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Precise control over folded conformations of synthetic polymers is highly desirable in the development

of functional nanomaterials for diverse applications. Introducing monomers capable of strong

intramolecular hydrogen bonding is a promising route to achieve this control. In the present work we

report the use of Wang–Landau Monte Carlo simulations of coarse-grained copolymers to explore the

design parameters of these systems on their pathway to collapse. The highly directional nature of

hydrogen-bonded supramolecular interactions is modelled by a directional non-bonded potential while

a harmonic bending potential is used to take into account the flexibility of the polymer chain, thus

making it possible to look at the interplay of both factors. The introduction of directional interactions

in the copolymer chain leads to a sharper coil-globule collapse when compared to homopolymers

composed of isotropic interacting beads only. Simultaneously, some of the stiffness-dependent

structural properties become exacerbated when directional beads are present. Finally, from the heat

capacity profiles for the different chain stiffness values we are able to distinguish the prevalence of the

collapse of the backbone for highly flexible chains, while as chain stiffness increases folding of the

co-polymer due to the directional interactions becomes the dominant feature.
Introduction

The combination of supramolecular chemistry and the contin-

uous advancement in precision polymer synthesis1–6 has paved

the way to the engineering of nanoscopically ordered materials

that can respond to various types of stimuli.7–14 Applications of

such ordered self-assembled materials include nanodevices for

personalized medicine,15,16 catalysis in water,17 semiconductor

integrated circuit design18 and subnanometer porous films for

separation processes.19 The range of diverse applications of these

materials demand a precise knowledge of the interplay between

the various non-covalent interactions and the resulting nanoscale

architecture. Generic coarse-grained models have played an

important conceptual role in this respect as they can yield

detailed structural information by systematically exploring the

design space of supramolecular ordered materials.20–27

Inspired by the high precision by which sequence-defined

biomolecules such as proteins fold into ordered three-dimen-

sional conformations, we17,28–30 and others31–36 have used recent

advancements in precision polymer synthesis to endow synthetic
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macromolecules with the ability to adopt ordered three-dimen-

sional conformations. For example, Hawker and co-workers,31,33

as well as Lutz and co-workers34 and Murray and Fulton,36

elegantly described the use of intramolecular covalent reactions

as a means to stabilize the collapsed conformations of copoly-

mers. Such covalent bridges also play an important role in the

stabilization of the secondary and tertiary structures of proteins;

however, it has been argued that they do not play a major role in

the folding process itself.37 Non-covalent interactions such as

hydrogen-bonds, salt bridges and hydrophobic interactions, on

the other hand, play a decisive role in the transition from a

disordered polypeptide chain into its unique three-dimensional

structure.37 We have recently explored this strategy and shown

that copolymers endowed with monomers carrying strong

directional hydrogen-bonding motifs indeed collapse into folded,

ordered conformations in a variety of solvents.17,28–30 In order to

rationally control the architectures of such non-covalently

structured, single-chain polymeric nanoparticles, suitably

designed coarse-grained models may be employed to assist in

exploring the very large design space of the copolymers. Herein

we show that by employing a coarse-grained copolymer model

that takes into account directional interactions representing the

effect of hydrogen-bonding, it is indeed possible to identify

different folding characteristics.

Coarse-grained lattice and off-lattice models have been

extensively used to gain insight into the coil-globule collapse

transition of polymers.38–42 For example, coarse-grained simu-

lations of flexible homopolymers have shown how hydrogen-

bonding43,44 and hydrophobicity45 can significantly influence the
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 (A) Schematic of the coarse-grained copolymer sequence with

backbone monomers (red, type A) containing one directional bead (blue,

type B) as every fifth bead. (B) Non-bonded interactions; left: isotropic

LJ126 potential (eqn (2)) involving at least one A-type particle, right:

LJA2 directional potential (eqn (3)) between directional sticky bits.

