXU6) ,NXTY(6) ,NXTZ(6),ITIME(S)
INTEGER TPX(24 64J,TFY(24 64),TFZ(24,64J,BUFLEN

INTEGER CRNKLYZ(2Z) ,CRNKLY3(2Z) ,CRNKLZZ(2)
REAL PR(6),0P(0:10),RND(5000)

INIl.'.l::tN KL)UUUUJ ,Yl}UUUUJ,LLJUUUUJ

EQUIVALENCE (BLOCK(
DATA DELX/1,0,0,-1
0DATA DELY-0, 1 U,D
DRTA DELZ-0,0,1,0
ORTA 1%/0/

DATA LPri,-1r
DATA burLtN/l53b/
DATA SuUikiz07
LU=24

)
P
,0,-1

CALL LURQUOPTION,L)

DBLOCK={

IALIZE THE PERIODIC BOX TO BE EMPTY

DO 90% 11=1,60

DO 909 12=1,60

D0 %09 13=1,60

HOMEC(IL,1IZ2,I13)=.FALSE.
IN THE PERIODIC (COR) AND RERL (RCORJ
1 3. POT 15 THE POTENTIAL

DINATES. POT

FORMATU(Y OK' 2
UPENU(UNIT=9% ,FILE="3241°)

RERDL(D vbJLthIH ,NUIM,R2 ,POT,ITIFE(L)
wRIItll 55 JLENGTH NUN,RZ,PDT,ITIHE(lJ
FDRmau(Lz,xa Fi5.7,Fl10.6,316)

READLS rml-lzv)LLURxLIJ,RCDRXLIJ,CDRY(I),
* RCORY(I),CORZ(I),RCORZ(T),I=1,LENGTH/

oo 303 i=1 LENGTH

IF lHUNtLLUNKLIJ,LUR (1), CORZ(1111650 TO 632

HOME(CORX(I ) ,CORY (I ,CORZ(1))=.TRUE.

CONT INUE

CLOSE(S)

GO TO lis
MATU' ERROR IN DATA',I5)
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O
* * N0

[

O

8 WRITE(I,33)
FORMATU( DATA OK')
LNPL=LENGTH+1
CALCULATE THE BOLTZrANN FACTORS
DO 600 I=0,10
OPCI J=EXP(POT~1)
U0 CONTINUE
SET THE SAMPLING INTERUAL TO BE 4 BEARD CYLLES
JK=LENGTH=*4
INITIALIZE THE RAMDOM NUMBER GENERATOR
CALL INITUIPOINT)
THIS LOOP PERFDRHS THE ATTEMPTED MOTIONS
DO 2800 11=1,30000
DO 2700 12=1,JK
RANDOMLY PICK A BEARD, i.e.J
J=RZSOCIPOINT ) *LENGTH+1
IF(J.EQ.1)G0 TO %00
IF(J.NE.LENGTHIGDO TO 1500
Ji=LENGTH-1
GO TO 1000,
0o Ji=2Z
*'R***********'k*******Q*************************
END ROUTINE
AARXERRRARRR AAERAERAARERERERARE AR AAETRARARAAARALTARAAASAT SRR
000 TOT=0.0
HOME(CORX(J ) ,CORY(J ) ,CORZ(JJ 1=.FALSE.
IX=CORX(JL)-CORX(J)
IY=CORY(J1J)-CORY(J)
I1Z=CORZ(J1)-CORZ(J
DO 30 ril=1,6
NO=-1
POXU(ML)=CORX(J1)+DELXUIMLY
IF(POX(IML) . EQ.61) POXU(Fly=1
IF(POX(ML).EQ. 0y POX(Pil)=60
POY (ML )=CORY(JL1)+DELY (ML)
IFCPOY (ML) .EQ.610 POYU(iMly=1
IF(POY(ML).EQ. 0 POYC(iML)=60
POZ(ML)=CORZ(J1)+DELZ (ML
IF(POZ(iML).EQ.61) POZU(Ml=1
IF(POZ(M1).EQ.0) POZUiril)=60
DON'T ALLOW MOTIONS WHERE THE EXCLUDED VOLUME
CONSTRAINT 15 UVILOATED
OR A 180 DEGREE FLIP OF A BERD'S BOND IS MADE
IFCUUIX.EQ.DELXC ML) ) .AND. CIY . EQ.DELY (ML) ) . AND.
* (IZ.EQ.DELZCMLY) ). 0R. (HOME(POX (ML) ,POY (ML),
*  POZ(MLY Y)Y ITHEN
PRCMLII=0.0
ELSE
SEE HOW MANY NERREST-NEIGHBORS ARE OCCCUPPIED

DO 50 ii3=1,6
NXTXKN}J—HUK(H13+DELX(N33
IFINXTXUMZ ) . EQ.61) NXTX(IM31=1

183



IFUNXTX(M3).EQ. 0) NXTX(F3)=60
NXTY (M3 )=POY (ML) +DELY (3 )
IFUNXTY (M3).EQ.61) NXTYUM3 =1
IF(NXTY (M3 ) .EQ. 03 NXTY (M3 )=60
NXTZ (i3 )=POZ (Il 3 +DELZ (3 )
IF(NXTZ (M35 . EQ. 617 NXTZU(M3)=1
IFCNXTZ(M3) . EQ. 03 NXTZ(M3 =60
IF CHOME CNXTX (M3 3, NXTY (M3 ), NXTZ (3 ) ) ) NO=NG+ L
50  CONTINUE
PRUML ) =0P (NO )
ENDIF
TOT=TOT+PRUML )
30 CONTINUE
A=R250CIPOINTI=T
Sii=0. 0
C PICK A LOCATION TO i
DO 80 Fie=1,6
Sii=Sii+PR U6 3
IFUSH.BT.A) THEN
CORKX (J ) =POX (M6 )
RCORX(J 1 =RCORX(IL ) +DELX (16 )
CORY(J)=POY (6 )
RCORY (JJ=RCORY(J1 1 +DELY (6
CORZ(J)=POZ (6 )
RCORZ(JJ)=RCORZ(JL1)+DELZ (16 )
HOME (CORX(J ) ,CORY(J ) ,CORZ(J ) )= . TRUE.

TO 2700

Ci
<.
m
-]
(]}

G

E F
W] NUE
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LA R X
NORMAL ROUTINE

OO

X(J1)-RCORX(IZ ) )**2+ (RCORY(J1)

1 A CH o=
-~ A
~
(e}
N
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~
Pt
'
C
Al
[\
~
[
b
|
A
[wi]
i
Al
N
[
N
*
*
[N

CONFORMATION MEANS NO MOVE 1S POSSIBLE
IF(M.EQ.4360 TO 2700
NRIMX (2 1=CORX(J2 ) +RCORX(JILI-RCORX(I )
IF(NRMX(2).EQ.61) NRMX(Z2)=1
IFUNRMX(2Z) . EQ@. 0 NRIMX(Z1=60
NRiMY (2 )=CORY(J2 ) +RCORY(JL-RCORY(J)
IFI(NRMY(Z).EQ.61) NRiMY(2)=1
IFUNRMY(2) . EQ.0) NRiFY(Z3=60
NRMZ(2)=CORZ(JZ)+RCORZ(J1I-RCORZ(J}
IFUNRMZ(ZY.EQ.61) NRiMZ(Z)=]
IF(NRMZ(2Z) . EQ. 03 NRMZ(ZI1=60
F THE NORPMAL MOTION CANNOT BE PERFORMED DU
ITE BEING OCCUPPIED, TRY A CRANKSHAFT
IF (HOME (NRMX (2 ), NRMY (2 ,NRIMZ(2) ) 160
h=]

v C
m

HOMECVCORX(J) ,CORY(J) ,CORZ(J) J=.FAL
184
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NRMXCL)=CORX(J)
NRMY (L )=CORY (3}
NRMZUCUL )=CORZ(J)
HOW PMANY NEARREST-NEI[GHBOR SI

U
m
m

;
5
30 Na=1,6
X (NG ) = NRFX (N3 3+ DELX (N )
NXTX(N4) . EQ.61) NXTX(NG)=1
IFUNXTX(NG) . EQ. 07 NXTX(NGI=60
NXTY (N ) =NRIY (N3 ) +DELY (N4 s
IFUNXTY(NG) . EQ.61) NXTY(N&)=1
IF (NXTY(NG) . EQ. 00 NXTY(NG)=60
NXTZ (N4 ) =NRIMZ (N3 ) +DELZ (N4 )
IF(NXTZ(N4) . EG.61) NXTZ(N4I=1
IF(NXTZ(NG) .EQ. 0) NXTZ(N&4I=60
IF (HOME (NXTXK (NG ), NXTY (NG ), NXTZ (NG 3 3 SND=NG+ 1
130 CONTINUE
PRUN3 ) =0P (NO)
20 CONTINUE
ELECT EITHER REMAINING IN PLACE OR A NORMAL HOTION
A=R250(IPOINT 3% (PRUL)+PR(Z))
IF(PR(23.6T.AITHEN
RCORX(J)=RCORX(J2 ) +RCORX(IL)-RCORK(J )
CORX (I ) =NRIMX (23
RCORY (J)=RCORY (J2) +RCORY (J1)~RCORY(J)

CORY(JI=NRIMY (2

o
Zao

i
T
(

iX
F

b -

IF(J4.NE.LNPL ) THEN
IFCONRMXC(2Z ) .EQ.CORX(J4) ). AND. (NRIMY(2).EQ.

