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The continuum configurational big€CB) Monte Carlo method has been extended to perform
elementary moves that involve the rearrangement of inner segments of flexible chains. When
regrowing inner sites, the continuity with the rest of the chain is ensured by disregarding those
configurations that would imply an unrealistic elongation of the bonds once the chain is
reconstructed. The formalism presented here also allows the simulation of branched chains and
crosslinked-network structures. The Monte Carlo elementary moves proposed in this work are used
in conjunction with an alternative method of preferential sampling in which the segments to be
rearranged are chosen from a preselected region of space. The performance and capabilities of the
new moves are compared to those of standard CCB and crank-shaft algorithms for simulation of
melts and solutions of hard-sphere chains at high densities. Our results indicate that the methods
presented here provide a fast relaxation of the bond orientation and the end-to-end orientation
autocorrelation functions. Our isobaric simulations for homopolymer chains of up to 51 sites and for
concentrated solutions of chain molecules in the monomer are consistent with previously reported
data obtained by approximate molecular dynamics methods and by conventional Monte Carlo
methods. However, small disagreements with existing data are identified at high densities. These PV
results are also compared to the predictions of two recent equations of state. This comparison shows
the presence of some small but systematic deviationsl9@5 American Institute of Physics.

I. INTRODUCTION sometimes inaccurate simulation data. The generation of PV
data for a more comprehensive variety of hard-sphere chain
Much of our current understanding of simple fluids hassystems and over a wider range of conditions would enable
emerged from molecular simulations. In recent years morghe development of more accurate equations of state, not
complex, molecular fluids have received increasing amountenly for hard-body systems but also for realistic polymeric
of attention. Polymers, in particular, have been studied byystems.
computer simulations by a number of authbréMore often It is difficult to simulate hard-sphere chains by conven-
than not, such studies have resorted to methods that wet®nal molecular dynamics methoé&$the complexity of the
originally designed for simple fluids and that are ill-suited required collision dynamics has eluded their practical imple-
for long chain molecules. Improved techniques for simula-mentation. It should be noted that Gao and Wetheave
tion of polymeric systems have begun to appear onlybeen able to use molecular dynamics to simulate hard chains
recently’~®and there are still many problems that need to beby approximating hard-core interactions by a soft, Lennard-
addresse? Jones type of potential-energy function. Unfortunately, a
Computer simulations have played an increasingly im-conclusive and independent means of assessing the validity
portant role in polymer physics by providing “exact” results and accuracy of their approximate results at high densities is
for the structure and properties of model systéfis that  not available. Furthermore, their approach would be difficult
context, the study of hard-sphere chains is a natural startintp apply to heteronuclear chains and mixtures.
point for theoretical work because the structure of liquids is It is therefore necessary to develop new Monte Carlo
largely determined by short-range, repulsive forces. In spitenethods that are capable of exploring the configuration
of their importance, however, simulations of hard-spherespace of such systems in a manner that is sufficiently effi-
chain have been limited to moderate densities and shodient to provide reliable estimates of their equilibrium prop-
chain lengths. Simulations in the canonical ensemble haverties. Monte Carlo methods are particularly suitable for
been reported for chains of up to 100 beads and packingimulation of hard-core systems because the fundamental re-
fractions(#) of up to 0.30 but, to the best of our knowl- striction to any given configuration of the system is simply
edge, study of their PV behavior has been restricted to chairthe avoidance of overlags.Incidentally, this feature makes
of up to 16 segments af<0.376%*Difficulties associated hard-sphere-chain systems ideal for development and testing
with simulation of longer chains at high densities have pre-of new Monte Carlo algorithms; since the complexity of in-
cluded more complete and extensive studies. tramolecular and intermolecular interactions is minimal, the
In recent years several equations of state for hard-sphegerformance of a Monte Carlo move will depend only on the
chain molecules have been propo$etf~??Such equations structure of the system and the simulation algorithm itself.
constitute the backbone for almost any theory of condensed In recent years, Monte Carlo methods for simulation of
polymers. The relative merits of available models, howeverpolymeric systems have experienced significant advances.
have only been discussed on the grounds of limited andlost of these methods have been used to investigate lattice
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systems~>2%|n this work, however, we are interested in the off-lattice models. Furthermore, to the best of our knowl-
study of polymers in a continuum; for conciseness, we makedge, these moves have not been fully tested at high densi-
little reference to studies on a lattice. ties, where they might have only a limited success.
Off-lattice Monte Carlo simulations of polymers have Copolymers consisting of alternating but distinct mono-
been limited. The reptation algoritdfi?®?” was probably mers are important in practice. Reptation methods are of
the first prescription that substantially improved the perfor-little use for their simulation because they violate structural
mance of conventional Metropolis Monte Carlo moves forconstraints. Branched and crosslinked polymers are also of
simulation of chain molecules. Recently, a more powerfulgreat practical importance. None of the conventional meth-
technigue came along with the development of the conods mentioned so far are well suited to simulate these sys-
tinuum configurational bias Monte Carlo metid@CB); by ~ tems. Such materials therefore represent challenging systems
cutting and regrowing many sites at one end of the chain, then which to perform Monte Carlo simulations. Clearly, a
CCB method can achieve drastic conformational rearrangesimulation method that is equally applicable to simple ho-
ments and better sampling of the configurational space. Urmopolymer chains, branched chains, crosslinked polymers or
fortunately, the efficiency of both reptation and CCB meth-heteropolymer chains would be desirable.
ods decreases significantly as the chain becomes |8/ge. In this work we present a new Monte Carlo method for
main reason for such a failure is that both of these methodsimulation of flexible chains. It is equally applicable to ho-
operate at or near the ends of the chains; for long moleculegjopolymers, copolymers, and branched polymers. Its versa-
the concentration of chain ends is often low. tility permits the simultaneous displacement of multiple
Reptation and CCB rely on the occurrence of emptysites, thereby increasing the chances for cooperative rear-
spaces for the relocation of monomeric units of the chainsfangements of the molecules. Such rearrangements can be
At high densities, void spaces are rare, thereby reducing eveiade more localized by implementing a preferential sam-
further the efficiency of these method3he various short-  pling in confined regions of spa¢elOLE method where the
comings and advantages of different simulation algorithmgnoves are constrained to occur.
have been discussed at great length in earlier public&tichs In the next section we summarize the theoretical basis
to which the reader is referred for further details. for the new moves proposed in this work. In Sec. Il we
Reptation and CCB moves are equally applicable to fullyPresent some tests to validate the new moves. A description
or partially flexible chains. For molecules witiigid con- of the computational methods and performance criteria
straints(i.e., fixed bond lengths and rigid bond anglesich ~ adopted in our work is given in Sec. IV. The application of
as alkanelike architectures, some of the shortcomings of sudhese methods to the simulation of hard-sphere chains in the
moves can be alleviated by concerted rotations, whiclNVT and NPT ensembles is given and discussed in Sec. V.
achieve a localized elementary move of a few consecutiv&inally, in Sec. VI we provide some concluding remarks and
sites along the backbone of a ch&hThe performance of Suggestions for future work.
this method is basically chain-length independent and ap-
pears to work reasonably well at high densities. Unfortu-l- THEORY
nately, the advantages of concerted rotations are offset by the  ouyr discussion will focus on methods capable of dealing
expense of programming and solving a relatively compli-with flexible chain moleculegor semiflexible chains mod-
cated system of equations entailed by the geometric congled by including a bending potential energy between con-
straints of the molecule. It should be stressed that concertaghuous bonds Each chain is modeled as a sequencsitefs
rotations are only applicable to molecules with rigid con-jinked by rigid bonds(“Kramers” pearl-necklace mod#&).
straints. Recently, CCB and concerted-rotation moves haVEachsiteor beadmay represent an atom or a group of atoms,
been combined with some benefit for simulation of longdepending on the specific system to be modeled. Noncon-
alkanes”® The advantages of such a combined algorithm iguous sites or sites belonging to different chains may inter-
however, are not dramatic. act with any potential energy function as long as the sites can
For simulation of fully flexible chains, researchers havepe characterized by a “hard-sphere” diameter, i.e., some
also implemented several variants of what could be looselyninimum distance that imposes an energy barrier for the
called a “random” move. In one example, a small translationpenetration by any other site. Furthermore, the sites may

of the whole molecule is accompanied by small changes imave different sizes and may be connected by rigid bonds of
the direction of each bond along the ch&if® Such “ran- different lengths.

dom” moves tend to be inefficient and are not particularly
useful for simulation of long chains.

