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ABSTRACT: RIS Metropolis Monte Carlo (RMMC) simu-
lations were used to determine the unperturbed theta-state
chain dimensions of atactic stereoconfigurations of poly
(2-ethylbutyl methacrylate) [PEBMA]. Root mean-squared
end-to-end distance (hr2io/M)1/2 and characteristic ratio
(Cn) were calculated along with the backbone torsion angle
distribution. The simulated properties are in very good
agreement with experimental results. The values of the

PEBMA chain dimensions are in-between those corre-
sponding ones for poly(n-butyl methacrylate) and poly
(n-hexyl methacrylate) thereby showing the effect of
branching in the side-chain. VC 2012 Wiley Periodicals, Inc.
J Appl Polym Sci 125: 1586–1591, 2012
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INTRODUCTION

Configurational properties of polymer chains serve as
an important first step towards the calculation and
understanding of physical properties of fundamental
and practical interest involving thermodynamic,
kinetic, and viscoelastic behavior, be it in solution or
in the bulk state. The conformations of polymer
chains determine quantitatively and are also widely
accepted to be responsible for the behavior of poly-
meric materials in the condensed bulk phase. Proper-
ties such as rubber elasticity, the hydrodynamics and
thermodynamics of polymer solutions, and optical
properties are few examples of several properties that
are dependent on chain conformations. The confor-
mationally averaged dimensions under theta condi-
tion and in the melt state are well-known to be very
similar, and therefore, a calculation of these proper-
ties under theta condition would even serve to
predict or correlate with melt-state properties
wherein, for example, the ductility of amorphous
polymers are known to scale with entanglement
properties which in turn are known to scale with
chain dimensions. Therefore, a prediction of chain
dimensions can lead to reasonable estimates of vis-
cosity, stiffness, mechanical toughness of amorphous
polymers, and the rheological properties of polymers.

The best method in the most convenient manner
to calculate the statistical properties of polymer
chains in the melt or in theta solvents is the Rota-
tional Isomeric State theory,1 which requires the
derivation of statistical weights before it can be imple-
mented. This theory has been extensively applied to
many polymers over several decades.2 The RIS
method would be a preferred one for calculations on
linear homopolymers and copolymers, when statistical
weight matrices are available and known accurately.
Derivation of these statistical weights is a relatively
tedious process even for a simplest of chain struc-
tures. It is also not possible to treat branched chains
including graft polymers and copolymers in a conven-
ient manner in the RIS approach.
An alternative method, RIS Metropolis Monte

Carlo (RMMC) was developed by Honeycutt,3

which provides a direct estimation of several con-
formational properties of the polymer chains, using
fully atomistic simulations via force-field based
potential energy calculations in continuum space,
thereby avoiding the drawbacks of the traditional
RIS theory. At the theta state the long-range inter-
actions along the chain effectively vanish. There-
fore, to mimic this condition, a bond-based cutoff
parameter for nonbonded interactions is employed
(namely max_bonds) in the RMMC simulation. Of
course, the minimum number of bonds separating
two atoms that need to be considered to taken into
account nonbonded interactions (within the same
chain) would be 3. In the RMMC simulation, an
optimization of the simulation parameters is very
important, as RMMC simulations are significantly
more expensive than the RIS method in terms of
calculation time.
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The RMMC method has been implemented for the
simulation of polymers with a variety of structural
repeating units.4–12 These simulations have looked at
the characteristic ratios Cn and persistence lengths
(Lp) of liquid crystalline polyesters (LCPEs)4 contain-
ing the dihydroxy-a-methylstilbene (DHaMS) frag-
ment, and on VECTRATM A900 (a commercial
LCPE). It was observed that the DHaMS containing
polycarbonate chain was much stiffer than an ordi-
nary random coil polymer, but much more flexible
than any of the LCPEs modeled. J. For random
terpolymers5 of DHaMS terephthalate, DHaMS
isophthalate and DHaMS 2,6-naphtholate (mole frac-
tions 0.65, 0.10, and 0.25, respectively) were studied
by RMMC simulations and experiments to investi-
gate the effects of weight-average molecular weight
(Mw) on the radius of gyration (Rg) and intrinsic vis-
cosity [g]. The single chain properties, mean-squared
end-to-end distances, radii of gyration, characteristic
ratios, and persistence lengths have been calculated
for polyester chains with isolated carboxyl groups,6

for poly(methyl acrylate), poly(methyl methacrylate),
and poly(vinyl acetate) and some aliphatic main chain
polyesters having alkyl chains of various lengths
between the carboxyl groups. The effects of the run
parameters (i.e., cut-off for nonbonded interactions
and chain length) on the results were discussed.