RY(J41).AND., (NRIMZ(2).EQ.CORZ(J4) 13 THEN

b
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Cir

1

wr
i o

[

T

o)
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IND

3 0
T =1 2Z = [T

C
=]
T

D

T.._.

OR WHICH

X(L2),C0RY(L2),CORZ(LZ) )=,
ORZ

X(L33,CORY(L3),C (L333=,

THE NUMBER OF T

IONS FOR L2 AND L3

t

ERA

e
0 200 Ki=1,6
POX(K11=CORX(L2Z)+DELX (K1)
IF(POX(KL).EQ.61) POX(K1)=1
IF(POX(KL).EQ.0) POX(KL)=60
NXTX(K1)=CORX (L33 +DELX(KL)
IF(NXTXUKL) VE@.61) NXTX(KLy=1
IF(NXTXOKL) . E@. 0) NXTX(KL1I=60
POY{KL)=CORY(LZ)+DELY (K1)
IF(POY(KL) . EQ.61) POY(KLJ=1
IF(POY(KL).EQ.0) POY(K1)=60
NXTY(K1)=CORY (L33 +DELY(KL)
IF (NXTY(KL).EQ.61) NXTY(KL)=1l
IF(NXTY(KL) . EQ.0) NXTY(K1I=60
POZ(K1I=CORZ(LZ)+DELZ(KL)
IF(POZ(K1).EQ.61) POZ(K1)=1
IF(POZ(K1).EQ.0) POZIKL)=60
NXTZ(K1)=CORZ(L33+DELZ(K1}
IF(NXTZ(KL).EQ.61) NXTZ(K1i=1
IF(NXTZUKL) . EQ. 03 NXTZ(K1)=60
IF (HOME (POX (K1} ,POY(K1),POZ(KL))) NO=NO+1
IF (HOME (NXTX (KL ,NXTY (K13 ,NXTZ(KL) ) ) NO=NO+1
ONT INUE
R(3)=0P (NOJ
OT=PRU3)
THE TWO POSSIBLE $0 DEGREE CRANKSHAF
0 230 Ké=1,2
PR{K4I=1.0
CRNKLX2 (K4)=CORX(LL)
CRNKLX3 (K 3 =CORX (L4 )
IF (CORX(L1).EQ.CORX(L3 )3 THEN
CRNKLXZ (K4 )= CRNKLXZ (K4 ) +LP (K4 )
CRNKLX3 (K4 ) =CRNKLX3 (K4 ) +LP (K4)
IF(CRNKLXZ (K4) .EQ.61) CRNKLXZ(K4)=1
IF (CRNKLX2 (K4) . EQ. 0) CRNKLXZ(K4&)=60
IF{CRNKLX3 (K4 .E@.61) CRNKLX3(K4)=1
IF (CRNKLX3 (K4) . E@. 0) CRNKLX3(K4)=60

D=1
ENDIF
CRNKLYZ (K& ) =CORY (L1}
CRNKLY3 (K41 =CORY (L&)
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OO

<

IFCCORY(L1).EQ.CORY(L3JITHEN

CRNKLYZ (K4 )=CRNKLYZ (K4 ) +LP (K4
CRNKLY3 (K4 )=CRNKLY3 (K4 J+LP(K4)
IF(CRNKLYZ(K4) .EF.61) CRNKLYZ(K41=1
IF(CRNKLYZ2(K4) . EQ.0) CRNKLYZ(K41=60
IFCCRNKLY3 (K4) . EQ.61) CRNKLY3(K4)=1
IFCCRNKLY3 (K4} .EQ. 01 CRNKLY3(K&4)1=60
=<

ENDIF
CRNKLZZ (K4 1=CORZ(L1Y

IF(CORZ(L1Y.EQ.CORZ(L3 ) ) THEN
CRNKLZZ (K& ) =CRNKLZZ (K43 +LP (K4 )
CRNKLZ3 (K4 )=CRNKLZ3 (K4 ) +LP (K4 )
IF(CRNKLZZ (K43 .EQ.61) CRNKLZZ(K4)=1
IF (CRNKLZZ (K43 . EQ. 0) CRNKLZZ(K4)=60
IF(CRNKLZ3 (K47 .EQ.61) CRNKLZ3(K4)=1
IF (CRNKLZ3 (K47 .EQ. 0) CRNKLZ3(K4)=60
1D=3

ENDIF

—— i o

ERMINE IF THE PROSPECTIVE CRANKSHFT POSITION IS
P

IF C(HOMECCRNKLXZ (K4 ) ,CRNKLYZ (K4 ) ,CRNKLZZ(K4) 1)
.OR. (HOME (CRNKLX3 (K41 ,CRNKLY3 (K4 )
CRNKLZ3 (K413 ) IPRIKGY=0.0

NT INUE
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260 K7=1,6
POX (K7 3=CRNKLXZ (K6 ) +DELX (K7 )
NXTX (K7 )= CRNKLX3 (K6 J +DELX (KT )
IF(POX(K7 1. EQ.61) POX(KZI=1
IFUPOX{KZ).EQ.0) POX(KZ)=60
IF(NXTXUK?) . EQ.61) NXTX(KZ)=1
IFINXTX(KZ ). EQ. 03 NXTX(KZ)=60
POY (K7 )=CRNKLYZ (K& ) +DELY (K7 )
NXTY(KZ)=CRNKLYS (K6 J +DELY (K7 )
IF(POY(KZ1.EQ.61) POY(KZI=1
IF(POY(KZ) . EQ.0) POY(KZ)=60
IF(NXTY(KZ).EQ. 613 NXTY(KZ)=1
IF(NXTYUKZ).EQ. 01 NXTY(K7)=60
POZ(K7)=CRNKLZZ (K6 3 +DELZ (K7 )
NXTZ (K7 )=CRNKLZ3 (K6 J +DELZ (K7 )
IF(POZ(K7) . EQ.61) POZ(KZ)=1
IF(POZ(K?).EQ.0) POZ(KZ)=60
IF(NXTZ(K7).EQ.61) NXTZ(KZ)=1
IF(NXTZ(K? ). EQ. 0) NXTZ(K?)=60
IF (HOME (POX (K7 3 ,POY(K?) ,POZCKZ3) ) NO=NO+1
IF CHOME CNKTXCKZ ), NXTY(KZ ), NXTZ(KZ) )3 NO=NO+ 1

CONT INUE
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Sifi=SM+PR{K1

CORX({LZ)I=CRNKLXZ(Ki1J
RCORX(LZ )=RCORX(LL7
CORX(L3 )=CRNKLX3 (K11}
RCORX (L3 )=RCORX (L4
IFCID.EQ@. 1) THEN
RCORX(LZ J=RCORX(LZ 3 +LP(KiL)
RCORX(L3 )=RCORX (L3 +LP(Kil)
iDiF
ORY(LZ2)=CRNKLYZ(K11)
RCORY (L2 )=RCORY (L1
CORY (L3 )=CRNKLY3 (K111
RCORY (L3 y=RCORY (L4
IFCID.EQ. Z)THEN
RCORY (L2 )=RCORY(LZ2I+LP(K11)
RCORY (L3 J=RCORY (L33 +LP(KLL)
ENDIF
CORZ(LZ)=CRNKLZZ(K11)
RCORZ(LZ )=RCORZ(iL1J
CORZ(L3 )=CRNKLZ3 (K1l

i C
2

IFCID.E@.3 I THEN
RCORZ(LZ2)=RCORZ(LZ)+LP(KLL)
CORZUIL3 )=RCORZ(L3I+LP(Kil)
U

R
R
N
§]
U

HOME CCORX(LZ ) ,CORY (L2 ,CORZ(i.2) 1= TRUE.
HOMECCORX(L3) ,CORY (L3 ,CORZ(L3 ) )=, TRUE.
CONT INUE

DBLOCK=DBLOCK+3
CALL EXEC(Z,24+100B,TPY,BUFLEN,BLOCK (1
DBLOCK=0BLOCK+3
CALL EXEC(Z,24+1
DBLOCK=DBLOCK+3
19=1
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HAIN WORKUP