A crank-shaft type of move has also been used for simu-  The basis of this method was first developed in lattice
lation of flexible chaing>*°Such a move consists of rotating models>33~3¢ |t was then extended to a continuum by de
individual sites, one at a time; the performance of crank-Pablo etal® and by Frenkelet al3” The capabilities and
shaft algorithms is essentially chain-length independentimitations of the method have been addressed in various
thereby leading to a robust simulation method. Crank-shafstudie$®3"and need not be discussed again. Here it suffices
moves have been implemented in a continuum by direct exto describe the elementary steps that constitute the method.
tension of a prescription that was originally devised for lat- A randomly selected chain is cut at some random point.
tice systems$! However, it has not been shown that crank- A portion of the chain from this point to one of the ends is
shaft moves satisfy microscopic reversibility when applied todeleted.

A. The CCB method
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The chain is regrown site by site to its original length
(Fig. 1). For each site to be regrowNg,m,trial orientations
of the connecting bond vector are generated. One of them is
chosen with probability:

Nsamp
wi=exp(—BU) / 2 exp—BUY
k=1
Nsamp
=w¥ E wi ) CRANK-SHAFT:
k=1

wherew; is the normalized Boltzmann factor for thn trial
configuration with energyJ; (w; for the non-normalized
weight and 8=(kgT) ! (kg is Boltzmann’s constait

This way of selecting the new site position introduces a
bias that must be removed to ensure microscopic reversibil-
ity. This is done by introducing the weightg into the ac-

ceptance criteria of the proposed move accordirf?g to FIG. 1. lllustration of a standard CCB move and a crank-shaft move.
Wngai new
Pcce= min( 1, WnT) 2 are sampled over the whole rotational circumference. One of
chairf oid these positions is then chosen according to (&j.
where It is important to note that in any implementation of a
Neites crank-shaft move, there is a local change of the configura-
W= H W, 3) tional space varlablee.e_z._, the degrees of fr_eedom us_ed to
=1 determine the new position of the moved kitie Jacobian

determinant] associated with such a transformation of coor-

and whereP,,/P,q is the ratio of the probabilities of the ginates must be included in the acceptance cri@racord-
new and old configurations in the system. For flexible chainsing to

the possible positions of each appended site are sought uni-
formly on a spherical surface centered at the previous exist-
ing site.

Jnew W(?Ldai new) ( 4)

Pceg=min| 1, ——

e ( 7 WP ola
This Jacobian has been ignored by most authors; in Appen-

B. Implementation of the crank-shaft move dix A we show that, fortunately, the ratio of the Jacobian

. . . determinants in this equation is always equal to one. As
Various implementations of crank-shaft moves have 9 ys €9

. . . 42 : shown later, crank-shaft moves implemented using configu-
been used for lattice simulatiofiS! A one-site move can be o g .
) . : . . -~ _rational bias ideas can be more efficient than conventional,
easily extended to off-lattice simulations of flexible chains, » . -
brute-force” crank-shaft moves, particularly at conditions

ano_l has been ‘;ig’d for the S|mulz_it|on of polymer me_lts b)for which the acceptance rate of the latter method becomes
various authoré?*°The move consists of choosing an inner

site of the chain and then rotating it around the axis formeuSm I
by the line that joins the centers of the two adjacent sges
Fig. 1. In principle, the extent of the rotation should be C. The new move (ECCB)
chosen at random. A more refined application of the method A critical shortcoming of the original CCB move is that
should introduce a means of controlling the acceptance ratenly end sections of the chain can be regrown. This renders
of the attempted moves. There are a number of ways fothe method inefficient for long chains, where only the out-
doing so. most sites of a chain move significantly. As reported for lat-
One possibility is to add to the “old” position of the tice models’® a method that modifies the inner structure of a
rotating vector another randomly oriented vector located orchain would have significant advantages.
the same plane of rotation. The acceptance rate can be con- The method proposed in this section consists of erasing
trolled by adjusting the magnitude of the second vector. Aran arbitrary section of a chain molecule, and regrowing it,
important disadvantage of this or other related methods isegment by segment, until the original chain length of the
that at high densities, when moves are unlikely to succeednolecule is restored. If inner sites of the chains are to be cut,
the magnitude of the modifying vector must be small if ait is necessary to devise some means to ensure that the re-
reasonable acceptance rate is to be maintained. This restrig@sown sites properly “close” the chain. To satisfy such geo-
the moves to small rotations only, thereby leading to an inmetric constraints in an efficient manner, a systematic check
efficient way of producing conformational changes. of the physical realizability of a configuration should be per-
This problem can be circumvented by implementingformed in advance, every time that a site is appended to the
crank-shaft moves in a CCB fashion; instead of attemptinggrowing molecule, and not only at the time of closing the
one random rotation of a given site, several random rotationshain. This can be done by identifying an “available” sam-
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Spherical Sampling Space FIG. 4. Nomenclature used to determine the maximal extension of interme-
diate segments.

FIG. 2. Nomenclature and local coordinate system for the ECCB move.

Sites 0 andk are the open ends of the chain and 1 is the growing site. . . . . .
and 3 lie on a straight line. Clearly, if site 1 is to be appended

next to site O, it can only take one position, i.e., its sampling

pling space for the direction of each bond that is appendedPace is reduced to a point. On the other hand, Figs.ahd
In a conventional CCB move, the direction of the new bond3(C) show cases where the “existing” sites 0 and 3 are at
vector is randomly chosen on the whole surface of a spheré_he'r closest approach. In that event, site 1 has very distinc-
For inner segments, the proposed ECCB move requires th&ve lower and upper boundsy, and 6.,. Note, however,
the new bond vector be sampled on just a fraction of théhat there are no restrictions on the spherical angte be
spherical surface that would otherwise be available to it. chosen when sampling the orientation of a bond ve(zee
Figure 2 defines the coordinate system used in this workf19- 2). _
we specify the boundaries of such a surface by imposing For the general case whehe, sites are cut and re-
bounds to the spherical angteformed by the bond vector 9rown, the first site t'o be appendgd will have' the greater
and thez axis along the line connecting the centers of theSaMPpling surface available to it. This surface will be subse-
previous pivotal site and the linking site at the other side ofduently reduced as an increasing number of sites is appended
the chain(sites 0 and in Fig. 2, respectively These bounds to the c_ham. For the Ias_t site to be inserted, the sa_lmpl_mg
are completely defined once the position of the nearest twg_urface is reduced to a circumference, thereby resulting in a
“existing” sites at each side of the cut are specified. TheseSimple crank-shaft move.
sites are the last appended site at one side of the chain, and !N Principle, the regrowing process can take place from
the first uncut site at the other side of the chain. This fact in€ side of the growing section to the other, with direction
illustrated in Fig. 3 for the case where two inner sittand ~ Chosen at random, or it can take place in alternating direc-
2) of a hard-sphere chain are to be relocated. Figues 3 tions, site by S|f[e, in a regular or randqm sequence. In this
illustrates an extreme case where spheres 0 and 3 are at théfpdy only the first approach has been implemented.

maximum separation, i.e., the centers of the four sites 0, 1, 2, Ve now propose a solution to the geometric problem
entailed by the determination of the bounds of thangle.

The nomenclature to be used is illustrated in Fig.d;

denotes the straight line distance between the centers of sites
; i andj in any given configurationb; ; denotes the distance
T O along the connecting bonds from sitdo sitej, if all inter-
mediate sites were aligned on a straight line with sitaad
j, andc; ; is the shortest possible distance between sites
andj, i.e.,, ¢ j=(ri+r;), wherer; is radius of sitei. Note
thatc; ;=b; ; only if j is next toi on the chain(i.e., only if
j=i=x1). As before, site 0 is the “pivot” site to which the
growing site 1 is to be appended. Sites ktel remain to be
regrown.