Conformational properties of polyesters based on
terephthalate and cyclohexylene dicarboxylate with
1,4-cyclohexanedimethanol and 2,2,4,4-tetramethyl-
1,3-cyclobutanediol have been investigated7 on
chains having two different configurations, one with
an all trans linkage of 1,4-cyclohexanedimethanol
and 2,2,4,4-tetramethyl-1,3-cyclobutanediol, and the
other in which both trans and cis linkages of these
rings in the diol units were present. Incorporation of
cis isomers results in a decrease in the chain dimen-
sions, and reduces the influence of the repeat unit
chemical structure on the overall averaged chain
dimensions. The effect of temperature, isomer link-
age, nature of the aliphatic ring in the backbone and
its content, on the overall chain dimensions, and the
persistence lengths, was obtained by that study. The
single chain conformational properties of bisphenol-
A-polycarbonate8 under various solvent conditions
(including theta state), and the properties (character-
istic ratio and persistence length) for poly(L-lactic),
poly(L,D-lactic), and poly glycolic acids (PLLA,
PLLA/PDLA, and PGA, respectively)9 have pre-
dicted the PLLA/PDLA chains to be most
flexible, with the characteristic ratio being 6.5 for the
copolymer with alternating L,D-dyads, and 6.8 for
the copolymer with random combination of L,D- and
D,L-dyads; whereas, PLLA chains were found to be
the least flexible (with a characteristic ratio 7.7). The
dependence of the characteristic ratios on the cut-off
limit was also found to be different in the calcula-

tions with the modified and original polymer
consistent force field (PCFF). More recent studies
have looked at liquid-crystalline polyesters,10 and
aromatic copoly(ester-amide)s,11 poly(methacrylate)s
containing side-groups and side-chains under theta
condition.12

Dilute solution properties (chain dimensions and
intrinsic viscosity) of poly(methacrylates) have been
investigated experimentally.13–18 These reports have
looked at the dilute solution properties of a series of
n-alkyl methacrylate homopolymers, such as the
methyl, ethyl, butyl, hexyl, 2-ethylbutyl, octyl, and
lauryl structures, wherein the relationship between
intrinsic viscosity, mean-squared end-to-end dis-
tance, and molecular weight has been obtained by
the use of light-scattering and viscosity measure-
ment techniques in good solvents as well as in vari-
ous ideal (theta) solvents. The effect of the size of
the pendant (side) groups on the degree of chain
extension of the series of alkyl methacrylate poly-
mers in ideal solvents was discussed. A critical
review containing reliable data on chain flexibility of
polymethacrylates is available,19 with an attempt to
elucidate the trends regarding the effect of the
nature of the side-group on chain flexibility. Based
on experimental studies, the relationship between
polymer conformational characteristics, i.e., unper-
turbed chain dimensions and their variation with
temperature and polymer structure have been
reviewed and critically discussed,20 wherein empha-
sis was placed on structure/conformation relation-
ships for structurally well-defined polymethacry-
lates, polydienes, and polyolefins.
The present study in this article provides the

results of RMMC simulations conducted on atactic
poly(2-ethylbutyl methacrylate) (PEBMA) at the
theta-condition. In the case of poly(2-ethylbutyl
methacrylate), the pendant group length is that of
butyl while the molecular weight is that of the hexyl
group. The chemical structure of the repeat unit is
shown in Figure 1. Simulations were done at two
different molecular weights (chain lengths). The
unperturbed chain dimensions, i.e., root-mean
square end-to-end distance by molecular weight
(hr2io/M)1/2, root-mean-squared radius of gyration
(hs2io/M)1/2, and the characteristic ratio Cn were cal-
culated by RMMC simulations and compared with
experimental results available in the literature18,19

for this polymer with meso dyad fraction and tactic-
ity distribution typical of PEBMA as synthesized
under bulk solution condition using free-radical
addition polymerization.