(C) Values of the LJA2 potential with parameters: qi ¼ qj ¼ q, qij ¼ 0 and

w ¼ 0.2.
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collapse transition leading to markedly different polymorphic

transitions and the appearance of ordered globular conforma-

tions in the case of directional hydrogen-bonding. The level of

structural complexity considerably increases when AB type

copolymers are considered. In such a case the number of B-type

monomers and the information content of the sequence directly

influence the thermodynamic stability and structural character-

istics of the globular state.46,47 Theoretical work on copolymers

with hydrophilic/hydrophobic46,48 and hydrophobic/charged49,50

monomers has indeed revealed a much richer behaviour as

exemplified by the appearance of ordered structures such as

hairpins,49 and the emergence of a sharp folding funnel that

promotes thermodynamic stability and kinetic accessibility

during polymer collapse.51

In this paper we present detailed off-lattice Monte Carlo (MC)

simulations of a coarse-grained bead spring model consisting of

two types of beads either having an isotropic or an orientation-

dependent potential. This orientation-dependent two-body

potential represents the directional effect of hydrogen-bonding52

as it occurs during the collapse transition of single-chain poly-

meric nanoparticles.28,29 Wang–Landau sampling53,54 is used to

perform temperature-independent sampling of the possible states

of the system, and overcomes problems arising when sampling

across a phase transition. We explore the design space of regular

copolymers by studying the influence of chain microstructure

and chain stiffness on the pathway to collapse. Our results show

that the introduction of a directional interaction leads to a

sharper coil-globule collapse transition that is distinct from the

collapse of the polymer backbone consisting only of isotropic

beads.
Method

Model

Copolymers are modelled as N beads of radius s ¼ 0.35 con-

nected by N � 1 anharmonic springs through a finite extensible

nonlinear elastic (FENE) stretching potential55

VFENEðrÞ ¼ � k

2
l0

2 log

 
1�

�
r� lmax

l0

�2
!
; (1)

where r is the separation of the beads, k¼ 40 is a spring constant,

l0 ¼ 0.70 is the optimal separation, and lmax ¼ 0.30 is the

maximum allowed bond stretching.56 Nonbonded interactions

are considered between all monomers separated by at least three

bonds. The polymer chain consists of NA beads of type A

(backbone monomers) and NB beads of type B (sticky bits). The

nonbonded interactions between two A beads, or one A bead and

one B bead are modelled via a shifted-truncated Lennard-Jones

12-6 (LJ126) potential:

VLJ126ðrÞ ¼

8><
>:

43

��s
r

�12
�
�s
r

�6�
� VðrcÞ if r\rc

0 if r$ rc

(2)

where rc is the non-bonded cutoff radius, taken as 2.5s, and 3 ¼
1. Two B beads interact either via a LJ126 potential (isotropic

interacting beads) or a modified version (LJA2) introducing a

directional preference (directional interacting beads).57 For this,
This journal is ª The Royal Society of Chemistry 2012
each particle contains a vector pi (see Fig. 1) specifying a direc-

tion, and the angular dependence is given by an exponential

factor:

VLJA2

�
r; qi; qj ; qij

	 ¼ VLJ126ðrÞ � exp

 
� qi

2 þ qj
2 þ qij

2

4w2

!
(3)

where the angles qi, qj and qij are depicted in Fig. 1, andw¼ 0.2 is a

parameter defining the strength of the directionality; the potential

is also shifted and truncated at r ¼ rc. Note that in contrast with

the potential used by Bolhuis and co-workers, this potential

favours the formation of dimers rather than one-dimensional

aggregates. To account for the stronger directional interactions,

the parameter 3 corresponding to the directional potential is set to

20 times the value of the isotropic potential well depth.

The flexibility of the polymer chain is accounted for by the

introduction of a harmonic bending potential involving any three

bonded beads:

Vbend(qijk) ¼ kbend(qijk � q0)
2, (4)

where qijk is the angle between three adjacent beads. We

considered six levels of flexibility by varying the value of the

bending constant: kbend ¼ {0, 1, 2, 3, 5, 10}. In all cases, the

reference state was a fully extended polymer, i.e., q0 ¼ 180�.
Wang–Landau Monte Carlo simulations

We use the Wang–Landau Monte Carlo sampling scheme53,54 to

get a thorough sampling of the conformations of the polymer

chain and to estimate the density of states (DoS) of the system,

g(E). The original Wang–Landau sampling consists of a random

walk in energy space, where a trial move is accepted with a

probability equal to the ratio of the density of states at the initial

and final energy values, i.e., P(E1 / E2) ¼ min(1,g(E1)/g(E2)).