The specification of the lower bound,,,, is not rel-
evant to ensure the proper closing of the chain but it en-
hances the effectiveness of the sampling procedure by antici-
pating possible overlaps. This bound is determined by the
closest feasible approach between sites 1lkarBlound 6,
is zero if site 0 cannot “touch” sitd; otherwise, it is given

() © by

oS Oin==—— (b2 ,+d%,—c2 ) (5)
FIG. 3. Limiting cases of the bounds for t#engle for two regrowing sites MmN 2hg 1o Ot Ok Tk
(1 and 2. (a) Neighbor sites 0 and 3 at the maximum separatibnand (c) B .
neighbor sites 0 and 3 at the closest approach. The value of the upper bound,,,,, can be determined
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by hypothetically extending all the sites to be regrown in
such a way that site 1 be located as far as possible from site
k. This hypothetical maximal extension is also illustrated in
Fig. 4. If site 1 can be “pulled” away in such a way that it
can, at least, get totally around site 0 and be placed at the
opposite side of sit&, then 6,,,,= 7. Otherwise, we have to
identify a sitei* which corresponds to the first site of the
ungrown section of the chain that touches site 0 once this
maximum extension has occurrésite 3 in the example of
Fig. 4). Sitei* is not necessarily the first site thedan touch

site 0; it is actually the last site, going from ske-1 to site

1, that satisfies

4.5 T T T T T T T

k=5

Maximum distance between sites 1 and k

1.5 1 i 1 1 1 1 1
doi*+1=Cq % +1. (6) 1 15 2 25 3 35 4 45 5
] ) Distance between sites 0 and k
Note thatd, ;«,, refers to the configuration for the hypo-

thetical extension. It can be shown tleh;. . ; is given by

Dix % FIG. 5. Maximum-distance functions for freely joined hard-sphere chains.
d? L= b?* Lt c? - Zirirtl (b?* +c2 = d% Y- Cases when 2, 3, and 4 intermediate sites are connecting open site& 0 and
0.*+1  Fix,i*+1 " "0, bj« « k0. ' Distances in reduced units with respect to the sphere diameter.
(7
Once sitei* has been identified, we can compute the angle
a;» Kk, formed by the vectorsy ;» andd, y as configuration; the corresponding Jacobian determinants for
1 , , this transformation must be incorporated into the acceptance
_ 2 . . . .
cos “‘*'k_m (Coix Tdg b 1) (8) criteria for the move. In Appendix B, we derive the necessary

Jacobian determinants to be used along with both sampling
The same process used to identifystarting fromk has to  schemes.

be followed again to identify the next site tangent to 0, this It turns out that mode-1 sampling can be implemented
time starting from siteé*. As exemplified in Fig. 4, sit¢* —1  more easily than mode 2 because the calculations associated
need not be the next tangent site. The valug,gf will be  with setting up the temporary coordinate system and the
given by the sum of angles produced in this fashion until evaluation of the bounds @fcan be avoided altogether if the
site 1 is reached. Of course, if at some point this summatiofollowing alternative procedure is followed. A trial vector

is greater thanr we setf,,,,= 7. Note that, in principle, we b, will possess a valid direction whenever the new calcu-
need not compute the trugg,,,; it suffices to use some value lated distancel, , satisfies,

in the rang€] 6,6 to ensure the closing of the chain _

(although the nlqgrgg];?] value may increase the overall effi- Ormin= A1, Amae = Amax( K. o 1) (1D
ciency of the simulation whered,,,=(r,+r,) andd,,,, are critical distances. In gen-

If, for example, we assume that after siteall sites are  eral, d,,« is a complicated function ofly ,, the number of
tangent to sphere Qwhich is always true for equal-sized sites cut, and the geometric characteristics of the chain. The
siteg, we have functions required to determing,,., need to be computed
only once (at the beginning of the code or in a separate
program. In Fig. 5, a few curves fod,,, are presented for

i *

Omax= arix + 2 @jj-1 ©  chains composed of equal-size, tangent hard spheres. Notice
1=2 that no great accuracy in the valuedy,, is required since a
where smaller value will always be safe. It is important to be aware
that by simply settingd,,,,=b; x the proper closing of the
o, 1= ‘1 - (cﬁyj,1+c§,,-—bj2,j71)- chain is not alway_s assured. o _
0,j—1Co,j Mode-2 sampling should not be dismissed entirely, how-

ever, because a good acceptance rate will generally require
(10 :
less samples of the growing bond vector than mode-1 sam-
Once the bounds of have been identified, we proceed pling. This might be an important advantage if the calcula-
to sample several orientations of the bond vebtprfollow-  tion of interaction energies is computationally intensive.
ing a typical CCB prescription. There are two ways of per-  Note that the aforementioned procedure is applied to all
forming such a sampling: (i) mode 1, sample the vector but the last site to be inserted. In this cakg,= 6y, and
by ; uniformly over the whole surface of the sphere aroundthe sampling is reduced to producing random variates of the
site 0, rejecting those orientations that fall outside the¢ angle. Note also that for the standard CCB mové,,a
bounds; (i) mode 2 sample the vectoby; only on the value could also be identifiethlthough its use may not be
spherical sector bounded I#,;, and 6, justified), while 6,,,,= always.
Both of these two approaches require a temporary The ECCB method can be implemented as follows.
change in the degrees of freedom used to produce the new (i) Select a random chain to be moved.

j=2,3,...j*.
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(ii) Choose randomly two sites within the chain such that
the number of sites in betwedincluding the two chosen
siteg, N, is less than or equal to some specified maximum
numberN,.x- N¢y is the number of sites to be cut and re-
grown for a particular move.

(iii ) If one of the sites i, happens to be an end site,
a standard CCB move is performed.Nf,=1 and it is an
inner site, the ECCB reduces to a simple crank-shaft move.

(iv) Whether a full ECCB, a CCB or a crank-shaft move
is invoked, a site-by-site growth process is carried out using
multiple samples for the new bond orientatigas explained
in Sec. Il A). The total move is accepted with a probability
given by Eq.(4), where the appropriate weights are com-
puted as usual from Eq¢l) and(3). The ratio of the Jaco-
bian determinants is equal to one for the CCB and crank-
shaft moves. For the ECCB move this ratio is given in
Appendix B.

Arandom selection o, in the rangd1,N,,.,] may not
be always the best approach. The relative frequency of 1-site,
2-site,.., and\,,-Site moves can be preset at the beginning
of the simulation, thereby providing greater flexibility.

(@)

D. ECCB for branched chains and crosslinked
structures

When a chain has branches, the rearrangement of the
branch-linking site presents new difficulties to conventional A
simulation methods. As mentioned earlier, crank-shaft alone
cannot move this site. In principle, a CCB-type of approach
could be used if we were to delete and regrow large sections
of the chain, including all branches connected to the deleted
sites of the main chain. Such a drastic configurational change
is unlikely to be successful and would only be useful for
short branches and at relatively low densities.

Two methods can be used to propose trial displacements
of a branch-linking site.

(i) A “flip” move. The branch-linking site is connected FIG. 6. (@ Local coordinate system for the rearrangement of a branch-
to three sitegtwo on the main chain and one on the branch Ii_nking site using ECCB moves_{b) rearrangement of arbitrary chain sec-

. tions around a branch-linking site.
whose centers form a well defined plane. Unless the center of
the linking site lies on the same plane, it will be possible to
“flip” it over to the other side of the planéimagine a rota-
tion of the linking site around any of the center-to-center axis
formed by two neighboring sites until it “reconnects” the suffice to illustrate the general approach. The nomenclature
third neighbor site at the other side for the first application is illustrated in Fig(#. Site 1 is the

(ii) A combined move. Starting from the branch-linking branch-linking site. Sites from 2 up to—1 are also to be
site, rearrange the entire branch. The linking site is reposirelocated, and belong to either the main chain or the branch.
tioned by a crank-shaft move and subsequent sites are coBites 0 and 2are to be kept fixed; they constitute, along with
secutively appended using CCB moves. site 2, the three neighbors of site 1. The sites cut are to be

A serious disadvantage of the flip move is that only oneregrown in sequence, from 1 to—1. To regrow site 1 we
alternative position is available for the linking site at any oneneed to define some bounds to the rotation angle that will
trial. This might limit severely the acceptance rate of thisensure that sitk—1 will ultimately be able to connect with
move in a dense phase. A problem with the combined apsite k.
proach is that, to move only one linking site, the whole = We choose the axis to lie along the normal vector to
branch has to be moved. This method will, consequentlythe rotation plane of site (centered at poing). Thex axis is
have many of the shortcomings of the conventional CCBchosen to lie along the perpendicular projection of vector
whenever the branches are long or the density is high. dg,; on thez axis. With this particular choicep=0 defines

A much better method can be devised by specializing théhe closest approach of sites 1 akdand ¢==* 7 defines
ECCB to perform moves of a branch-linking site. In prin- their maximum separatioml,, which is given by
ciple, there are several ways of implementing such a move.