THEORETICAL SECTION

We present here a brief description of various geo-
metric conformational properties of chains that are
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directly relevant in the context of the present study.
The squared end-to-end distance r2 of a chain is a
scalar property obtained by taking the dot product
of the end-to-end vector with itself; with its value
being dependent on the specific overall conforma-
tion adopted by the polymer chain, which in turn is
highly dependent on the conformational states
adopted at each rotatable bond in the polymer chain
backbone.1 This is essentially the square of the mag-
nitude of the end-to-end vector of the chain. When
the squared end-to-end distance is averaged over all
possible conformations, we define therefore the
mean-squared end-to-end distance hr2i that is a
property equivalent to that obtained by averaging
over a reasonable extent of time given the dynamics
of the chain in a solvent (i.e., in solution). Therefore,
the conformationally averaged squared end-to-end
distance is a property that can be measured
experimentally.

Another quantity of interest is the squared radius-
of-gyration, s2, which is the square of the sum of the
deviations (displacements in x, y, z coordinates) of
each atom in the polymer backbone from the mean
position of the entire chain. This quantity, essentially
a 1st order tensor (i.e., a vector) is reflective of the
shape of a polymer chain. When averaged over all
possible conformations which a polymer chain can
adopt in solution, we obtain and define the mean-
squared radius-of-gyration hs2i which can be experi-
mentally measured using static light scattering
technique. The radius of gyration is also related to
the physical properties such as the entanglement
density of a chain in the melt state or the amorphous
glassy state. The radius of gyration of a chain in
solution is very useful in direct determination of the
intrinsic viscosity of a dilute polymer solution.

The characteristic ratio,1 Cn (¼ hr2i/nl2) defined as
the ratio of hr2i to the corresponding value of a
freely-jointed chain (given by nl2 with l being the

mean bond length of a repeat unit in a n-repeat unit
chain) provides a measure of the flexibility (and
stiffness) of a polymer chain. A relatively higher
value of Cn refers to conformationally stiffer chains
such as the rigid rod type, while lower values (typi-
cally in the range 2–12) refer to either flexible or
some semiflexible chains. Cn attains a constant limit
for high molecular weights and under those condi-
tions it is termed as C1. The characteristic ratio is a
very useful physical property of a polymer chain
and is useful in the determination of entanglement
density as well as ductility of an amorphous poly-
mer. This is also related to and gives a measure of
the mechanical modulus of a polymeric material.
The persistence length,1 which is another measure

of chain stiffness, is a scalar quantity, and is calcu-
lated as the sum of the projection of all bonds in a
polymer chain on to the first bond, averaged over all
possible conformations of the chain. Higher values
of persistence length refer to stiffer chains, given
that the effect of the orientation of a particular bond
in the chain persists longer along the bonds in the
backbone, and therefore in a sense less number of
conformational states can be adopted by the chain to
realize a randomization of the spatial orientations of
the bonds. The origin of all these important proper-
ties of a polymer chain lies in the conformational
states and the distribution of the probability of the
states at each torsion angle in the chain backbone.

COMPUTATIONAL DETAILS

The monomer unit corresponding to PEBMA is
shown in Figure 1. Cerius2 molecular modeling
package21 was used to set up the chains and for run-
ning the RMMC simulations on Silicon Graphics Oc-
tane workstation. The advanced PCFF22 was used
for the generation of chains. Dielectric constant e ¼ 1
was used for calculation of the electrostatic energy.
For all simulations in the present study, we have
used a maximum bond cut-off value (max_bond) of 6
for the nonbonded interactions between atoms in the
same polymer chain. Typically, a value in the range
6–8 has been utilized in the literature3,4,7–10,12 for
simulations of relatively stiffer polymers such as pol-
yesters and LCPs and polymers with acrylic and
ester groups including those with side-chains. If two
atoms in the chain are separated by more than this
number of bonds, then their possible interactions
were neglected. The minimum bond cutoff (min_-
bond) used in the simulations here reflects the mini-
mum value of the number of bonds separating any
two atoms along the chain to treat their mutual
interactions. This value was taken as 3 as per the
‘‘pentane effect.’’ A max_bond value of 4 is applica-
ble to polyolefins.3