Uiri=SUri+ (RCORX( 1 ) -RCORX(LENGTH) 1 *=2
* + (RCORY (1 J)-RCORYU(LENGTH) )**2
* +(RCORZ(L)-RCORZ(LENGTH) 1==2
XUI1)=RCORXUL ) -RCORX(LENGTHY
YCIL)=RCORYU(L)-RCORY (LENGTH
ZU111=RCORZ(1J-RCORZ(LENGTH)

CONT INUE

CALL EXEC(Z,24+100B,TPX
DBLLOCK=0BLOCK+3

CALL EXEC(Z,24+100B,TPY,BUFLEN,BLOCKU(L ) ,BLOCK(Z))
UHLULK=UBLULK*)

CALL EXEC(Z,24+100B,TPZ,BUFLEN,BLOCK(1),BLOCK(Z))
UBLOCK=DBLOCK+3

WRITECL,10)DBLOCK

id kUNHHTL' NEXT AVAILABLE BLOCK IS5 *,1i1107

C’*******************Q*********************'ﬁ*********

N
o
[}
[ o(]
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R2=5UiM/320000.
JTIME=0
65 FORMATCIZ,13,1F1%.7)
UHtNlUNlI" ,FILE="5SIriFz4° )
WRITE(B bbJL_NGTH,NUﬂ,RZ
UCORRELATION FUNCTION OF THE

C CHLLULﬁlt THE RUT
C

SUH=U

DO 1401 13=1,rAXI
J=12+13
SUM=SUM+XUIZ1*X(J2+Y (I3 3*Y(JI+ZCI33%Z(J}
1401 CONTINUE
TAU=DBLE(SUM I 7UBLE(MAXT )7
Ja1mt-J;1m=+4

Al
N

ruRmHTL' TIME=',F7.3,5X, ' TAU=' ,PEL>.6
CONT I NUE
CLOSE(8)

C***********************************************’***

[} Cl
[ N

idg
3

o

C PRINT OUT FINAL CUOORDINATES OF THE CHAIN
125 OPEN(UNIT=5,FILE='5241")
REWIND(S
WRITE(S,55 )LENGTH,NUIM,R
WRITE(5,12% 3 (CORX(IJ,RC
* LUNZ\IJ,NLUN4L11,1=1 LET

WRITEL(D ,55 )LENGTH ,NUM,R2 51
189
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RING,0,0,0,0,0,NAIME)

LA A A R A A SR LA AL RS AL LR YRR PR XX EEEREEREE TR IR
THIS 15 THE SHIFT RANDOIM NUMBER GEMERATOR

FUNCTION RZ50CIPOINTY
INTEGER*4 lNNU(?UUU),HH5K,l

UlﬂthlUN NNUL?UUUJ

C1C

""""" i TUIPOINT

REIN
IR'DLLHU1N|—1UJJ;

2

C
A
m
Zz

12
RE
GER RN

LNIEth*4 IR

S R
NTC
(50
RND
COMMON IRND
OO0 1 1=1,250
IRND(IJ=IRNDZ(IJ
1 CONT INUE
IPOINT=251

RETURN

U
INTEGER*4 IRND(Z00

EQUIVALENCE (RND(1
COriMON KNU

IRNDUI y= IRANDUIRNDCI ) ,1MASK
i CDNTINUE

—— i i w

O

(M
Al
U

=
cCi
Al
[N
Sl
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EED
C ARAN USES THE HP CLOCK A
Tic ]

FUNCTION ARAN
SAVE
REAL*8 IRAND,MULT,LARGE

INTEGER ITIME(S}

DOM  NUPi
D



Ll
(]
Ot

NI =

DATA IRAND/ 15893,/ ,MULT/65539./,LA

IFCILEG.03G0 TO 1

CALL ExECLLL,ITIHEJ

IRAND=IRAND*DBLECITIMECI+ITIME(2
ITIME(4) )

WRITECL,393) IRAND

FORMAT(FL10.27

(ETN] TD 2

i ;
-2
i &
“
3
i T
1 2
W]
.4
E
T

1NHNU=UI"IUU L 1 NFQNU LHHbt 1+1

IF(ARAN. LE. 0 JARAN=,
RETURN
END
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APPENDIX IV

FORTRAN CODE FOR THE THERMAL FCC MODEL
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FTNZX,Q
$FILES 1,4
$COS ON

PROGRAIM F241
EriA HOME,X,Y,Z

INTEGER VECX(31,DELX(LIZ2) ,NXTK(12},UX(12),MOVEX(3 )
INTEGER VECY(3),DELYC(12),NXTY(12),UY(12),MOVEY (3
INTEGER VECZ(3) ,DELZ(12) ,NXTZ(12),UZ(12),MOVEZ(3)
INTEGER CORX(Z4) ,RCORX(24),X(300003,TPX(24,647
INTEGER CORY(24) ,RCORY(247,Y(30000),TPY(24,64)
INTEGER CORZ(24) ,RCORZ(24),Z(30000),TPZ(24,64)
INTEGER BLUOCK(Z),ITIME(6) ,BUFLEN,NAIMEL3
CHARARACTER* 15 STRING
EQUIVALENCE (BLOCKU(1),DBLOCK)
l:******************%************************************

DATA STRING/ ‘XU F361::PATTON /
DATA SUk/ O/

HE (CARTESIAN) UECTORS BETWEEN A BEAD AND

NEAREST-NE [ GHBORS

DATA UX/1,1,1,1,-1,-1,-1,-
DaTA Uvsl,-1,0,0,1,-1,0,0,
DATA UZ/0,0,1,-1,0,0,1,-1,
Lu=24
BUFLEN=1536
9=
DBLOCK=0

.
wn

0

[y
| ol ()
I o
=
I w
b=
NN N

»Yo
SR
=1

’
PR

-

CALL LURGQUOPTION,LU:
0 FORMAT(IZ,13,Fi5.7
T

THE X

N ND N T

] Ce 0 & [T
NN N
—

= = - (O

Ul N = T
« BB e

' b O

A
v NN ND
[ (]

| O &

HO 12,13)=.FALSE.

uv
AAERARARARAARARRA AR AR AL R ARAARAARARARARARARNRAAARRXNRAT AR
RE

=
v
~
—

AD IN THE PERIODIC AND REAL COORDINATES~=»x=
OPEN(UNIT=5,FILE=‘FC241 ')
READ(5 ,50 ) LENGTH, NUM ,R2 , PO
WRITEC(L,50)LENGTH ,NUI,R2
READ(5 ,FriT=12% ) (CORX(J),RC
~ ,RCORY(J),CORZ(JJ,RCORZLII,J
DO 303 i=1,LENGTH
IF (HOMECCORX (1) ,CORY(I ) ,CORZCI))IG
HOME (CORX(1J,CORY(1),CORZ{I) 3=, TR
303 CONT INUE

(R

T
PO
COo

GO TO iis
632 WRITE(1,365)1

365 FORMAT(Y ERROR IN DATA',215)
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(

iis WRITE(L,33)

33 FORMATC! DATA OK' )

C

C CALCULATE THE BOLTZIMRANN FACTORS

DO 606 I=0,11
OPUI)=EXP(I*PO
606 CONTINUE

C SAMPLING INTERVAL 15 4 BERD CYCLES
JK=LENGTH*NUI*4
C INITIALIZE THE RANDOM NUFMBER GENERATOR
CALL INITCIPOINTY
C THIS LOOP PERFORMS THE BEAD rHOTIONS
DO 2800 I1i=1,30000
DO 2700 12=1,3K
Sifi=0.0
TOT=0.0
C A IS5 THE RANDOM NUMBER WHICH DETERMINES WHICH POSSIBLE
C FMOTION WILL BE ACCEFTED
C J DETERMINES WHICH BEAD WILL BE SELECTED FOR ATTEMPTED
C MOTION
A=RZ50CIPOINTY
J=RZP0(IPOINT)*LENGTH*1
HOMEC(CORX(J ) ,CORY(J) ,CORZ(J) )= .FALSE.
IFCUCI.EQ.L).OR.(JLEQ.LENGTH) ) GO TO 1000
Ji=J-1
J2=J+1