We will limit our discussion to only two of them; this should dgyp= [dZ+ (dy+dg, 1) 212, (12

(b)
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where d, and d, denote the projections of vectad,
on the z and x axis, respectively. If dya

=min [dsup. dma)&kvdo,k); dma)(kvdz,k)]gbl,k- then, |¢’maxl
=1, otherwise we have

1
cos ¢max:m (d7 +d2 b ). (13

A lower bound(in absolute valugcan also be identified
in this move, which arises whenewey >d , and is given

by

cos ¢ »=;(d2 +d2,-c2,) (14)
min dedq,l q,k q,1 1,k/-

The new position of site 1 is found by choosing a random
value of ¢ such thatpin<|d|< dmax-

An even simpler prescription to move site 1, in the spirit
of mode-1 sampling of the ECCB move, consists of
proposing random rotations @ on [—,+ 4] and then, if
C;x>dy  >dmax rejecting the trial move; otherwise the
move is considered valid.

In any case, once site 1 has been repositiofigdthe
usual CCB-type multisamplingwe can proceed to regrow
the rest of the cut sites using our ECCB prescription. Note
also that this move becomes the “flip” move described
earlier if only site 1 is cul(* ¢=dmin=Pmax, While it be-
comes the “combined” method if site—1 is an end site.

This method can be easily extended for an arbitrary de-
letion of sites around the linking sitdabeledL) as illus-  FiG. 7. Illustration of the operation of the HOLE methdd) Local con-
trated in Fig. 6b). If the chain is being left “open” at three figuration before the move) configuration after the move.
locations, say sitels, k', andk”, the regrowing process could
proceed in two steps as follows. voring these internal changes is to create artificial, temporary

(i) Regrow first one “thread” of the chain until reaching holes in the system by deleting sites located within a speci-
the linking-site, for instance, from sit€’ to siteL. This is  fied spherical region. It might be advantageous to implement
accomplished with a variation of the ECCB move, where th% preferentia| Samp”ng techni(ﬁjgo rearrange just some of
trial position of a growing-sitg is now considered valid if  the sites within the hole. By confining the sites cut to just one
both d;  and d; are within their corresponding bounds region, neighboring sites have a tendency to “exchange” lo-

"~ Chain 3

[see Eq(1D)]. cations. In a closely packed structure, this exchange may
(i) Once the linking site has been regrown, we can proresult in more drastic changes than single moves.

ceed to close the open sitéls andk’) in any order, using With the HOLE method, sites located within the hole can

ECCB moves. be end segments or inner segments from different chains. In

If site L is the last to be regrown, it can take one of thefact, the same chain may be cut at several distinct locations.
two positions corresponding t¢= = ¢yin== Pmax S COM-  The principle of operation of the method is illustrated in Fig.
puted from Eq(13) or (14) with L« 1. Note that the proper 7.

Boltzmann weights calculated according to Et), have to To ensure microscopic reversibility, no regrown seg-
be determined for each regrown site, regardless of the stagfients are allowed to leave the boundafig® old and new

of the regrowing process. The Jacobian determinant for thigonfigurations must be accessible to each other through
type of move is also given in Appendix B. analogous sampling and regrowing process@$is addi-

The method described above is equally applicable tqjonal constraint tends to decrease the efficiency of the
branched chains and crosslinked structures with three-brangfoves. A simple way of increasing the chances of producing
linking sites. Extension of the method tobranch linking  successful rearrangements is by limiting the maximum num-
sites withn=4 is straightforward. ber of sites to be present in the hole. In this way, rearrange-
ments are attempted only when the sites in the hole have a
“favorable” disposition.

The ECCB move can be easily implemented to perform

Conformational changes in the segments of a chain arthe regrowing process. A typical scheme could operate as
more likely to occur whenever large void spaces are foundfollows.

Since at high densities such spaces occur only rarely, (i) Select arandom point inside the simulation box.
conventional Monte Carlo methods are unable to produce (ii) Remove a number of sitéshosen at randopiwithin
significant conformational rearrangements. One way of faa radius ofR. of that point.

E. The HOLE method
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(iii) Identify the sites cut by “set” numbers. Sites be- (iii ) Proceed with the method as usual by regrowing first
longing to a given set must be contiguous sites on the samie chain site and then the solvent moleculesing CCB
chain. One chain can have more than one set of sites in treampling.
hole. In this implementation, we locate the hole in a favorable

(iv) Regrow sites in a random sequence using ECCBposition for a one-chain-site rearrangement and we take ad-
moves. Any trial position that places the center of a sitevantage of the greater “mobility” of solvent molecules over
outside the hole boundaries must be rejected. For each setthain segments.
regrown, compute and store its corresponding weight accord-

ing to . TEST OF THE METHODS
Nsite The methods proposed in this work satisfy microscopic
W= I wi, (15)  reversibility by construction. However, in order to verify that
seﬁ . . .
i—1 our sampling methodgand the corresponding Jacobian ex-

pressionsand codes are correct, we have performed exten-

wherew; is computed from Eq(l) and Nsiteﬁ is the number  sive numerical tests, some of which are briefly discussed in
of sites in thej th set of sites. Furthermore, each set will havethis section.
associated to it a Jacobian determinant which must be evalu- We tested the ECCB method by performing Monte Carlo
ated as indicated in Appendix B. simulations of a 16-mer “phantom” chain and an 8-mer

(v) In case that a complete molecule was deleted in théangent-hard-sphere chain in vacuum. The sites of the phan-
hole (i.e., a small solvent moleculea number of trial dis- tom chain consist of simple poinig.e., excluded volume
placements for one of the end sites is attemgteith mag-  effects are ignored The 8-mer consists of equal-size hard
nitude and direction chosen at randorisregarding trial ~ Spheres. In both cases, sites are connected by rigid bonds of
positions outside the hole, one trial position is chosen witrequal length.

probability given by Eq(1) and its weight is included into For the phantom chain, the probability density distribu-
the acceptance criteria as usual. The following difesxist-  tions of the bond—bond and dihedral an§lage independent
ing) are then regrown using standard CCB moves. of the site position. It can be easily shown that these prob-
(vi) Repeat the regrowing process but this time to re-ability densities are given by
cover the old, original configuration. This is done to compute 1
the analogous weights required in E@5) for the old con- P( £ bond-bond =2 SIN(Z bonci-bond 19
figuration. 1
(vii) The move is accepted with probability p( L ginedral = - (20)
_ Jnew yeld p Both angles have been defined in the raf@ye] only. Figure
ProLe=min| 1, 39 wrew p_ | (16 g shows the results of a simulation 0f30° ECCB trial
moves with mode-1 sampling. The results obtained by ignor-
where ing the Jacobian correction are also plotted for comparison.
To avoid the masking effect that one-site moves could intro-
Nsets . . . . . .
J= H 3 17 duce in the _result$smce their Jacobian correctlop is ()_ne
sej only three-site moves were used for these simulations.

i=1 . . .
! Clearly, the Jacobian correction is needed to ensure a com-

Neets pletely unbiased sampling of the configurational space and
w=T] Wee;. (18  thus guarantee microscopic reversibility. Similar results are

obtained using mode-2 sampling.

