JOURNAL OF CHEMICAL PHYSICS VOLUME 116, NUMBER 16 22 APRIL 2002

A biased Monte Carlo technique for calculation of the density
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A new Monte Carlo algorithm is implemented for simulation of the density of states of free-standing
polymer films. The algorithm combines the original idea of conducting a random walk in energy
space with advanced trial moves such as configurational bias and end-bridging. Excellent agreement
is found between the results of this new method and those from simulations in the canonical
ensemble, down to temperatures in the vicinity of the apparent glass transition. The efficiency of the
new algorithm is studied as a function of the types of trial moves employed. It is found that,
depending on the range of energy and density, certain localized moves fail to converge to the correct
distribution of states. €2002 American Institute of Physic§DOI: 10.1063/1.1463422

I. INTRODUCTION structure and properties of thin films down to temperatures in
the proximity of the glass transition.
The study of ultra-thin polymer filmgon the order of Recently, a novel simulation technique was proposed by

molecular dimensionshas recently attracted considerable at-\Wang and Landdt? which samples configuration space not
tention. Polymers in thin films exhibit properties, both dy- according to a Boltzmann weight, but according to the den-
namic and static, that can be significantly different than thosgity of statesg(E) of the system of interest. This method
of the bulk. In particular, the glass transition temperature of &ould provide an attractive tool for simulation of near glassy
polymer in a thin film geometry has been found to depend ogystems because it effectively eliminates free-energy barriers
thickness and, for supported films, on surface en&rgy. between distinct configurations, thereby facilitating sampling
A Complete Understanding of the OriginS of this benaViorof an otherwise rough energy |andscape_ As Origina”y pro-
is still lacking. One of the challenges facing theory is thatposed, however, the so-called density-of-st&B3S) Monte
many of the assumptions that can be made regarding molecgzarlo method employed simple local moves to generate the
lar structure in the bulk become questionable in non-density of states of an Ising lattice model. In this work, we
isotropic, thin-film geometries. Molecular simulations could show how that method can be modified to incorporate more
provide valuable insights into the structure of long chainadvanced, biased moves which are necessary for effective
molecules in thin films. Unfortunately, simulations of poly- sampling of polymer systems. The resulting algorithm is then
mer thin films near the glass transitidly have been scarce. zpplied to simulate free-standing polymer films as they un-
ThIS can be attributed to the |Ong I’elaxation timeS that aris@ergo an apparent g|ass transition_
nearTy, and the difficulties associated with sampling the In principle, the DOS method requires that the energy
energy landscape of a system as it approadhes range to be sampled be specified before a simulation. The
One of the prevailing pictures of a glass is provided byrange ofE can be arbitrarily wide in the region of interest.
the framework of energy landscape thedfywhich postu-  However, it is computationally efficient to perform the cal-
lates that as the glass transition is approached, the systegjyation over smaller sized overlapping energy windows, and
tends to reside in potential-energy basins separated by largg combine the results to obtaij(E) over a large energy
barriers. Over short time scales, the system is only able tpange. The density of states thus obtained can then be used to
explore the vicinity of an energy minimum. The dynamics getermine thermodynamic averages as a function of tempera-
over longer time scales are dictated by transitions betweefyre of the system. The resolution in temperature can be as
different basins. As the glass transition temperature is apfine as desired, thereby permitting precise study of a sys-
proached, the short time motion becomes increasingly depm’s properties near any point of interéstich as the glass
coupled from the long time dynamics. Conventional molecu+,ansition temperatuje
lar dynamics simulations are unable to generate sufficiently | the particular case of glass forming systems riar
long trajectories neaf to overcome energy barriers. Con- i the sjze of an energy window is not larger than the energy
ventional Monte Carlo techniques are unable to sample thgayriers that separate energy minima, or if the trial moves are
system’s energy landscape adequately; advanced trial MOV&8t powerful enough to tunnel through these barriers, then
and s_ophlst|cated methods are needed in order t0 generajgs random walk can only sample energies in the immediate
meaningful ensemble averages. The purpose of this work iGcinity of these minima. In this work, we have examined the
to present a technique that permits efficient simulation of thetfect of using different types of trial moves over energy
ranges that encompass melt and glass conditions, and find
3 Author to whom correspondence should be addressed. that nearTg, certain types of localized, trial moves are un-