IDEL=C (RCORX(J1LI-RCORX(JZ ) y**2
* + (RCORY(JL)-RCORY(JZ)=*2
* +(RCORZ(J1I-RCORZNIZI**2)/2

G0 TO (2000,3000,4000,2700) IDEL

C
C END ROUTINE
C
1000 IFC(J.EG.1)THEN
Ji=2
EiLSE
Ji=LENGTH-1
ENDIF
C DETERPMINE THE RELATIVE PROBABILITIES OF ERCH
C POSSIBLE HOTION
DO 1010 Ki=1,12

NO=-1
DELX(KL)I=CORX(JIL)+UX(K1)
IF(DELX(KL)Y .EQ.91IDELX(KL)=1
IF(DELX(K1}.EQ.0) DELX(KLI=90
DELY (K1 )=CORYU(JL)+UY(KL)
IF(DELY(KL).EQ.91IDELY(KL)=1
DELZ(KL)=CORZ(JILI+UZ(KL)
IF(DELZ(KL).EQ.PLIDELZLK]L =1
194



IF¢
C IF THE POSTION [S OCCUPPIED THEN THE PROBRD
- 133 )TH

IF(HOMEC(DELXC(KL) ,DELY (K1) ,DELZ(K1) )

(!
M
Z
C

0 1030 K3=1,12
NXTX (K3 ) =DELX (KL ) +UX{K3 )
IF (NXTRUK3 ) EQ. $1INKTX (K3 )=1
IF (NXTXUK3 ) EQ. 0INKTX(K3 )=50
NXTY (K3 )=DELY (KL ) +UY (K3 )
IFINXTY (K33 EQ. 91 INKTY (K3 =1
IF (NXTY (K3 ). EQ. 0 3NKTY (K3 1=50
NXTZ (K3 )=DELZ (K1) +UZ(K3)
IF (NXTZ(K3 3. EQ. 51 INXTZ (K3 )=1
IFUNXTZ (K33 . EQ. 0INXTZ(K3 1=50
IF (HOME (CNXTX (K3 ), NXTY (K3 ) ,NXTZ(K3 3 3 JNG=NO+1
CONT INUE
PRUKL)=0F (NO)

[
[ o=}
ol
o

ClC

Sii=Siri+PR(KS J
IF(Si. GE. A) THEN
CORX(J)=DELX(K& )
RCORX(JI=RCORX(IL ) +UX(K6E )
CORY(J)=DELY (K6
RCORY(J)=RCORY(J1L)+UY (K6
CORZ(J)=DELZ(K6J

RCORZ\VJI=RCORZCIL I +UZ(KS )

DEL (2) ARRRY IS THE LOCATION OF

o
1

00 DELX(Z2)=RCORX(JI1)-RCORX(JII+CORX(JIZ
IF(DELX(2).EQ.P1) DELX(2Z)=1
IF(DELX(Z) . EQ.0) DELX(2)=30
DELY(2)=RCORY(J1J-RCORY(JI+CORY(JZ)
IF(DELY(2Z) .EQ.?1) DELY(Z2)=1
IF(DELY(2).EQ@.0) DELY(2)=%0
DELZ(2)=RCORZ(JL)I-RCORZ(J)+CORZ(JZ)
IF(DELZ(2).EQ.91) DELZ(Z1=1
IF(DELZ(Z).EQ.0) DELZ(2)=%0

C IF THE POSITION IS DCCUPFIE%%ND Mo

<
Lot
—
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C

o

HEN

DELXU1)=CORX(J}
DELY(1)=CORY(J)
DELZ(1)=CORZ(J)
DO 4020 K2=1,2
NO=-2
DETERMINE HOW MANY NEAREST-NEIGHBURS ARE OCCUPPIED
DO 4030 K3=1,12
NXTXUK3 J=DELXIKZ 3 +UX(K3 )
IFINXTX(K3) . EQ. 2L INXKTX(KS )=1
IFINXTXUK3 ). EQ. 0INXTX(K31=90
NXTY (K3 J=DELY(KZ)+UY (K3}
IFINXTY (K3 ). EQ. 71 INXTY (K3 )=
IFINXTY (K3 ) .EQ. 0INXTY (K3 )=
NXTZ(K3 1=DELZ(KZ 1 +UZ(K3 )
IFINKTZ(K3 ) .EQ. 21 INXTZ(K3 =1
IFINXTZ(K3 ) .EQ. 0INXTZIK3 =90
IFCHOMEU(NXTX (K3 3, NXTY (K3 2 ,NXTZ (K3 ) ) JNO=NO+1
CONT INUE
PRUKZ1=0P(NOJ
CONT INUE
PRULI=PRUL)Z(PROL)+PRUZ) )
IF(PR(L).LT.AITHEN
IF TRUE PERFORPM THE BOND VECTOR EXCHANGE
RCORX(J)=RCORX{(JZ ) +RCORX(J1)-RCORX(J
RCORY (J)=RCORY(JZI+RCORY(J1J-RCORY(J)
RCORZ(JI1=RCORZ(JZ)+RCORZ(ILI-RCORZ(J)
CORX(JI=DELX(Z)
COURY(J=DELY(2Z)
CORZ\(JI=DELZ(2Z)
NDIF

1
U

i)

[ o}
Ul
]

I

o
[N
C

o z7

G
coc 2z

]

[}

T
ENDIF

Z

60 DEGREE ROUT

NE

bt

2000 DELX(4)=CORX(J)

i cC

OO

DELY(4)=CORY (J)
DELZ(4)=CORZ(J)
DO 2010 Ki=1,53
THIS CALCULATION THE VECTOR ALONG WHICH THE BERD

VECX(KL}=RCORX(JL ) +RCORK(JI2)-2*RCORX(J)
VECY (K1 )=RCORY(J1)+RCORY(J2J-2*RCORY(J)
VECZ(KLJ)=RCORZ(J1)+RCORZ(JI2Z)-2*RCORZ(J)

WILL GIVE THE VECTORS ALONG WHICH OUT-OF-PLANE MOTION

CAN UCCUR
IF(KLI.EW. 1) THEN
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<

[y

[}

OCCUPPIED NO MOTION TO THIS LOCATION 1S5S POSSIBLE
} )

IFUIABS(VECK(KL ) )\ EQ. 2 VUECK (KL I=0

IFCIRBS(VECY (KLY J.EQ.ZIVECY(KLJ=0

IFUIRBS(VECZ(KL ) .EQ.2ZIVECZ (K1 )=
ENDIF

[FIKI.EJ.2)THEN
IFUIABSCVECKIKL) 1 .EQ. 1 yVECK (K1 )=0
IFCIABS(VECY (KL ) ) .EQ. LJVECY (K1 )I=0
IFCIABSIVECZ(KL) ) .EQ. I1JVECZ(K1)=0

ENDIF

DELX(KLI=CORX(JI+VECK(KL)

IF(DELX(KL) .GE. 91 JDELX(K1 3=DELX(KL )~

IF(DELX(KL).LE.OIDELXK (KL )=DELX(K1)+5

DELY (KL )=CORY(J)+VECY (K11

IF(DELY(K1).GE.91DELY(KL)=DELY(K1)-%0

IFCDELY(KL) . LE.0)DELY (KL )=DELY(KL)+%0

DELZIKL)=CORZ(J ) +UVECZ(KL

IF(DELZ(KL) .GE.91JDELZ(K1)=DELZ(Ki )~

IF(DELZ(KL) . LE.OIDELZ(KL)=DELZ (KL J+%

CONT INUE
DO 2040 Ka=1,4

70
0

0

O

IF(HOME(DELX (K4} ,DELY (K4 ,DELZ(K4 ) ) ) THEN

PR(KG)I=0.0

CHECK TO SEE THE NUMBER OF OCCUPPIED NERRES

DO 2050 K5=1,12
NXTX(KS )=DELX (K41 +UX (K5 )
[IFINXTX(KS ) . EQ. 9L INXTX (KD y=1
IFUNXTX(KS ) .EQ. 0 INXTX(KB 3=50
NXTY (KD 3 =DELY (K4 +UY (K5}
IF(NXTY (K3 ) . EQ. YL INXTY(KS )=1
IF(NXTY(KS ) . EQ. 0 INKTY(KS 1=50
NXTZ(KS )=DELZ(K4 )1 +UZ (K5 )
IFINXTZ(KS ) . EQ. 1 INKTZ(KS J=1
IFINXTZ(KZ ) . EQ. 0 INXTZ(KB )=5{