Figure 9 shows analogous resulisree-site moves only

As shown later, a naive implementation of the HOLE using mode-2 sampling for the hard-sphere 8-mer chain in
method can be inefficient. The method should be modified tvacuum. These simulations include excluded volume effects.
take advantage of the particular characteristics of a givenalytical solutions for the angle probability densities are
system. We illustrate this point by simulating a system ofnot available. The reference curves have been obtained by
polymer chains dissolved in its monomer. The HOLEthe standard CCB method. These figures illustrate more dra-
method can be used for chain-related moves only, one chaimatically the important consequences of the Jacobian correc-
site at a time, as follows. tion in ECCB moves.

(i) Choose the segmenmtto be rearranged. Locate the A number of additional tests have been performed to
center of the HOLE afi) the center of the previous siteiifs  ensure the validity of our ECCB moves and codes. Limita-
an end site, ofii) at the center of the crank-shaft rotation tions of space, however, preclude their discussion in this
plane of sitei if it is an inner site. manuscript. Note that, in particular, it has been thoroughly

(i) Make the HOLE radius large enough to include tested that the last sites to be appended do not tend to ‘line
totally or partially sitei (at least its center must be up’in order to close the chain. A near line-up configuration
included. Identify only solvent molecules within the corresponds to the case of haviig,~ 6., for the growing
HOLE and chose some of them at random for subsequersites involved, i.e., the valid sampling space is very small
rearrangement. (see Fig. 3and, thus, the chances of accepting the move are

j=1
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FIG. 8. Bond-bond and dihedral angle distributions from the analyticalFIG. 9. Bond—bond and dihedral angle distributions from the CCB and
solution and MC ECCB-3mode-1 samplingsimulations for a phantom ECCB-3(mode-2 samplingsimulations for an 8-mer hard-sphere chaa.
chain of 10 segmentga) Without Jacobian of transformation in acceptance Without Jacobian of transformation in acceptance critéldpwith Jacobian
criteria, (b) with Jacobian of transformation in acceptance criteria. of transformation in acceptance criteria.

IV. COMPUTATIONAL DETAILS

negligible. In fact, a factor proportional to the fraction of  The simulations were performed in cubic simulation
valid sampling space is associated to the probability of achoyxes with the usual periodic boundary conditions. For sim-
cepting any proposed configuration, and appears explicitly inyjicity, in all cases our system consisted of hard-sphere

the Jacobian of mode-2 samplifigg. (B8)] and implicitly i chains with tangent-equal-size beads.
the Rosenbluth weights of mode-1 samplifig which case

the chain closing attempt may fail

To test the HOLE method we performed NVT simula-  To assess the performance of the methods proposed here,
tions of a system consisting of 32 hard-sphere chains of 16e run simulations in the NVT ensemble and we measure the
tangent-equal-size sites. A low packing fraction was usedollowing time correlation functions.
(=0.1) to facilitate successful moves. The reference curves The bond orientation autocorrelation function. It pro-
for the angular density distribution functions at these condivides information on how fast local rearrangements are tak-
tions were generated by conventional simulation techniquesng place as the simulation proceeds. It is given by
We performed an analogous simulation using the HOLE
method, where the radius of the spherical hole was set to one PCf()=(Ui(t)-ti(t+8t))i (22)
fourth of the box length. The average number of spheres where the averaging is over albonds in the system and
within the hole was approximately 10. The results for theoverk Monte Carlo steps, and whewedenotes the unit bond
bond—bond angle are given in Fig.(&0 For completeness, vector.
we also show the results obtained when moves outside the The end-to-end orientation autocorrelation function. It
hole are also allowed; these calculations confirm that movegrovides information about long-time rearrangements of the
that place the sites outside the hole must be avoided. chain molecules. It is given by

A test of the HOLE method as implemented for the case
of a dense, concentrated polymer soﬁ;t{mo.sa is illus- ecf(t)=(e(t)-g(t+a));x. (22
trated in Fig. 10b). The system consisted of twenty freely where the averaging is over gllchains in the system
jointed hard sphere 16-mers dissolved in 640 hard-spherand overk Monte Carlo steps, and wheegdenotes the unit
solvent molecules having a diameter equal to that of thevector along the line that joints the first and last sites of the
chain sites. jth chain.

A. Simulation performance
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FIG. 10. Bond—bond angle distribution functions from crank-shaft andWhereNs is the total number of sites ad}, is the number of
HOLE simulations for hard-core systenfs) 16-mer chains at a packing chains.
fraction of #=0.1, showing the effect of allowing rearrangements outside For the h0m0p0|ymer simulations, ECCB moves were
1 I 0, - . . .
t:iohsosle boundaries{b) mixture of 33% volume 16-mer/monomer at performed with a maximum of four sites cut per tr(Nsamp
o was adjusted according to the cut size to yield an overall
acceptance rate of 10—20)%~or mixture simulations, we

For these simulations the system consisted of 32 chains of li§Wplemented the HOLE method described in Sec. (Nggm,
beads; two densitie$7=0.30 and »=0.40 were studied. Was adjusted to get-20% acceptance rate for chain-site
The chain length of 16 was selected to yield moderately fasiioves. Random volume changes were attempted approxi-
relaxation times for the end-to-end vector orientation. Amately everyNy/2 molecular moves and accepted following
packing fraction of~0.3 corresponds to typical conditions Suitable criteri€® The maximum volume change was ad-
encountered in polymer melts. justed to get a 40—-50 % acceptance rate. The values of com-

A po|ymer-so|vent System was also investigated to Com.preSSibi”ty factor reported in this work Correspond to the
pare the performance of the HOLE mettm Suggested in average of two independent Simulatidmrted from differ-
Section I B to conventional crank-shaft moves for inner- €nt initial configurations At high densities and for long
chain segments. The system consisted of 16-mer hard chaif§ains, each of these simulatiofsarted from a lower den-
dissolved in monomer for a 33% volume concentration andSlty) required one billion moves jUSt to achieve equilibration.
7=0.35. For the chain-segment moves, at most one solvent FOr concreteness, in all simulations that involved the use
molecule was chosen to be rearranged from those locatedf ECCB moves, only the results of mode-1 sampling are
within the hole. The hole radius was set equal to the sitéeported; results using mode-2 sampling are comparable.
diameter for inner chain-site moves; it was 10% bigger for
end-site moves. . . . V. RESULTS AND DISCUSSION

There are many ways to increase the time-efficiency of
Monte Carlo simulations, such as the implementation of Figure 11 shows the bond and end-to-end relaxation
neighbor lists, linked-cell structures, éttFor our work we  functions for the homopolymer system#£0.3 for different
use a mini-cell structure in which the cell size is smallmoves. ECCB-3 denotes that only three-site moves were
enough to accommodate at most one site. It is important tosed for the simulation. For the standard CCB, up to eight-
point out that the time-efficiency of an algorithm is not only site rearrangements were allowed. For both the CCB and
machine dependent but it also depends on programmingCCB-3 moves, we used a valueNf,~6 [see Eq(1)]. A
style, implementation of special techniques, and characterisralue of Ng,,,;=12 was used for a HOLE diameter of 1.2
tics of the system. For this reason, the evolution of our simuunits (site diameter1) and no maximum number of regrow-
lations is generally reported in Monte Carlo steps; we restricing sites was preset. The average number of sites effectively
the use of real CPU time to a few illustrative calculationsregrown was 2.9 for the HOLE method and less than 1.7 for

Downloaded-19-Apr-2007-to-~128.104.198.190 CREMi BN o Mok 02 (NG -6 B-fieRrany k988 py right,~see-http://jcp.aip.orglicp/copyright.jsp



2646 F. A. Escobedo and J. J. de Pablo: Simulation of flexible molecules

1 T T T T 1 T T T T
ECCB-2 —
ECCB-3 ----
- = 08 I ECCB-4 ----- .
=l o
k<] k1
5 5
= S os6f .
o 2 :
£ 5
° [
3 8
o =]
Pt o
& & J
1 ) b
0 200 400 600 800 1000 o] 200 400 600 800 1000
MC steps, thousands MC steps, thousands
(a) (a)
1 T T T T 1 T T T T
) 3 ECCB-2 —
& 5 : ECCB-3 -
2 = 0.8 ECCB-4 ----- J
g g
T w NS
c S AN
8 2 0.6 E
3 ° NN
£ 3 e
3 O o4} i
° 2 ISR
5 ¢ T
5] £ Tz
ho L ] o 0.2 f sl .
E 0.2 e ‘ S “‘l’-‘-'—‘:::;;._‘_‘“
0 1 1 1 1 4] L 1 i 1
0 200 400 600 800 1000 0 200 400 600 800 1000
MC steps, thousands MC steps, thousands

(b) (b)

FIG. 11. Correlation functions for crank-shaft, CCB, ECCB-3, and HOLE FIG. 12. Correlation functions for ECCB moves regrowing exclusively 2, 3,

moves for a system of 16-mer hard-sphere chaing=#0.3. (a) Bond auto- or 4 sites in a system of 16-mer hard-sphere Ch_ai”’??‘ﬁ-? (@) Bond
correlation function{b) end-to-end autocorrelation function. autocorrelation function(b) end-to-end autocorrelation function.