0021-9606/2002/116(16)/7238/6/$19.00 7238 © 2002 American Institute of Physics

Downloaded 06 Mar 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 116, No. 16, 22 April 2002 Density of states of polymer films 7239

able to converge to the correct distribution in a reasonablevhere 1¢(E,) is the probability of being at enerdy,, and
amount of computer time. We have implemented modifiedK (0o—n) is the probability for a transition fronk, to E,.
algorithms that combine more elaborate trial moves such aBetailed balance is therefore satisfied with accuracy propor-
simple configurational bias and topological configurationaltional to Irf.

bias with the method of Wang and Landau. It is shown that  The energy surface of a molecular system is more com-
this new algorithm is effective for simulation of thin polymer plicated than that of an Ising system, and more elaborate trial
films in the vicinity of the glass transition. moves are often required for their simulation. In the particu-
lar case of polymeric molecules, local moves such as kink-
jump, crankshaft, and end-rotatfSrcan be used to sample
configuration space. These trial moves, however, are fairly
localized, and in fact they mimic the actual motion of the
A. Algorithm chain at the scale of individual segments. Nonlocal moves,

The original implementation of the DOS method was Such as reptation, are necessary to achieve molecular relax-
tion over longer length scalés.

conducted on a 2-D Ising model and, more recently, on th& » )
At low temperatures or elevated densities, conventional

2-D ten-state Potts mod@lAs originally proposed, the : i X : -
method performs a random walk in energy space, with aPolymer-simulation” trials moves are generally insufficient.

probability proportional to the reciprocal of the density of I those situations, biased moves provide one of the only
states Ig(E). At the start of a simulation, the density of Viable means of exploring configuration space with reason-
states is set to unity for all values of energy, géE) =1 for able efﬂmencﬁ.‘ The question then becomes how to incor-

Ein<E<Ej., Where[Enn,Enad is the specified energy Porate these biased moves in the context of DOS sampling.

range to be studied. Trial moves consist of simple randon]© Propose our algorithm, we use the fact that biased trial
spin flips. IFE, andE, are used to denote the energy beforeM0Ves rely on the idea that the functiéi{fo—n) [see Eq.

and after a trial move, respectively, the acceptance criteri&?)] ¢an be factored into the probability of proposing a tran-
for such a move can be expressed as sition formo to n, 7{o—n) and the probability of accepting
the proposed transitio®(o—n), i.e.,
9(E,)

'9(En) | (1) K(o—n)=7(0—n)A(0—n) (3)

At the beginning of a simulation, Wang and Landau recom
mended that the rand& ., ,Ena,] be broken up into several [ 9(Eg)T(n—0)
smaller, overlapping energy windows. Independent simula- A(0—n)=min 1—————
; : ; : 9(En)Z(0—n)
tions are then conducted in each window. For each window,
an energy histogranH(E) is constructed and updated The particular form of the functioi{o—n) depends on the
throughout the simulation. Every time that an energy lé&vel details of the trial move. In this work, we use simple con-
is visited, H(E) is updated according tbl(E)—H(E)+1, figurational bias** and topological configurational bids
andg(E) is updated according tg(E)—g(E) X f, wheref ~ moves. Simple configurational bias moves involve cutting
is an arbitrary convergence factor. This factor must beand regrowingn end sites of the chains, one at a time, with a
greater than unity; its function will become clear later. Wangbias designed to avoid overlaps. At each stepthe growth
and Landau recommended an initial value of3a. process, all possible trial orientatiok®f a segmentk=6 on

The process outlined here is continued uit{E) be-  a cubic lattice are considered, and one positipis chosen
comes sufficiently flat. In this work, “flatness” is considered from thee; “empty” or available trial positions with uniform
to be attained wheH (E) for all E in a given energy window  probability, i.e.,
is within 20% of the average histogram for that window, 1
(H(E)). When this condition is satisfied, a smaller conver-  pl=—.
gence factorf; is adopted according to some arbitrary rule, &
e.g., fi=\fi_1. Any function that monotonically decreases The so-called normalized Rosenbluth weight of the chain is
to unity can be used to reduce the valuef.cfhe histogram  constructed according to
entries are set to zero, and a new simulation cycle is initiated. .
The process is repeated uniti- 1, at which point the den- E
sity of states is not changing in a significant manner, and RW_iﬂl &
convergence to a final, “true” value is achieved.