Figure 1 A: Repeat unit structure of poly(2-ethylbutyl
methacrylate) (B) Ball and stick model.
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The calculations were made on sets of chains hav-
ing two different chain-lengths (200 and 350 repeat
units corresponding to molecular weights 34,053 and
59,591). For each of these molecular weights, 50 con-
formationally independent chains were generated by
a Monte Carlo simulation with meso dyad fraction
0.25, as per experimental data available,18,19 in each
chain using Bernoullian statistics in the simulation
here reflecting the actual distribution of tacticity in
these polymethacrylates as per actual experimental
conditions of free-radical polymerization in bulk so-
lution. The simulation procedure described here was
performed on the two sets of chains pertaining to
lower (34,053) and higher (59,591) molecular
weights. Each chain was energy-minimized by steep-
est descent and conjugate gradient methods to
energy-gradient convergence 0.01 kcal/mol. Follow-
ing this stage, molecular dynamics simulation (NVT)
of 10 ps was performed on the selected five low
energy chains at 300 K. After 10 ps MD simulation,
these five chains were energy-minimized using the
conjugate-gradient method. Finally, three chains
were chosen on the basis of the lowest potential
energy and independent RMMC simulations were
performed on these chains. In the RMMC 600,000
steps were used for the equilibration section and
1,500,000 steps were used for the production section
for calculating the averaged properties. Such long
runs are typical of RMMC on these types of polar
polymers from our earlier work.7,12 The ‘‘snapshots’’
for updating the chain conformational properties
were taken at 2000 steps interval. The RMMC simu-
lations were performed at 300 K.

RESULTS AND DISCUSSION

Table I shows the RMMC simulation results
observed for the atactic PEBMA with the meso dyad
fraction 0.25. The values of the mean-square end-to-
end distance, mean-squared radius of gyration, and
characteristic ratio obtained for two different chain
lengths are in very good agreement with the experi-
mental results available in literature.18,19 The simu-
lated chains based on the extensive RMMC runs,

showed the well-known Gaussian behavior for
which the ratio hr2io/hs2io should be exactly 6, par-
ticularly a characteristic of flexible chains. Therefore,
atactic PEBMA is not a stiff polymer, even though it
has a long side-chain with polar groups that can
interact and hinder rotation of backbone bonds, and
this is also reflected by the value of its characteristic
ratio, simulated here as well as available from
experiments in literature.19 The possible reasons for
its backbone flexibility could be the small size of the
chemical groups present in the side-chain, and, its
atactic stereochemical nature. It is well known1,2 that
for vinyl polymers, including polymethacrylates, the
isotactic as well as syndiotactic versions of the chains
are rather rigid and could adopt either a near all-trans
or helical conformations. The characteristic ratio value
can depend in general on several factors: (1) the vol-
ume occupied by the side group, (2) the distance of
the center-of-mass of the side-group from the back-
bone of the chain, (3) the flexibility of the side group,
and (4) the chemical nature of the side group (which
may lead to polar or other interactions).
Figure 2 shows two snapshots of the PEBMA

chain taken from the equilibrated section of the
Monte Carlo simulations that were performed on
two independently generated (conformationally suf-
ficiently different) initial chains, for molecular
weight 34,053, having fairly similar chain dimen-
sions close to their conformationally averaged values
under theta condition. This shows the complexity of
the configuration adopted by the polymer and the
complexity involved in the computational simulation
of these high molecular weight polymethacrylate
chains.
Figure 3 shows the backbone dihedral distribution

for PEBMA obtained from the RMMC simulations.
PEMBA, where there is branching on the pendant
group, the length being that of butyl group, while
the molecular weight being that of the hexyl group,
shows greater chain extension as compared to
poly(n-butyl methacrylate) PnBMA chain12,15,19

(expt. value Cn ¼ 8.9 for meso dyad fraction 0.21
from Ref. 19), but considerably lesser extension than
poly(n-hexyl methacrylate) PnHMA chain12,16,19

TABLE I
Simulated Chain Dimensions and Experimental Values of Atactic Poly(2-ethylbutyl methacrylate) (PEBMA) at theta

(y) Condition at Room Temperature (300 K)

Mol. wt.

(<r2>o/M)1/2 Å (g/mol)�1/2 (<s2>o/M)1/2 Å (g/mol)�1/2 C1

Expt.a Simu Expt. Simu. Expt.b Simu.

34,053 0.51 0.54 6 0.19 – 0.22 6 0.01 9.8 9.67 6 1.30
59,591 0.54 6 0.19 – 0.22 6 0.01 9.74 6 1.17

Meso dyad fraction is 0.25 based on the experimental value for chains synthesized using free-radical polymerization in
bulk solution.

a J Polym Sci 1960, 43, 557.
b J Macromol Sci Rev Macromol Chem Phys C 1988, 28, 371.
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(expt. value Cn ¼ 11.2 for meso dyad fraction 0.21
from Ref. 19). This effect seems to manifest itself in
the relative proportions of the trans versus gauche
conformers along the backbone bonds which directly
control the chain dimensions under theta conditions,
with the interesting influence primarily originating
from the branched nature of the 2-ethylbutyl side-
group in comparison with the unbranched n-butyl
and n-hexyl side-groups. This behavior is found to
go in accordance with the relative proportion of
trans (near trans or extended) conformational states
to the gauche (kinked) conformational states of the
chains in these polymers, as obtained from the data
on PEBMA in the present work in comparison with
those observed for PnBMA and PnHMA chains from
earlier work in the literature.