IF (HOMEUNXTX (KD ) ,NXTY UKD ) ,NXTZ (K5 ) ) JNO=ND+1

CUONT INUE
PR{K4)=0P (NO

TOT=TOT+PR(K4)

RCORX(J)=RCORX(J ) +VECX (KB )
CORY(J)=DELY (K8

NLURY(J)=RCDRY(J)+UE§;§KB)




e

i ¢

N

3000 MOVEX(L)=(RCORX(J1I+RCORX(IZ /2~

Ll

fou()

9

2

(0 4]

0

e

DEGREE RUOUT INE

MOVEZ(1)=(RCORZ(J1+RCORZ(J2Z21)/2-

IMES FMOVE (1) GIVES THE VECTOR FOR A BERD'S

RCORX
MOVEY (L )=(RCORY(JL)+RCORY(J2) ) /2-RCORY(J}
RCORZ

MOTION IF 1T UNDERGOES BOND VECTOR EXCHANGE.
BOND VECTOR EXCHANGE rMOUE (23 OR MOUE (33 PLUS

MOVE (1) WILL GIVE THE OQUT-OF-PLANE POSSIBILITIES

[ e}

N1

<

IF (RCORK(J1) . NE.RCORX(J) ) THEN
MOUEX (2 )=0
MOVEX (3 1=0
ELSE
MOUEX(2 =1
MOUEX(3 )=-1
ENDIF
IF(RCORY (J13.NE.RCORY (J) ) THEN
MOUEY (2)=0
ELSE
MOUEY (2 =1
MOUEY (3 )=~ 1
ENDIF
IF (RCORZ(J1).NE.RCORZ () ) THEN
MOVEZ(2)=0
MOUEZ (3 )=0
ELSE
MOUEZ(Z)=1
MOUEZ(3)=-1
ENDIF
DO 3020 K2=1,3
DELX(KZ )=CORX(J ) +MOVEX(KZ ) +MOUVEX (1
IF(DELX(K2).GE.$1)DELX(KZ )=DELX (K2 )-50
IF (DELX(KZ).LE. 0JDELX(K2 ) =DELX(KZ ) +30
DELY (K2 )=CORY (J 3 +HOVEY (K2 ) +FOUEY (1
IF(DELY(KZ).GE.%1IDELY (K2 ) =DELY (K2)-50
IF(DELY(KZ).LE. 0)DELY(KZ J=DELY (KZ)+50
DELZ(KZ)=CORZ(J ) +MOVEZ (K2 ) +MOVEZ (1)
IF(DELZ(KZ).6E. 51 IDELZ(KZJ=DELZ(K2)-50
IF(DELZ(KZ).LE.0)DELZ(KZ ) =DELZ(KZ)+30
CONT INUE
DELX(4)=CORX(J)
DELZ(43=CORZ(J)
DO 3040 Ka=1,4
198.




NO==2
C IF THE PUSITION IS5 OCCUPPIED NO MOTION IS5 POSSIBLE
C TO THIS LOCATION

ELSE
C CHECK TO SEE ER

THE NUMBER OF OCCUPPIED NEIGHBORS

DO 3050 Ko9=1,12z

NXTXC(KD )=DELX (K4 ) +UX(KS )
IFUNXTXIKS ) JEQ.PLINKTX (K =]
IFINXTX(KS 3, EW. 0 INXTX(KS 1=20

NXTY (KB J=DELY (K4 +UY (K5}
IFINXTY(KS ) . EQ. 71 INXTY (K5 1=1

IFINXTY (KD ) . EW. 0)NXTY (K5 )=%0

NXTZ(KS )=DELZ(K4) +UZ(KS )
IFINXTZ(KD ) . EQ.PLINKTZ(KS)=1
IFINXTZ(KS ) . EQ. 0 INXTZ(KS 3=90

IF CHOME CNXTXUKS § , NXTY(KS ) ,NXTZUKS ¥ 3 JNO=NO+ 1

3050 CONT INUE
PR(KG)=0P (NO)
TOT=TOT+PR(K4}

ENDIF
5040 CUNTINUE
DO 3070 K7=1,4
PRUKZ1=PR(KZ71/T0OT
3070 CONTINUE
C PICK A iMOTION

DO 3080 K&=1,3
Siri=Si+PRUKS )
IF (5. BE. @) THEN
CORX(J)=DELX(KS)
RCORX (J) =RCORK (3 ) +MOVEX (K8 3 +IOVEX (1)
CORY (J)=DELY(KS)
RCORY (J)=RCORY (J ) +MOVEY (K 3 +FOVEY (1)
CORZ(J1=DELZUKS) |
RCORZ(J)=RCORZ(J) +HOVEZ (K8 ) +MOVEZ (1)
TO 2700
ENDIF
3080 CONTINUE
2700 HOME(CORX(J),CORY(J),CORZ(I) )=, TRUE.

C*****************************************************

2
10O

19 +
iF (I9.EQ.6%) THEN

CALL EXEC(Z2,24+100B,TPX,BUFLEN,BLOCK(L) ,BLOCK(Z]

DBLOCK=DBLOCK+3

CALL EXEC(Z,24+100B,TPY ,BUFLEN,BLOCK(L) ,BLOCK(Z ]

DBLOCK=DBLOCK +3
CALL EXEC(Z,24+1008,TP
DBLOCK=DBLOCK+3

15=1
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HAIN WORKUP

Uri=SUIH+ (TPX UL, 15 )=TPX(LENGTH, 193 1%*2

» +CTPY (1,15 )-TPY(LENGTH, 153 )%"2

» +(TPZ(1,19)-TPZ(LENGTH,15))*"2
KCIL)=TPXCL,19)-TPX(LENGTH, 19}

U X = mom~ NPT

C
L
S

CONT INUE
CALL EXEC(2,24+1008B,
DBLUCK=DBLOCK+3
CALL EXEC(Z,24+1008B,TPY,BUFLEN,BLOCK(L),BLOCK(Z]))
DBLUCK=UBLUOCK+3
CALL EXEC(Z2,24+100B,TPZ,BUFLEN,BLOCK(L),BLOCKZ )
DBLOCK=DBLOCK+3

[ %
[s 1}
[ o]
[}

CALL LURWC(OPTION)
WRITEC(L,10DBLOCK
10 FORMAT(! NEXT AUAILABLE BLOCK IS “,i110)
ARARERARAAR A AR R AR TR AARERAARARRARAARAAARTRATAAAANAAAAAARA RSN
RECURD DATA

C
C

RSG=RZ/2.
JTIME=0
OPEN(UNIT=8,FILE= HEX24 )
WRITE(S,50)LENGTH,NUIM,RSG,POT
ALCULATE THE AUTOCORRELATION FUNCT

ND-TO-END VECTOR
DO 1301 12=1,200
Siuri=0

c
2

ccC
CE

DO 1401 I3=1,rMAXI

J=12+13

SUM=SUM+X IS 1*X(JI)+Y (I3 5=Y(J1+Z2(13)0*2(3J)
CONT INUE

TAU=DBLE (SUM) 7DBLE(MAXT ) /R2
JTIME=JTIME+4

—
D

o]
[

1402 FORMRTCY TIrE=',F7.3,5X, 'TAU=",PEiL3.6)
1301 CONT INUE
CLUSE(8
A A A A R AR R R A A AR R AR AR R AR AR AR AR RNAR AR AR ARARRARAARRRRARR

C RECORD THE FINAL COORDINARTES

125 OPEN(UNIT=6 ,FILE="FC241)
REWIND(6 )
wRITE(6,50)LENGTH,NUF3§§Q,PUT,I

IMECLY
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FORMATC(20147

CALL FIMPRUNPROGRAPM(STRING, O,

o

,0,0,0,NAME )

ED FOR R250, ARAN USES THE

REAL*8 IRAND,MULT,LA

INTEGER ITIME(S)

DATA IRAND/ 14532,/ ,MULT/65539.