It is important to emphasize the fact that detailed balancévhich can be thought of as the usual Rosenbluth wéight
is not obeyed in the DOS method, particularly in the initial the limit 3—0, whereg=1/kgT. The Rosenbluth weight for
stages of the simulation, because the density of states is b&le reverse move is reconstructed by calculating the number
ing continuously updated. In the final stages of simulationOf empty trial positions available to each segment as the
however, asf—1 the density of states converges to its chain is grown into its original configuration. The acceptance

Il. METHODS

A(0—n)=min| 1

‘and the acceptance criteria take the form

1 . (4

©)

©6)

“true” value. From Eq.(1) we have criteria for this move are therefore given by
1 [ 9(Ex)RYy
K(o—n)= K(n—o0), 2 A(o—n)=min 1——x|, 7
g(Ey) 07T gEy) (O @ G(EDRG,

Downloaded 06 Mar 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



7240 J. Chem. Phys., Vol. 116, No. 16, 22 April 2002

where the superscripts andR refer to the forward and re-
verse moves, respectively.

In the case of a topological configurational bias move, an,
h

inner section of a chain molecule is cut and regrown in suc

a way as to satisfy the connectivity constraints of the mol-
ecule. The bias is dictated by the number of empty trial site§1
g; accessible to each growing segment, and also by the nuM:

ber of random walk (1) that exist between trial position

| to the point where the chain was originally cut. The direc-
tion j of the current regrowing siteis chosen from the prob-
ability distribution

3 NRu(D)

The Rosenbluth weighgf, and the random walk weigl@!,
for a trial move are given by

8

n €

Riv=11 2 Naw(h, ©
Giv=11 Naw(i)- (10

T. S. Jain and J. J. de Pablo

B. Model and simulation details

Polymer chains are represented by self-avoiding random
alks on a square lattice of unit. Sites along the chains
nteract via a nearest-neighbor potential energy of magnitude
e. The chain length_ considered here is 100 sites. The
umber of chaindN used in this work is 125. The typical
kness of the film is=23 lattice units and the dimensions
of the simulation box in the directions perpendicular to the
thickness of the film are 25 lattice units. All results are re-
ported in reduced variables, i.e., temperaflife=kT/e and
density p=No>/V.

In addition to the simulations using the DOS method, we
performed independent simulations in the canonical en-
semble in order to verify the results from the DOS method.
The starting point for the simulations was the spontaneous
formation of a thick, free-standing film. The initial tempera-
ture and density werg* =2.2 and¢$=0.85, respectively. In
the case of canonical simulations, each simulation was run
until the system was well equilibrated. The temperature was
lowered in a stepwise manner. The final, fully relaxed con-
figuration for a given temperature was subsequently taken as
the starting point for the next run at a slightly lower tempera-
ture. At each temperature, the displacement of the center of
mass of the chaingd,(t)] and the site displacement in the

The Rosenbluth and the random walk weights for the reversgenter of mass coordinatdsl,(t)] were monitored. The
move are calculated in a similar manner; the acceptance crsimulations were run long enough to ensure that) was

teria for this type of move are given by

[ 9(E-)RAGY,
A(o—n)=min| l————n— 11
(o=m 9(E)RIGh, (0

We refer to this algorithm configurational bias density of
states Monte Carl¢CBDOS.
The biased sampling ideas discussed above can also

several radii of gyration, and thak,(t) was constant. The
trial moves discussed in the context of the DOS method were
used in the case of canonical simulations as well. An appar-
ent glass transition temperature was estimated by measuring
the thickness of a given film as a function of temperature.
The point at which the slope of the thickness versus tempera-
ture graph changes was identified wig.

be In the case of the CBDOS simulations, the initial con-

extended to reptation, end-rotation, and crankshaft moves. If?guration generated was immediately quenched at a range of

order to distinguish these from the traditional,
moves, we will refer to them asiased reptatiorand biased
local moves

randoMigterent temperatures to obtain starting configurations with

different energies over the energy range of interest. A histo-
gram of film thicknessh(E), was maintained as a function

It is important to note that the algorithm described aboveof energy in order to calculate the average thickness as a

only givesg(E) to within an arbitrary multiplicative factor.
To recoverabsolutevalues,g(E) can be determined for a
state for which thermodynamic properties are knoerg.,
ideal ga$. Having generatedj(E) to within the required

function of temperature.