CCB moves. The average acceptance rates were 29% f§paft moves compare closely at the local level of rearrange-
crank-shaft. 5.8% for ECCB-3. 8.2% for CCB moves. andMent(bond orientation correlatiopsthe former yield a sig-
11.2% for t,he HOLE method. ' ' nificantly faster relaxation of the longer scale end-to-end

ECCB-3 produces the fastest decay of both correlatiorPrientation vector. These results also suggest that the HOLE
functions. Since the chains are relatively short, standarg'€thod would not offer an advantage over the other methods
CCB moves are somewhat effective, specially for decorrelatiO" Simulation of homopolymer melts. Results of additional
ing the end-to-end orientatiorias expected However, after  Simulations at a packing fraction aj=0.4 exhibit similar
a fast initial decay, the end-to-end correlation curve for theludlitative features.

CCB moves slows down significantly, presumably as a result
of the limited rearrangement of innermost sites. These curves
suggest that, for pure homopolymers, the HOLE method is
less effective than pure ECCB moves. ! T T T T ekt Nsamp=t —

Figure 12 shows the corresponding curves for two-site, Nggmgzg """
three-site and four-site ECCB moves. For all ECCB moves a ecf(t): Nggmgzg
value ofNg,n=6 was used, which may not be optimal for all
of them. These results show that the ECCB move has a rather
consistent performance for different cut lengths.

Figure 13 illustrates the effect of incorporating a
configurational-bias into the crank-shaft moveé,,,;=1
corresponds to a simple crank-shaft move. It is observed that
at these conditions a value b,,;=3 improves the perfor-
mance of crank-shaft moves, although the effect is small at
the local level. Configurational bias sampling will have a
more pronounced positive effect at higher densities. 0 50 100 150 200 250 300 350 400 450 500

Some selected curves of time correlation for different Time, CPU sec.
moves and using a real time scale are shown in Fig. 14. In
spite of the highly variable nature of this comparison, Some: g, 13. Bond and end-to-end autocorrelation functions for crank-shaft
qualitative remarks are in order. While ECCB and crank-moves forNgm,~1, 3, and 5.

Correlation Functions
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TABLE |. Simulation results for homopolymer hard-sphere chains. The MC

1 T T T T T
Crank-shaft — steps correspond to the averaging part of the calculation and apply to each of
CCB i i i
. osl EcCEa i two independent simulations.
g ] HOLE ..........
u§_ 4 n-mer p* N¢ n z MC steps
E 16 2.29 80 0.3680.0025 52.2 30810°
£ 16 3.86 100 0.41%0.0017 77.6 35810°
e 16 6.28 100 0.4630.0015 113.7 40810°
<
o
@ 51 0.05 20 0.11%0.0017 12.0 7810°
51 0.26 40 0.1980.0020 35.1 12810°
o 0 00 150 200 250 200 51 0.60 40 0.2580.0032 61.6 15810°
Time, CPU sec. 51 1.10 60 0.3060.0016 96.0 208 10°
ta) 51 1.80 60 0.3480.0014 138.3 25810°
51 3.20 60 0.4030.0012 212.0 35810°
51 5.20 60 0.44%0.0010 310.6 50810°

to optimize these initial guesses N, The improvement

of HOLE moves over crank-shaft moves is significant at the
long-term level. To relax the system to a 60% of the initial
configuration of end-to-end orientation vectors, the HOLE
method needs less than half the time required by crank-shaft

End-to-end Correlation Function

%0 50 100 150 200 250 300 350 400 450 500 moves. Furthermore, the difference between the relaxation
Time, OPL sec. curves for both methods tends to increase with time.

A number of parameters affect the time-performance of
FIG. 14. Correlation functions for crank-shaft, CCB, ECCB-3, and HOLE CCB-type moves. The single most important factor is prob-
moves on a real time scale for a system of 16-mer hard-sphere chains &ply the choice ofNg,,, If it is too large, time is wasted
7=0.3. () Bond autocorrelation function(p) end-to-end autocorrelation generating many alternative “valid” positions for a growing
function. site when only one of them is used. On the other hand, too
few samples may fail to generate enough successful moves.

The time correlation results for the binary system are-l._he o_ptlmum yalue ONsamp depends on operating con_dl—
A . ions(i.e., density, geometry of the sites, number of growing
shown in Fig. 15. For chain-segment moves, a value oF

N —5 d wh . hain si d | sites, etc. Additional factors play a role in the efficiency of
samp- > Was US€d When regrowing a chain site an a ValU%he HOLE method, such as the order in which the sets are
of Ngamg=25 was used to reposition the solvent moledifie !

X a regrown, the maximum preset number of sites within the
no solvent molecule was present in the HOMNg,,,~1 was . :
S P hole, geometry and size of the hole, etc. The avoidance of
used for the chain sileA large value 0N, for the solvent

) ; . moves outside the hole also decreases the effectiveness to the
is necessary because at high densities most of the hole space !

: . . o - “method. A thoughtful choice of the hole geometry, and of
is generally occupiedby the regrowing chain site and its

] internal and external preferential sampling schemes could al-
neighbors. Note, however, that no attempts have been mad?eviate this problem. It is beyond the scope of this paper to

analyze the effects of all these factors which are highly sys-
tem dependent.

Ly T T T The real benefit of the HOLE method resides in its ap-
bef(t: Crank shaft —— plicability to some important systems. The results for the
eci(t): Crankcshalt - | solvent-polymer system illustrate a more specialized applica-

tion of the HOLE method. It is anticipated that the improve-
ment will be more significant at higher densities and for
solvent molecules having a diameter different from that of
the chain sites. In these systems, chain rearrangements are
severely hindered by small molecules filling the surrounding
voids. For this and some other asymmetric systems for which
conventional methods are very ineffective, the HOLE
method provides an efficient means of producing collective
molecular rearrangements. The HOLE method also provides

Correlation Functions

% 5(')0 10'00 15'00 2000 an interesting framework for development of new simulation
Time, CPU sec. techniques such as those suggested in our concluding sec-
tion.

FIG. 15. Correlation functions for crank-shaft and HOLE moves on a real The results of the NPT Slm.U|.a.t|0nS are summa_rlzed n
time scale for a hard-core system of 50¥lume 16-mer/monomer mix- 1aples | and ”: The cpmpressmmty curve for the different
ture at=0.35. systems are given in Figs. 16—19. Overall, our data for 51-
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TABLE Il. Simulation results fom-mer/monomer mixtures. The MC steps , . . , . i : : :

correspond to the averaging part of the calculation and apply to each of two
independent simulations. 120 | .
MC, Dickman & Hall <
N MG, Yethiraj & Hall + /
° 100  MC, Chang & Sandler x i
n-mer p* (n-mer/) 7 4 MC steps MD, Gao & Weiner o
s MCMtEr:" SmltE f /
8 1.10 80/80 0.28580.0020  9.09  3081C° g TPTS EOS
e 80 - A
8 3.60 100/100 0.40080.0020  21.19 35810° z SLP EOS -~ B/
8 5.90 100/100 0.44990.0019  30.90 40810° 2
g eof -
16 0.17 15/240 0.09940.0008 1.69 10810° g g
16 0.61 30/480 0.19940.0018 3.02 15810° 8
16 1.03 30/480 0.24970.0020 4.07 30810° N 40} 4
16 1.70 40/640 0.3060.0030 5.59 35810°
16 2.70 40/640 0.34950.0020 7.61 35810°
16 4.30 40/640 0.39570.0019  10.70 40810° 20 P T
16 6.70 40/640 0.43700.0014  15.11 40810° o
o 1 1 1 1 1 1 1 1
0 005 01 015 02 025 03 035 04 045