A comparison of the torsion distribution shown in
Figure 3 here for PEBMA with the distributions for
the corresponding backbone bond for linear polyeth-
ylene (PE) and polyethylene-like molecule n-decane,3

shows that for the torsion angle in the case of
PEBMA the difference between the probabilities of
the preferred trans state and the less-preferred gauche
states is greater in value than that which is seen for

this torsion angle in linear polyethylene3 as well as
n-decane,3 and this behavior can be rationalized to
be due to the presence of the side-chain in PEBMA
which renders stiffness to the polymer chain in com-
parison to polyethylene. This behavior is also
reflected directly in the conformationally averaged
mean-squared end-to-end distance as well as charac-
teristic ratio (PEBMA has much higher values as
compared to PE). The torsion distribution seen for
backbone bonds in polyesters such as PET as well as
those in polyesters constituted by cycloaliphatic
chemical groups in the backbone7 show an even
higher relative probability for the extended trans
conformational state at some (not all) of the rotatable
backbone bonds. Polyesters7 and LCPs4,5,10 as known
from RMMC simulations are comparatively stiffer as
compared to PEBMA. The ‘‘relative energies’’ (i.e.,
energy difference with respect to the global minima)
for the energy minima conformational states for
rotation about the CAC bonds for chemically simple
polymers such as linear polyethylene and atactic-
polypropylene, in comparison to the barrier for rota-
tion in PEBMA here, are smaller. Low values of ‘‘rel-
ative energies’’ mean high probability of occurrence
as manifested in the torsion distribution diagram. A
comparison of the probability distribution for this
torsion in PEBMA with those in other polymethacry-
lates containing side-groups and side-chains12 clearly
indicates the higher probability of a trans (extended)
state relative to the gauche (kinked) state for some
polymethacrylates such a poly(phenyl methacrylate)
and poly(n-hexyl methacrylate). Even though the
backbone bonds are constituted by very different
atoms in the PEBMA repeat unit as compared to
those in bisphenol-A polycarbonate repeat unit8 for

Figure 2 Two different PEBMA relaxed chain (200 repeat
unit) configurations obtained as a snapshot from the equi-
librated section of the RMMC simulations. The meso dyad
fraction is 0.25 based on experimental value for real
chains. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 3 Backbone torsion distribution of a 200 repeat
unit poly(2-ethylbutyl methacrylate) chain for meso dyad
fraction 0.25 based on experimental data (see Table I).
Inset show repeat unit with the backbone carbon atoms
participating in the torsion specified.
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facilitating a direct comparison of the torsions, the
BPAPC repeat unit is much more conformationally
stiffer (hr2io/M ¼ 1.01 for BPAPC as compared 0.54
for PEBMA) given the presence of the phenylene
rings and the carbonate group.

CONCLUSIONS

RMMC enables the direct estimation of several key
conformational properties of polymer chains by
atomistic simulations using an all-atom force-field.
Single chain properties of atactic PEBMA representa-
tive of the theta solution condition have been calcu-
lated using RMMC simulations in this work. The
calculated chain dimensions of the PEBMA, mean-
squared end-to-end distance, and characteristic ratio
are in good agreement with the chain properties
studied experimentally on this polymer. The aver-
aged chain dimensions of PEBMA is greater than
that of poly(n-butyl methacrylate) but less than that
of poly(n-hexyl methacrylate), thus bringing out the
effect of branching in the side-chain within the alkyl
poly(methacrylates) class of polymers. The simula-
tions show that the atactic-PEBMA chains behave in
a Gaussian manner, exemplifying flexible or semi-
flexible nature rather than stiff nature, even though
containing a relatively long pendant side-chain.
PEBMA chains are found to be conformationally
stiffer relative to linear polyethylene, but relatively
flexible in comparison with bisphenol-A polycarbon-
ate, polyesters, cycloaliphatic polyesters, and LCPs
that are known in literature.
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