The estimation of the DoS begins with a flat g(E), which is
Soft Matter, 2012, 8, 7610–7616 | 7611
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multiplied by an update factor f every time a configuration with a

given energy is visited. During this process, a histogram of visited

energies is kept; once all energy states are sampled and the

histogram is ‘‘flat’’ enough (i.e., all energy levels are visited a

similar amount of times), the update factor is reduced and the

histogram is reset to zero. Initially, the Wang–Landau algorithm

was developed and applied to the two-dimensional Ising model,

where the energy levels are defined a priori. An extension of the

algorithm to off-lattice systems is achieved by defining an energy

window and splitting it into several bins;58,59 however, this brings

up the issue of having to define the range of energies to sample.

As mentioned by Parsons andWilliams,38 the minimum energy to

be sampled must be above the global minimum of the system to

prevent the simulation from taking prohibitively long CPU time.

In order to speed up convergence of the off lattice simulations,

we used the modification of the original WL algorithm as

proposed by Swetnam and Allen.60 In this scheme, the update

factor is calculated at each sweep from the instantaneous value of

the flatness of the sampling histogram.

Starting conformations

An initial conformation for the polymer chain is generated by

growing a chain with the specified sequence in the centre of a box

large enough to make sure that the polymer does not interact

with its periodic image. As adjacent particles are placed in a

random relative orientation, the chain is relaxed by performing

1000 iterations of a Metropolis Monte Carlo simulation61 to

obtain a configuration with an energy value within the defined

energy window.

Monte Carlo trial moves

A hybrid movement algorithm is used in which at each iteration a

trial move is selected at random from a pool of possible moves,

each having a specific weight. We considered trial moves effect-

ing local changes on the chain, such as single bead translation

and rotation, bond stretching and crankshaft moves; other

moves involved larger, more global changes: pivot, bond rotation

and reptation moves. In a single bead translation, a monomer

chosen at random is translated by a small amount in a random

direction. In-place rotation of beads is attempted only in the case

of directional beads (i.e., with LJA2 non-bonded potential). In a

crankshaft move,62 the portion of a chain between two non-

bonded monomers (separated by 1–6 bonds) is rotated by a

random angle. In a pivot move,63 a monomer is randomly

selected and the connected chain on one side of the polymer is

rotated around a random axis. In a reptation (also known as

slithering snake) move,64 a fragment from either end of the chain

is removed and reattached on the opposite end, preserving the

sequence of bead types in the process.

Structural parameters

Due to the large number of conformations generated (in the

order of 1012 per simulation) storing all of them would be space

and I/O prohibitive, and taking occasional snapshots would be

hardly representative, by the nature of the algorithm. Instead, the

distributions of the structural parameters of the polymer chain

are monitored for every conformation visited during the
7612 | Soft Matter, 2012, 8, 7610–7616
simulation to get estimates of the size and shape of the polymer at

every energy value evaluated. We thus calculate the end-to-end

distance Re, radius of gyration Rg, the core density (the number

of monomers inside a sphere of radius 2.5s of the centre of mass

of the chain) CD, and the asphericity A:65

A ¼
�
L1

2 � L2
2
	2þ�L2

2 � L3
2
	2þ�L3

2 � L1
2
	2

2Rg
4

; (5)

involving the principal moments of inertia of the chain L1,L2 and

L3. Upon each trial move, the structural parameters are calcu-

lated and the corresponding histogram of each structural prop-

erty at the corresponding energy bin is updated.