DATA LARGE,/2147483647./

IFCI.EQ.0JG0TO 1

CALL EXECC(LL,ITIME?

IRAND= IRAND*UBLECITIFE(L3+ITIME(Z)
+ITIME(S)+ITIME(4) )

RITE(L,3%3) IRAND
ORMAT(FLI0.2)
07D 2

0 2

O T E

IRAND= IRAND*MULT
IRAND=DMOD U IRAND ,LARGE 1 + 1
ARAN=( IRAND ) 7 (LARGE+1 )

RETURN

END

FUNCTION RZ50CIPOINT)
INTEGER*4 IRND(5000),iMASK, I
DIFIENSION RND(30007
EQUIVALENCE C(IRNDU(L) ,RNDC(LJJ

COMMON IRND
UDATA MASK,/ 1073742082~
1P0O T+

IPOINT=IPOINT

i

IF
I=TEORCIRNDUIPOINT-250), IRNDUIPOINT=-103))
IRNDUIPOINT ) =I0RCI,MASK)

rZ25

250=RNDCIPOINTI-1.0

RETURN

END

REINIATIALIZES R250

SUBROUTINE REINTUIPOINTY

INTEGER*4 IRND(?UOU)iéRNDZkZSUJ
1



EQU TUALENT
COMMON  1RN
DO 1 I=1,2

A Tom

NU

=
SUBROUT INE
DIMENSION RRNDC
INTEGER*4 IRND
EQUIVALENCE (R
COMMON RND
DATA MASK, 1073741568/
A=ARANC L)
DO 1 1=1,250
RNDCT J=ARANCD )
IRND (I 9= TANDCIRND UL ), MASK )
CONT INUE
IPOINT=250
RETURN
END

oo U
~ G CI —t

~ C e
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APPENDIX V

FORTRAN CODE FOR THE THERMAL BCC MODEL

203



HNUbNHH BODZ4
x Y

INTEGER UtLX\)),UtLX(S),NXTX(BJ,UX(S),MDUEX(S)
INTEGER VECY(3),DELY(8J ,NXTY(8,UY(8),MOVEY(3)
INTEBGER VECZ(3),DELZ(8J,NXTZ(8),UZ(8),rOUEZ(3)
INTEGER CORX(ZdJ,RCDRX(ZdJ X(SGOOUJ,IHXLA4 041

INTEGER CORZ(24) ,RCORZ(24) ZL)UUUUJ,IH4L44 64
INTEGER ULULKL&),IILNtLb),UUPLtN NAME(3 )

CHARACTER*16 STRING
EQUIVALENCE (BLOCK(1),DBLOCK?

C****************************************************

DATA NAME-Z ‘BOD36 ¢ /

DATA STRING/ ' X{ BOU36::PA

DATA SurMs 0/
UX,UY,UZ ARE THE COrMPON
THE NtHRESI—NtleBUR LA I

DATA UXxrs1,1,1,1,-1,-1,-1,-1

ODRTA UY/1,-1,1,-1,1,-i,1,-1

ODATA UZr1,1,-1,-1,1,1,-1,-1

Li=24

BUFLEN=1536

i9=0

DBLDEK=U

HE UECTORFS TGO

[ ]
=l m
=} 2

CALL LUNU&UFIIUN LUy
0 FORMAT(IZ,13,Fi5

209 HOMECIL,12,130=.FALSE.
C********************Q****************************1'

C READ IN INITIaL COORDINATES BOTH PERIODIC AND REAL

C****************************Q**********************

OPEN(UNIT=5 ,FILE="BODY241°

RERD(S, VUJLthIH NUN,NA,PUT,LI MECLY

lelbLl bUJLENbTH ,NUIM,R2 ,POT

READ(S rm|=lzv)kuutha) ,RCORX(J) ,CORY (T,
* NLUKYLJJ CORZ(J) ,RCORZCI ) ,J=1,LENGTH)

DO 303 1=1,LENGTH
lr(HUﬂtLLUKXKIJ,LUNY
HUNtLLUNXLlJ SCORY (T

it
[
(V|
c
C
Z
—
4
[
m

(02
Ll
Nt
£
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365 FORMAT( ' ERROR IN DATA',215)
STOF
C
iis WRITEC1,33)
>3 FORMATCY DATA OK' )
c
C CALUCULATE THE BOLTZriANN FACTORS
Ct***********Q*********************
DO 606 1=0,7
OPCLI=EXPCI»POT)
606 CONTINUE
C JK 15 THE NUPMBER OF ATTEMPTED HMOUVES BETWEEN
JK=LENGTH*NUM*4
C INITIALIZE THE RANDOFM NUIMBER GENERATOR
CALL INITUIPOINTY
C BEGIN THE SIMULATION LOOP
DO 2800 I1=1,30000
DO 2700 12=1,JK
Sii=0.0
TOT=0.0
C A DETERFMINES WHICH OF THE POSSIBLE MOUES 15
A=RZ50CIPOINTY
C J IS THE BERD FOR WHICH THE ATTEMPTED rOTIO
C OCCUR
J=RZ50CIPOINTI*LENGTH+1
HOME(CORX(J) ,CORY(JJ ,CORZ(J) )=.FALSE.
IF((J.EQ.13.0R.CI.EQ.LENGTH? Y GO TO 10
Ji=J-1
JZz=J+1

IDEL={ (RCORX(J1)~RCORK(IZ) ) nn2
*  +(RCORY(JLI-RCORY(JZ)Ix*2
= +(RCORZ(J1)-RCORZ(JZ))**2)/4

C 2000 AND 4000 ARE THE 60 AND 120 DEGEREE RO
C RESPECTIVELY
GO TO (3000,4000,27009 IDEL
C
C END ROUTINE
C
o000 IF(3.EQ.1)THEN
Ji=2
ELSE
JI=LENGTH-1
ENDIF
C FIND QUT IF THE POSSIBLE LOCATION TO WHICH
C MAY rMOVE IS5 OCCUPPIED
DO i0io Ki=1,8
NO=-1

DELX(KL)=CORX(IL I +UX(KL)

IF(DELX(KL) .EQ.PL1IDELX(K1I=1

IF(DELX(K1Y.EQ.0) DELX(KiJI=90

DELY(K1)=CORY(J1)+UY (KL

IFIDELY(K1) . EW. 91 IJDELY(KL)=1
205



IF(DELZ(KL) .EQ.P1IDELZ(K1I=1
IF(DELZ(K1) .EX.0IDELZ(KL =50

C IFf THE POSITION IS5 OCCUPPIED THE PROBABILITY IS ZERU
IF(HOMECDELX (KLY ,DELY (K1) ,DELZC(KL1) ) ITHEN
PR(K1J=0.0
ELSE

C FIND THE NUMBER OF NEAREST-NEIGHBOR PAIR INTERACTIONS

NXTXUK3 J=DELX UKL I +UX(K3)
IFUNXTX(KS ) L EQ.PLINKTX(K3 =1
IFUNXTXIK3 ) . EQ. 0 INXTXIK31=90

NXTY (K3 J=DELY (K11 +UY (K3
IFINXTY(K3 ). EQ. 71 INKTY (K3 )=1

IFINXTY (K3 ) . EQ. 0INXTY (K3 1=%0

NXTZ(K3 )=DELZ(KL ) +UZ(K3)
IFINXTZ(K3 ) . EQ.PLINKTZ(K3 )=1
IFINXTZ(K3 1 .EQ. 0 INKTZ(K3 1=%0
IFUHOMECNXTXUKS 3 ,NXTYUK3 3 ,NXTZ (K3 ) ) 3 NO=nO+1

1030  CONTINUE
PRUK1)=0P (NO)
ENDIF
TOT=TOT+PR(KL)
1010 CONTINUE

A=A TOT
DO 1060 Ké=1,8
Sii=S+PRUKG )

C PICK A LOCATION TO MOUE T

O

CORXU(JI=DELX(KS )
RCORX(JJ=RCORX(J1)+UX(K6)
CORY(Js=DELY (K613

RCORY(JJ=RCORY(J1J)+UY(K6EJ

CORZ(JI=DELZ(KS
RCORZ(J1=RCORZ(JIL ) +UZ(Ks6)
GO0 TO 2700
ENDIF
1060 CONTINUE
C
C 120 DEGREE ROUTINE
C
4000 DELX(Z2)=RCORX(JILI-RCORX(JI+CORX(JZ)