Packing Fraction

mers (Fig. 16 and 16-mers(Fig. 17 are consistent with o ) ) o
those of Gao and Wein&t However. some small deviations FIG. 17. Compressm!hty factor vs packing .fracthn for freely JOlrjted tan-

. . ! . gent hard-sphere chains of 16 segments. Simulation results of Dickman and
are observed, particularly at high densities. Our Monte Carl@ia) (Ref. 15 (¢), Yethiraj and Hall(Ref. 14 (+), Chang and Sandler
results and those obtained by others for the 16-me(ref. 29 (x), Gao and WeinefRef. 24 (), Smith (Ref. 39 (*), and this
system>2! indicate that Gao and Weiner tend to slightly work (2). Predictions of the first-order thermodynamic perturbation theory

overpredict the compressibility factor at intermediate densi{!F 1Y (solid line) and the Song—Lambert—Prausni&LP) (dashed ling

ties, while the opposite holds true at very high densities.equatlons of state.
Note also that Gao and Weiner had to resort to an indirect
method to arrive at their results. They used molecular dyhighest density point is in better agreement with an unpub-
namics to simulate a freely joined “effective” hard-sphere |ished result obtained by Smithusing molecular dynamics.
chain model, where the parameters of a continuous noncova-  To illustrate the relevance of the methods and the results
lent potential are selected to approximate the PV behavior gfresented in this work, we compare our results to the predic-
the hard-sphere fluid. Their results are therefore approximatgons of recently developed equations of state. We have cho-
and, unfortunately, their approach cannot be applied in itgen two models that appear to be representative of two dif-
present form to simulation of copolymers, branched polyferent but widely used approaches for development of
mers, or blends. For the 16-mer homopolymer system, ougquations of state. Figures 16—19 show the predictions of the
equations of state developed by Chapreaal® (based on
the first-order thermodynamic perturbation theory of

T T T T T T T T T
350 A
MD, Gao & Weiner o i 16
MG, this work & / T T T T
TPT1 EOS — afl
300 [- SLP EOS -~ / /
/ 14 - MC, this work & 7
TPT1 EOS —
5 el /] SLP EQS ---- /
w / =
P A/ =]
5 200 A g
o / s
S / 2
N g
100 | i 3 1
e I\I
il
50 | - i
O 1 i 1 1 1 1 1 1 1 )
0 005 0.1 015 02 025 03 0.35 04 045 05
Packing Fraction 0 1 1 1 I 1 I I I I

015 02 025 03 035 04 045
Packing Fraction

6 005 01

FIG. 16. Compressibility factor vs packing fraction for freely jointed tan-

gent hard-sphere chains of 51 segments. Results of MD simulations of GablG. 18. Compressibility factor vs packing fraction for a hard-core mixture
and Weinern(Ref. 24 (), MC simulations of this worKA), the first-order of 16-mer/monome(50% volume. Results of MC simulations of this work
thermodynamic perturbation theorffPT1) (solid line and the Song— (A), the first-order thermodynamic perturbation the¢FPT1) (solid line)
Lambert—PrausnitzSLP) (dashed ling equations of state. and the Song—Lambert—Prausni&_P) (dashed lingequations of state.
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ECCB proposed here is an extension of the original CCB
method that enables the rearrangement of inner sites in linear
or branched chains. Armed with this new tool, a means of

40 T T T T T T T T

35 MC, Honnell & Hall o . . . .
MC, this work & producing localized, simultaneous rearrangements of sites
TPT1 EOS — i i
SLP EOS ---- from various chains has been presen{efDLE method.

The results of NVT simulations for melts of hard-sphere
chains show that the ECCB method clearly outperforms con-
ventional methodgsuch as standard CCB and crank shaft
_ by producing faster molecular rearrangemefies., a faster
decay of the bond orientation and end-to-end vector orienta-
. tion autocorrelation functions For simulation of polymer
solutions, the HOLE method also provides substantial advan-
§ tages over conventional techniques.
Our results for a homopolymer system of 51-mers and a
o T binary system of monomer/16-mer provide the first reported
P R S S R exact PV data for such long chains. Results for the compress-
O O O 0 e o 03 04 045 ibility factor are consistent with previously reported simula-
tion data(whenever available However, some small devia-
tions have been identified, particularly at high densities. The

FIG. 19. Compressibility factor vs packing fraction for a hard-core mixture [ ;
of 8-mer/monome(88.9% volume of chainsResults of MC simulations of predlctlons of two .We” kno""” eq_u_atlon_s of state have been
Honnell and Hall(Ref. 13 (OJ) and this work(A). Predictions of the first- compared to our simulation data; in spite of a generally sat-

order thermodynamic perturbation thed®PT1) (solid line) and the Song—  isfactory agreement, small systematic deviations occur at
Lambert—Prausnit¢SLP) (dashed lingequations of state. low and high densities.

Currently, more extensive simulation studies are under
Wertheimt’), and by Songt al*® (based on Chiew’s solution Way for some systems for which the ECCB and HOLE meth-
of the Ornstein—Zernicke equation for the associating fluid inods are promising.
the Percus—Yevick approximatibh. On the one hand, it is (i) Long homonuclear and heteronuclear chains at me-
observed in Figs. 16 and 17 that for the homopolymer sysdium and high densitieure systems and blends
tems, Chapmaret al’'s equation tends to overestimate the (i) Ring polymers, branched chains, and crosslinked
compressibility factor for all but the highest density points. Structures.
The deviations are, nevertheless, small. Sehgl’s equa- (ii ) Semiflexible chains.
tion, on the other hand, underestimates the compressibility (iv) Simulation of chains in constrained environments
factor. Note that the deviations from simulation tend to growsuch as pores.
for higher packing fractions. Similar trends are observed for A number of possible extensions of the methods pre-

the binary systeméFigs. 18 and 19 The equation of Chap- sented here are also being considered. In particular, the
man et al. provides a good description of our 16-mer/ HOLE method provides an excellent framework for the

monomer simulation data for all but the highest densitiesimplementation of pseudokinetic moviswhere chain sec-
where the simulation points lie significantly above the theoions of two chains are allowed to exchange identities. For
retical curve. It is important to point out that the predictive instance, having identified within the hole two sets of sites
capability of Songet al’s equation was originally tested us- that belong to two different but identical heteronuclear
ing the 8-mer/monomer system of Fig. ¥oHowever, only ~ chains, an exchange of identity can be attempted if at least
limited simulation datdin the medium-low density rangd  One equivalent site is present in the two sgtss condition
were available at the time. can be relaxed for homonuclear chains

Chapmanet al’s equation and Songt al's equation An alternative method has also been developed to per-
have been already extended to deal with realistic systemérm NPT-ensemble simulatiorimanuscript in preparation
However, our results suggest that some improvements athere volume changes involve the creation of a HOLE of
still necessary at the hard-core-model level. In fact, severdlectangular geometrii.e., a “slice” of the simulation box
improved equations of state for hard-chains have alreadyhis slab is subsequently enlarged or reduced and the mo-
been proposetf~??However, a thorough testing of equation- lecular segments contained in it are repositioned accordingly.
of-state performance should include hard core systems thdihis method would be advantageous for dense systems com-
exhibit a large asymmetry in the geometric characteristics oposed of a very large number of particles, where the chances
the molecules. As reported recently by Wichert and Bfall, of success for conventional ‘global’ volume mofésecome
simulation data for asymmetric monomer/short-chain sysprohibitively small.

tems show larger deviations from theoretical predictions than
symmetric systems. ACKNOWLEDGMENTS
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FIG. 21. Nomenclature and local coordinate system adopted for the trans-
Y Circumference of formation entailed by ECCB-type moves, here exemplified for the case of
rotation two growing sites(1 and 2.