In order to verify the validity of the proposed CBDOS
algorithm, several properties of the system were determined
as a function of temperature and compared to results from

accuracy, other properties of the system, such as the thermgg e ntional canonical-ensemble simulations. To do this, we

dynamic internal energyE), can be calculated using stan-
dard statistical mechanics procedures.
_ SeEg(E) exp(— BE)

eg(E) exp(— BE)

(E) 12

calculatedy(E) over a range of overlapping energy windows
spanning a temperature range from 2.0 to 1.0. The typical
size of the energy windows was 1G00The overlap region
between neighboring windows was 300

To examine the efficiency of different trial moves in con-

The free energy and the entropy can be calculated accordingfr9ing towards the trug(E), we performed extensive

to
Fr=1z=-1In > 9g(E) exp(— BE) (13
B E
and
.S (BE)-F
S kT KeT (14
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simulations in two energy windows; one corresponding to
the high temperature melt stateorresponding tar* ~1.9)

and the second one in an energy range corresponding to the
vicinity of the glass transitiori.e., T* ~1.0).1? Sincef is a
measure of the convergence @fE) to the true value, we
kept track off as a function of number of Monte Carlo steps
(MCS). A MCS was defined as an attempted move for each
occupied site in the system. The typical densities were
¢=0.8 in the high-energy region and=0.97 in the low-
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FIG. 3. Comparison of entropy per chain.
FIG. 1. Density of states as a function of energy.

less, one has to ensure that the energy window used in a run

energy region. The different moves used were random locadre wide enough for the system to overcome energy barriers
moves, biased local moves, random reptation, biased reptand to sample configuration space efficiently. In the case of
tion, and configurational bias moves. canonical simulations, the overall simulation process is es-

We also calculated the end-to-end autocorrelation funcsentially serial, and it takes around 4 to 5 weeks of computer
tion r(t) for the chains in two energy windows correspond-time to generate canonical data over the temperature range of
ing to the temperatures df* ~2.0 andT*~1.3. This was interest. By contrast, after the initial quenching required for
done becausk(t) provides a stringent measure of the rate atthe different starting energy configurations in the DOS meth-
which new configurations are being generated in a giverods, the different windows can be simulated independently
simulation. and the process requires around 1 week of computer time for

It should be noted that the case of conventional canonitemperatures near the glassy state, and 2 to 3 days for tem-
cal ensemble simulations, one has to wait for an equilibrategeratures in the regime of the polymer melt.
configuration from a previous run as a starting configuration  An additional advantage of the CBDOS method is that it
for a lower temperature in order to enable the system to relaprovides a direct estimate of the partition functioo within
fully. This is especially true at lower temperatures near thea multiplicative constant and hence the free energy and the
glass transition, where a system might get trapped in a locantropy. In contrast, in the canonical ensemble one has to
minimum if it is quenched too rapidly. While this problem resort to a method such as incremental chain site insertion
can be partially alleviated by using the more elaborate move€Sec. Ill) in order to calculatd= andS* from Eq. (14).
mentioned above, at elevated densitiesar the glass transi-
tion) we still followed the above procedure to make sure thaf|l. RESULTS

Lﬁshsetfigrrﬁpgfgfﬁgguons did not retain a “memory” of the . Figure 1 shows the calculated densi?y of states as a func-
In the case of CBDOS, the above limitation does nottion of energy. The curves from the different methods all
arise due to the athermal nature of the simulation. Neverthe?9' €€ with each other and, thgrefore, we ha\_/e only_shown the
curve calculated from CB-6, i.e., configurational bias move
with 6 sites that were cut and regrown.
245 Figure 2 shows results for the average enefigy per
chain obtained for different types of moves and from canoni-
cal simulations. The agreement between the methods is ex-

cellent over the entire temperature range studied. The error

-255] bars in all the figures are smaller than the size of the symbols
LI/.\I used.
Y The entropy per chaif* as a function of temperature is
-265 — CB6 plotted in Fig. 3 for both CBDOS and canonical simulations.
B canonical simulations For the canonical simulations the free energy of the system
A random local moves was calculated fronr = — pV+ uN,*® whereu is the chemi-
O biased local moves . . . .
2754 O biased reptation cal potential of the chainp is the pressure, ankif is t.he
O random reptation volume of the system. In the case of a free-standing film, the
145 165 185 505 prgssurq)fo. The chemlcal .potentlah, was calculated by
T using the incremental insertion method proposed by Kumar
and co-workerS and the relation of the excess chemical
FIG. 2. Comparison of average energy per chain. potential to the Rosenbluth weight of the chéit? given by
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TABLE |. Comparison of film thicknes$ from CBDO Sand canonical 3 = Giased repiation
simulations. -+~ random local _
s random reptation
T h CBDOS h canonical ° biased local
% CB-6 T
2.00 24.22 24.50.5
1.35 21.16 21.50.5
1.20 20.85 20.80.4 J
RWS
~puzin| B as
and |
ex ex S 1L e 0o nen B g e
WT=g M (16) 10000 15000
MCS