IF(DELX(Z).EQ.?1) DELX(2)=]
IFCDELX(2).EQ. 0y DELX(Z)=9%0
DELY(2)=RCORY(JL)-RCORY(JJ+CORY(JZ)

IFC(DELY(2Z),.EQ.0) DELY(Z2)=%0
DELZ(2)=RCORZ(J1)-RCORZ(JI+CORZ(JZ)
IFCDELZ(2Z) . EQ.21) DELZ(2Z)=1
IF(DELZ(2).EQ.C) DELZ(ZJ=%0
IF(HDHE(DELX(Z),DELY(Z)éggLZ(ZJJJTHEN
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60

DEGREE ROUTINE MOUE (1) IS FOR BOND UVECTOR

N IN THE PER

N AND THE ORIGINAL LOCE
PECTIVELY
LX(1)=CORX(J)

LYLlJ=LUNYlJJ

MmEL o

-
N
.._l
i
-
v C
A
N
[

NUMBER OF PA
DO 4030 K3=1,8
NATXIKS 1=DELX(KZ 1 +UX({K3
IFUNRKTXIKZ ). EQ.Z1INXTXLK3
IFINXTXIKS J . EQ. D INXTX(K3 1=
NXTYU(KZ 3 =DELY(KZ 1 +UY (K3
IFONXTY (RS ). EQ.Z1INXTY (K3 =1
IFUNXTY(K3 ). EQ. DINXTY(K31=%0
NXTZ(K3 )=DELZ(KZ ) +UZ(K3 )
IFINXTZUK3 ) .EQ.P1LINKTZ(K3 =1
IFUNXTZ(KS 1 .EQ. 0 INKTZ(K3 =20
IF (HOME(NXTX (K3 3 ,NXTY (K3 ) ,NXTZ (K3 1) )NO=NT+ 1
CONT INUE
PR(KZ )=0FP (NDJ
CONT INUE
LOCATION TO MOUVE TO
A=EA* (PRUL) +PR(Z) D
IF(PR(LIJ.LT.AITHEN

LR
—
2

=1
90

RCORX(J1=RCORX(JZ I +RCORX(JIL 1-RCORK(J )
RCORY (J)=RCORY(JZ ) +RCORY(J1~-RCORY(J)
RCORZ(J)=RCORZ(J2 3 +RCORZCILI-RCORZVI )

CORX(J1=DELX(2)
CORY(JJ=DELY(2Z)

LUKZKJJ'UtLLLZJ

EXCHANGE MOTION. SETTING THE

PROPER COFMPONENTS OF MOUVUE (1) TO ZERO GIVES

MOVE (27 AND MOVE (3), THE OTHER POSSIBLE MO
MOVEX (L )=RCORX(J1 ) +RCORK(JZ1-RCORX(J =2
MOVEY UL )=RCORY(J1 ) +RCORY (J2)-RCORY(J1+2
MOVEZ(1)=RCORZ(JLI+RCORZ{(JIZ 1 -RCORZ(J*2
IF(MOVEX(L) .EQ. 0) THEN

3000

IONS

MOUEY (2 )= 0
MOUEZ (2 )=HOUEZ (1)
MOUEY (3 ) =FOUEY (1)
MOUEZ (3 3=0
MOVEX (2 =0
MOUVEX (3 =0
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ENDIF
IF(MOVEY (1) .EQ. 0)THEN
MOUEZ(Z2)=0

MOVEXCZ2 0=MMOUEX(L)
MOUVEZ (3 1=MOVEZ (1)
MOVEX(3 1=0
FMOVEY(Z21=0
MOVEY (3 1=0

ENDIF
IF(MOVEZ(L ). EQ. 0 ) THEN
FMOVEX(Z)=0
MOUVEY (2 1=MOVEY (1)
MOVEX (3 1=MOVEX(1)
MOVEY(3 =0
MOUEZ(21=0
MOUEZ(3 =0

ENDIF

Y

KZ=1,3
DELX(KZ J=CORX(J ) +IMOVEX(KZ I
IF(DELX(KZ ) .GE. 21 IDELX(KZ y=DELX(KZJ)-%0
IF(DELX(KZ ) . LE. 0IDELX(KZ)=DELX(KZ)+%0
DELY(K2)=CORY (J)+MOVEY (KZ)
IF(DELY(KZ).GE.?1I)DELY(KZ)=DELY(KZ1-%0
IF(DELY(KZ) . LE. 0DIDELY(KZ)=DELY(KZ1+%0
DELZ(KZ )=CUORZ(J ) +IMOVEZ(KZ )
IF(DELZ(KZ).GE. %1 )DELZ(KZ )=DELZ(KZ)-90
IF(DELZ(KZ ) . LE. 0IDELZ(KZ )=DELZ(KZI1+20
0 CONTINUE
L (4) IS THE CURRENT POSITION
DELX(41=CORX(J)
DELY (4)=CORY(J)
DELZ(4)=CORZ(J)
DO 3040 Ké=1,4
NO=-2
SITION IS OCCUPPIED NO MOTION 15 POSSIBLE
AT

FUSLTLIUN
IF(HOME(DELX (K4 ,DELY(K4) ,DELZC(K4 ) 3 JTHEN
PR{K4I=0. 0
ELSE
FIND THE NUMBER OF PAIR IN
DO 3050 K5=1,8
NXTX (K5 ) =DELK (K4 ) +UX (K5 )
IF(NXTXUKS ) EQ. 91 INXTK (K5 =1
NXTY (K5 3 =DELY (K& 3 +UY (K5 )
IF (NXTY (K3 ). EQ. 71 INXTY (K5 3=1
IF UNXTY (K5 ). EQ. 0 )NXTY (K5 3=50
NXTZ (K5 )=DELZ (K4 ) +UZ (K5 )
IF(NXTZ(KS ) EQ. 91 INXTZ (K5 )=1
IF (NXTZ(K5 ). EQ. 0INXTZ (K5 ) =50
208



IFCHOMEUNXTRUKS I ,NXTY (KB ) ,NATZ (K5 ) sNO=NO+1
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CHAIN WORKUP

Uii=SUr+ (CTPKUL, 199~ TPX(LENGTH, 191 3%#2
~ +CTPY(L,19)=TPY(LENGTH, 1) )a*2
~ +(TPZ(1,19)-TPZ(LENGTH,15))**2

CONT INUE
CALL EXEC(Z,24+100B,
DBLOCK=DBLOCK+3
CALL EXEC(Z,24+100B,
DBLOCK=DBLOCK+3
CALL EXEC(Z,24+lDUB,TPZéBUFLEN,bLULK(l),ULULK(Z)J

N
[»{}
[[a]
e

el
-
\-EI
C
T
r
1
2
a
r
(]
()
P
~
.—.n
!
A7)
o
r
(=]
1
x
~
N

u
p
5 4]
C.
Ti
r
(L]
2
[31]
r
Ci
(]
>
feee
m
r
(]
[m
>
[N

-
s
C
i

-
=
T
NI
at
Cc
T
=
Tl
2
a
r
C
[}
*
’_:
i
~
[}
(]
P
N
=



10 FORMARTU(!Y NEXT AVAILABLE BLOCK IS ,11107
C****************************************************
C

JTIME=0
OPENCUNIT=8 ,FILE="BDz24° )

O

J=12+13
SUM=SUIM+X (I3 )~ K(JI+¥ (I3 )Y (I)+Z(13I%Z(T)
1401  CONTINUE
TAU=DBLE ( SUM )/ DBLE (MAX [ 1 /R2
JTIME=JTIME+4
WRITE(8,1402)ITINE, TAU
1402  FORMAT(' TIME=',F7.3,5X, TAU=',PEL3.6)
1301 CONTINUE
CLOSE(§)

C***************************************************

C WRITE THE COORDINAES TO TrRPE

C

iz25 OPEN(UNIT=6,FILE='B0O0DY241"
REWINDUS
WRITEL6 ,50)LENGTH,NUIM,RSQ,POT,ITIME(L)
WRITEU(6,12%) (CORX(JJ ,RCORX(J Y ,CURY(J) ,RCORY(J ),

* CORZ(J) ,RCORZ(J?,J=1,LENGTH)
WRITEU(6,20 ) LENGTH ,NUM,RSG,POT,ITINMEC(LY
CLOSE(s6)
iz% FORMRAT(Z014)

CALL FirPRUNPROGRAM(STRING,0,0,0,0,0,NAIME)
STOP
END

C

C ARAN SEEDS THE RRANDOM NUMBER GENERATOR THROUGH THE

C SUBROUTINE INIT. RRAN USES THE HP CLOCK AS A SEED.