FIG. 20. Nomenclature and local coordinate system adopted for the trans-

formation entailed by a crank-shaft move. 2

r2=r0+2 bi_1(sin 6; cos ¢;u,+sin 6; sin ¢;uy
i=1
to the Camille and Henry Dreyfus Foundation for a new

faculty award. Most of the calculations presented in this +tcosbiu,), (A4)
work were performed on an RS6000 workstation awarded tQVhereuX, Uy, and u, are unit vectors along the correspond-
us by the IBM corporation. ing axis of the temporary coordinate system. Differentiating
Eq. (A4) we get
APPENDIX A: JACOBIAN OF THE CRANK-SHAFT ir,
TRANSFORMATION T bo,1(COS 6 COS ¢b1Uy+COS 6 SiN PyUy—Ssin 61u,),
The crank-shaft move repositions a site by a restricted ' (A5)

sampling of the configuration space. In the general case, a

growing site is _repositioned by specifying the two sphericalﬂzb1 A(COS 6, COS U, +COS B, SiN oU,—SiN B,U,),
angles of the linking bond vector, but a crank-shaft movedt: ’

requires the specification of only one of such angles. The (AB)
nomenclature and coordinate system to be used are illusy,

trated in Fig. 20. It is assumed that the chain is regrown——=Db; , sin ,(—sin 6,u,+cos ¢,Uy). (A7)
starting from site 1 and up. Random valuesgpf(uniformly 2

distributed in the[0,27] interval) and cosf, (distributed in By construction of the coordinate system, the old configura-
the [—1,1] interva) are used to fix the position of siie A tion is specified byp; =0 and¢,=. It is easy to show that,
crank-shaft move can be envisioned as a regrowing proceder the new configuratiotand for any value ofp; chosen
that, having started with site 1, stops at site 2. Then, theb,=¢;* . Using these identities, and making all the neces-
temporary change of degrees of freedom entailed by a simpigary algebraic operations, EG3) reduces to

rotation of site 1 around the 0-2 axis is given by: sin 6, 1

$1,C0S 01, ¢h2,C0S O— ¢y, 5, (A1) ~ bo.ib? , SiN(61+ 6;) Do by g

wherer, is the position vector of site @hich is fixed inthe  For the crank-shaft move, the distandg, is the same for

crank-shaft move Since angles, is a common degree of the old and new configurations. Since our molecular model
freedom, it can be removed from the transformation. Theassumes fixed bond lengths, it follows that the Jacobian de-
volume elements for both coordinate systems are relateghrminant will be the same for the old and new configura-

J (A8)

through the Jacobian determinant as tions and their ratio will always be unity.
d g g d(cos f1,€08 6, ¢,)|
(cosbr)d(cos 6o)d o=, 1) |2 APPENDIX B: JACOBIANS OF THE ECCB
R TRANSFORMATION
=Jdr,. A2 . . .
. _ 2 ' (A2) The transformation of degrees of freedom involved in a
The Jacobian determinant can be rewritten as ECCB move will be first illustrated for the case when only 2
gty ar, ary| L sites are rearranged. A generalized result will then be given.

ETRETR W (A3)  The framework for this move is displayed in Fig. 21. For the
1 9%2 U572 purpose of this derivation, the regrowing process occurs as if

The position of site 2 can be expressed in terms of the spherihe three site¢l, 2, and 3 were to be relocated in a standard

cal angles associated with the regrown sites as CCB fashion, with the restriction that site three has to be

J:Sin 01 Sin 02
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“relocated” in its original position. The local coordinate sys- approach is to simply argue that the volume element associ-
tem for the ECCB move changes each time that a site iated with this sampling is a fraction of that corresponding to
regrown, i.e., the axis is chosen to lie along the line that mode-1sampling. This fraction is the ratio of the spherical
joins the centers of the two current open sites in the chainsector area sampled lbyode-2sampling divided by the total
This holds for all but the last sit@), in which case the axis  surface of the spheréwhich is sampled bymode-1 sam-
is chosen parallel to the line 1-3. The directions of xh@nd  pling), thus
y axis are arbitrary. Following similar arguments as those i
presented for the crank-shaft move, the transformation is Jmode »_Spherical sector Sample\]crinode 1 (B7)

total area sphere ’

qﬁl,cosﬁl,¢2,cos@2,¢3,00303—>¢1,¢2,cosa’1‘ 3.

(B1) 1
mode 2_ 1 _ R
The superscript denotes that the variable has a restricted J 2cos by, ~C0Sb1,) by oby 30y 3 (B8)
range of values. Removing the common degrees of freedom o
¢, and ¢, from the transformation, the volume elements in 1€ general result fok—1 regrown sites is
the two coordinate frames are related by oo
(1/2)%2
d(cos #,)d(cos #,)d(cos 63)d 3= Jdrzd(cos 67 ), Jmode 2— II (cosé, —cosé, )

(B2) B2 k- 1Pk- 1 klk-2,k - min ma

where (B9)

‘ For the HOLE method, thenode-1 sampling Jacobian
determinant for the whole move will be given by a square
matrix of 3XNgrows, whereNgsis the number of sets of
9 cos@* dcos@* 9cosf 9 cos6r sites cut in the hole. Many_ of the_ enFries in such a matrix will
be zero, because the partial derivative of a degree of freedom
_|dcosby dcosb Jcosby I3 _ from one set of sites with respect to a degree of freedom

d(cos 67 ,r3)

_l:
d(cos 6,,C0Ss 6,,C0S b3, ¢3)|

ars ars drg ars from a different set is zero. It can be shown by means of the
9 cosf, Jcosl, I CoSby (9753 Laplace expansion of determinants that the total determinant
can be expressed as
(83) P
. e Nsets
Note that, in general) cosé;/dp; = 0. If the new position
Lors Jpete 1 I gmoce 2 (B10)

of site 1 has been generated ode-2 sampling, i.e., by

choosing co®; randomly and uniformly over the range
[cos6y ,coséy ] then the partial  derivatives whereJ™ tis the Jacobian determinant corresponding to

d cosé;/acosé (i=1,2) will not be trivial to evaluate since thejth set of sites and is given by an expression analogous to
they are functions of the bounds of cés However, using Eq. (B6).

j=1

mode-1 sampling, cog; = cososcosco®; and thus the Similar arguments can be applied wharode-2 sam-
Jacobian determinant reduces to pling is adopted in the context of the HOLE method.
a(ra) ‘,1 For the case of rearranging sites that includeranch-
3

linking site, the Jacobian determinant consistent with
mode-1sampling developed in Sec. Il D can be evaluated by
-1 analogy to the previous cases. During the first step of the
(B4)  regrowing proces&rom one of the open sites up to the link-
ing sitg), only an “energetic” constraint is enforced to ensure
This expression is completely equivalent to E&3) for  that no regrown site is placed out of range of the maximal
the crank-shaft move and the final result is analogous: extension of the connecting bonds along the “threads” to be
closed. In the second step of the procéssm the linking
— — = i (B5) site to remaining open siteghe two “threads” are regrown
by 2b3 5 SIN(02+ 63) by 2bz 30y s independently, i.e., as two distinct sets of sites in analogy to
The general result fomode-1sampling wherk—1 sites ~ the HOLE method. Furthermore, no change or restriction in
have been cutk—1 being the last site to be regrown, is the degrees of freedom is inherited from the the first step of
simply the process. It follows that the Jacobian determinant for this
case is given by

Jmode 1
9(cos 6,,c0S 03, ¢3)|

arg drg drs

=sin 6, sin 63 36, 90, 9dbs

sin 6, 1

Jmode 1

1
mode 1_

P N (BS)  gpode L gode ymode 1 (B1Y)

The critical difference from the crank-shaft result is thatwhereJ1%%, 1is given by Eq(B6) once the propek value is
now J is not the same for the old and new configurations,used, consistent with the sites cut in ttie thread.
sinced,_, x is constant only ikk=2 (crank-shaft cage A special case arises when the branch-linking site is the

The Jacobian determinant fonode-2 sampling can be last to be regrown; its relocation has no degrees of freedom
obtained in a number of ways. The more straightforwardand therefore no Jacobian associated to it.
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