gg:;iﬁ?:tznng;? ;gst Zi: chi:rf St; eCf;(;r;’liinCa:epsogggttii\ile&rég theFIG. 5. Convergence factdr(see text as a function of number of Monte
is the excess chemical potential for the entire chain, ang 2"© Stems for the high-energlow-density window.
(...) denotes an ensemble average. This method can be

thought of as a modified Widom methddn which s sites (E—(E))?)

are inserted at the end of the chain and the insertions are C”:W (17
biased by their Boltzmann factors in order to prevent steric

overlaps and get better statistics. Equatidd) was then The specific heat obtained from the different types of moves
used to calculate the entropy. Since CBDOS provi@eéso  employed and from fluctuations in the canonical ensemble
within a constant, the CBDOS results have been offset by & ig. 4) agree closely with each other over a wide range of
constant in order to achieve overlap with the results fromtemperature.
canonical simulations. For the high-energy windowFig. 5, T* ~1.9), we have
The system considered in this work is a free-standingplotted the convergence factbas a function of number of
film; its thicknessh as a function of temperature is also a Monte Carlo steps for three different kinds of moves, namely
property of interest. The film thickness was periodicallylocal, reptation, and configurational bias with six segments
evaluated by calculating the center of mass of the film; th&€CB-6). As one can see, biased reptation moves require the
“bulk” density was determined from the mean density in the smallest number of Monte Carlo steps to reach a given value
region of the film near the center of mass. The film thicknes®f f. This is closely followed by CB-6. As expected, the
was calculated by counting the number of lattice planes parbiased versions of the local moves and reptation also con-
allel to the film having density greater than half the “bulk” verge faster than simple random displacements. In contrast,
density. Table | lists the values of for three temperatures. near the apparent glass transiti@e., in the low-energy win-

As one can see, the agreement of the values from the CBiow, T* ~1.0) (Fig. 6), both the simple and biased versions
DOS method and those from canonical simulations is excel-

lent.
The specific hea€, depends on fluctuations of energy, "» - ; - ; ' ' T - -
and is therefore particularly sensitive to errors in the calcu- - random local moves
. . \ 0. biased local moves
lation of g(E). It can be determined from 261“"\ & CB-6
B
i
60 ‘ .’\\
22
A _
r - i a
501 JEOE 18| ]
o> L2 o oo 0 é a “\ o Q\
A . o T8° \\ S
goloe CB-6 14 \ 1
401 = 2 Ganonical simulations 6 &
o = random local moves S\ . \
» biased local moves "\f o~
A biased reptation 1 Selii o g O o _—
o random reptation 5000 05000 45000
30 , , ,
1.5 1.7 1.9 2.1 MCS
T-k

FIG. 6. Convergence factdr(see text as a function of number of Monte

FIG. 4. Comparison of specific heat per chain. Carlo steps for the low-energhigh-density window.
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of reptation failed to converge. Only the CB-6 moves was
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IV. CONCLUSIONS

We have demonstrated the use of biased, polymer spe-
cific trial moves such as configurational bias in the context of
a density-of-states based sampling method. We have shown
that it gives results consistent with those of completely inde-
pendent canonical simulations. The agreement is excellent
both for single chain quantities as well as for large scale
properties of the filme.g., film thicknes).

We have compared the efficiency of various types of
commonly used trial moves for polymers. We found that rep-
tation is highly effective at low densities, but it fails to con-
verge (within the time scale of our simulatiopat elevated
densities, where more elaborate techniques are necessary to
arrive at the correct density of statgéE).

The proposed method appears to be highly effedtine
terms of computing timecompared to the more conven-
tional canonical simulation technique. The absence of tem-
perature in density-of-states sampling methods is helpful in
overcoming the inherently slow dynami¢sr high energy
barrierg that characterize near glassy systems at low tem-
peratures.
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