FUNCTION ARANCI)
SAVE

REAL*E 1RAND,MULT,LARGE

INTEGER ITIME(S)

DATA IRAND/ 14532,/ ,MULT/65535./
DATA LARGE/2147483648. /
IF(I.EQ. 03G0TO 1
CALL EXEC(LL,ITIME) o 0
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RITE(1,393 ) IRAND

FORMAT(F10.2)

oTo

N

-

TIMEC

I
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RETURN
END
THE SHIFT RANDGIM NUIMBER
FUNCTION RZ50(IPOINTY
INTEGER*4 IRND(Z000) ,iASK,
DIMENSION RND(S0007)
EQUIVALENCE (IRNDU(1) ,RNDUL
COMPMON IRND
UATA MASK-, 1073742082~/
IPOINT=IPOINT+1
IFCIPOINT.BT.5000)CALL REI
I=TEORUIRNDUCIPOINT-2507, 1R
IRNDCIPOINTI=I0ORUI,IMASK)
RZ50=RNDUIPOINT)~1.0
RETURN
END
REINITIALIZES R250
SUBROUTINE REINTCIPOINT?
INTEGER*4 IRND(Z000) , IRNDZ
EQUIVALENCE (IRNDU(4Z%11, 1R
COMMON IRND
00 1 1=1,250
IRNDUI )= IRNDZ (I
CONT INUE
IPOINT=251
RETURN
END
LIZES R250
SUBROUTINE INITUIPOINTY
DIFMENSION RNDU(S000)
INTEGER*4 IRND(Z000),MASK
EQUIVALENCE (RNDCLI),IRNDCLY)

COMMON RND
AT Mask
A=ARANC L)
Do 1

I=1,250
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1)=ARANCD)
(1s=1ANDCIRNDCI ) ,MASK )

M2 = 1
ZmMTuo— X
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APPENDIX VI

FORTRAN CODE FOR THE CALCULATION OF NORMAL MODES

This code reads in the sampled coordinates from the
tape using the arrays TPX, TPY, and TPZ. The details of the
arrays function is the same as was described on page 163,
but now the arrays will be used to read from the tapé
instead of to write to the tape. The sampled coordinates are
Cartesian. This program converts them to normal coordinates
and then calculates the autocorrelation functions of the

first three normal modes.
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CLCL O Cy O & &

iLES 1,53
DS ON
THIS PROGRAPM CALCULATES THE NORPMAL COORDINRTES FROP
CARTESIAN COORDIMNATES AND THEN CACULATES AND PRINTS OUT
THE AUTOCORRELATION FUNCTIONS OF THE FIRST 3 MODES.
UK 1, UK 2, AND UK 3 ARE THE FIRST THREE
NORIMAL COORDINATES, TP (24,841 15 THE BUFFER RRRRAY
THAT READS IN THE CARTESIAN COORDINATES FROM THE TRPE
PROGRAM Nz24
ErfiA UKX1,UKY1l,UKZi,UKXZ ,UKYZ ,UKZ2Z ,UKX3 ,UKY3 ,UKZ3
REAL UKxL(JUUUUJ ukvlk:UUUUJ,UKALL:OGDU),RN1(24J
REAL UKKA(}UUUUJ,UKYAL)UUUU) UKZ2(30000) ,RN2(24)
REAL UKX3(30000) UKY}LJUUUUJ,UKAJLJDUUU),RN3(A4)
INTEGER IHXKA4,04J,IHYKAQ,04J,|HZL44 64)
INTEGER BLOCK(Z) ,BUFLEN,NAME(3)
INTEGER*4 DBLUOCK
EQUIVRLENCE (BLOCK(1),DBLOCK)
Lu=24
OPTION=000001B
CALL LURQUOPTION,LU)
Pi=3.1416
[9=64
AUTOL=0.0
AUTO0Z=0.0
AUTUS=0.0
BUFLEN=1536
DBLOCK=0
DO 3% K=1,24
RNI(KI=COS((K-.5)*P1ls24)
RNZ(K)=COS((K~-.5)*PI*2/24)
RN3(KI=COS((K=-.5)1*PI*3/24)
5 CONT INUE
THIS LOOP READS IM THE CARTESIAN COORDINATES AND
CONVERTS THEM TO FIND THE FIRST THREE NORPMAL COORDINATES
0o 10 1=1,30000
[9=(9+1
IF (19.E&.6%) THEN
CALL EXEC(1,24+100B,TPX,BUFLEN,BLOCK(1) ,BLOCK(Z))

BLOCK(Z)=BLOCK Z)1+3

CALL EXEC(L,Z24+100B,TPZ,BUFLEN,BLOCK(1Y ,BLOCK(Z )
BLOCK(Z2)=BLLOCK(Z)+3
i9=1
ENDIF
SUMXi=0
Suriyi=0
SUMZ1=0
SuUrxXz=0
SuifiYyz=0
SUiiZz=0
SUMX3=0
;UHY: 0 214
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=1,24
(I8)*TPX(IB,19)

LlUJ*THYLlU,l?)
I8)>TPZ(I8,19)

M2CIBI*TPX(IB,1%)
NZUI8I*TPY(IB,I19
NZCIBI*TPZUIB,I1%9)
X3=RN3(I81*TPX({IB,1%)

Y3=aRN3(I8I1*TPY(I8,19)
Z3=RN3(IBI*TRZ(IB,I19)
SUMX 1=SUMX1+X1
SUMY1l=5UiMiYyl+Y1l
SUrMZ1i=5uirizl+Z1
SUMXZ=5UIMK2Z +X2
SUMYZ2=5UiliYz+Y2
SUMZ2Z2=SUiMZZ2+Z2
SUMXZ=SUiMKS +X3
SUMYZ=SUMY> +Y3
SUMZ3=5UrMZ>+Z5

CONT INUE
UKX1I(1)=,28867%51~5UiX1
UKY1(13=,2886751~50UiY1
UKZI(I)=.28867%1*5UiMZ1
UKXZ(IJ)=.,2886751*3Uix2
UKYZ(11=,2886751~5UiiYZ2
UKZZ(I)=.2886751»5UrZ2
UKK3 (1 1=,.288675 L*5UiMX3

UKY3(1)=.2886751=5UIMY3
UKZ3(11=.2886751*5UMZ3
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THX1=UKXLCI )
THY1=UKYLU(1I)
THZ1=UKZ1i(1J
THXZ=UKX2 (
THY2Z2=UKY2(
TMZ2=UKZ2(
THX>=UKX3 (
THY3=UKY> (
THZ3=UKZ3 (
AVE IS THE DENGMHINATOR OF
AUTOCORRELATION FUNCTIONS.
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CALL LURQIOPTIONY
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C RVUELZ AND AVEZ3 GIVE THE ZEROD TIM

T
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AVEZ=AUTOZ-30000.0

AVEZ=AUTO03-30000.0
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AVELZ=AUTOL12/30000. 0
AVEZ3=AUTOZ3,30000. 0
OPENCUNIT=6 ,FILE= U241 %)
OPEN(UNIT=7 ,FILE=UZ42" )
OPEN(UNIT=8,FILE= U243 )
WRITE(6,50JAVEL ,AVELZ ,AVEZS
WRITE(Z,50)AVEZ
WRITE(S,50IAVES
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UKXLCI3 I UKXLCI ) +UKY LT3 I~ UKY1()
» +UKZ1 (I3 3%UKZ10d)
2=R2+UKXZ (13 )*UKXZ (I3 +UKY2Z (13 )*UKYZ (J)
* +UKZZ (13 )*UKZZ (37
=R3+UKX3 (133 %UKX3 (33 +UKY3 (13 3%UKY3 (3
» +UKZ3 (13 )*UKZ3 (J)

CONT INUE

AUTL=R1/(AVEL*12)

AUTZ=RZ/ (AVEZ*12)

AUT3=R3/ (AUE3#~12)

WRITE(6,603 15,AUTL

WRITE(7,603 I5,AUTZ

WRITE(S,60) 15,AUT3

FORMATC TINME=',F7.2,5%, AUT=',PEL3.6)
CONT I NUE
CLOSE (6 )
CLOSE(7)
CLOSE (&)
CALL FHPRUNF
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ROGRAM(STRING,0,0,0,0,0,NAME)
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