Analysis

As Wang–Landau MC simulations are temperature-indepen-

dent, the DoS obtained from the simulation can be used to

construct canonical distributions at any temperature:

PðE;TÞ ¼ gðEÞexp
��E

kBT

�
: (6)

with an accurate sampling of all energy levels, it is possible to

have access to the partition function Z of the system

ZðTÞ ¼
X
E

gðEÞexp
��E

kBT

�
; (7)

which in turn allows the determination of all the thermodynamic

properties of the system. Following the same principle, the

histograms of any descriptor sampled as a function of energy can

be transformed to a function of temperature:

AðTÞ ¼
X
E

AðEÞ gðEÞ exp
��E

kBT

�
: (8)

In particular, the heat capacity as a function of temperature can

be obtained from the fluctuations of the internal energy of the

system:

UðTÞ ¼P
E

E gðEÞ exp
��E

kBT

�

CVðTÞ ¼ hU2i � hUi2
T 2

:

(9)

Contact maps

The existence of contacts between selected beads (e.g., among

directional B-type beads) is assessed during the simulation. For

each visited conformation, we consider that a contact between a

pair exists if the Enonbonded < �0.53. In this way, a NB � NB table

is collected for each trial conformation, yielding a two-dimen-

sional histogram at the end of the simulation that can be repre-

sented as a heatmap of the probability of finding a contact

between the selected beads in the copolymer chain.

Representative structures

Once the DoS of a system is obtained, histograms of structural

parameters are analysed (Fig. 2) to extract structural descriptors
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Distributions of various structural properties of AAAAB type

copolymer chains as a function of reduced temperature for selected values

of the bending constant (kbend). The scale bar represents the probability

of finding a given value of a property at a certain temperature. Distri-

butions for other values of kbend are given in S1A†.
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of the polymer chain at specific temperatures. A second simula-

tion is then run, using the best representative values of the

structural parameters and the energy at those specific tempera-

tures as a query for all generated conformations. Every confor-

mation generated is scored against each of the parameter sets,

and fitness is calculated as

Error ¼
X

i ˛ parameters

fiðxi � x0;iÞ2; (10)

where x0,i are the values for the query parameters, xi are the

actual values of the parameters in the structure, and fi are scaling

factors. The latter are used to weigh the individual error

contributions for each parameter based on their expected range.

The sum is performed over all the structural parameters dis-

cussed above. For each parameter set, the conformation with the

lowest error (i.e., closest to the query descriptors) is stored.
Parameters

A regular copolymer sequence AAAAB is compared to a

homopolymer with all A-type beads. This ratio of B beads in the

chain roughly corresponds to the fraction of monomers with

supramolecular moieties experimentally studied in ref. 28 and 29.

The non-bonded interactions involving A-type beads have 3AA ¼
3AB ¼ 1. The directional potential (LJA2) between B-type beads

has 3BB ¼ 20. The energy window to be sampled by the Wang–

Landau algorithm is determined by a short Wang–Landau run

(5 � 106 MC iterations) with a wide energy range; the minimum

energy is set as the lowest energy that was regularly sampled, and

the maximum is set so that the energy window spans 10003. The

Wang–Landau simulations are performed for up to 1010 itera-

tions, or whenever the f update factor became lower than 10�7.
This journal is ª The Royal Society of Chemistry 2012
EachMC iteration consists of 125 trial moves, randomly selected

from a pool with a probability distribution

100 : 20 : 1 : 1 : 1 : 1 : 1 of atom translation, atom rotation,

rotation around a bond, crankshaft, pivot, reptation and bond

stretching, respectively. This combination provides a good

balance of computational cost and thorough sampling of the

different degrees of freedom of the system.
Results and discussion

Wang–Landau simulations were performed on AAAAB type

copolymers of length 100 with varying stiffness, modelled by the

value of the harmonic bending constant kbend. The sampled

energy window is empirically determined for each copolymer

system from a short Wang–Landau run, and the number of

energy bins is adjusted so that there are about 1000 energy levels

of width 1 (in units of 3, the potential well of the nonbonded

interaction between A-type beads). During simulations, a histo-

gram of the values of the different structural parameters is kept

for each energy bin. Conversion of the sampled energies to

reduced temperatures using eqn (8) results in histograms of the

structural properties of the copolymeric chains for the different

values of kbend (Fig. 2 and S1A†). As can be observed in these

figures, the radius of gyration decreases at low temperatures

regardless of the stiffness of the copolymer chain, with a transi-

tion that becomes more marked as the chain stiffness increases. It

is possible to identify a critical reduced temperature Tc at which

the transitions occur, which also corresponds to a peak in the

heat capacity as a function of reduced temperature (vide infra).

The behaviour of the core density and the asphericity, however,

depend critically on the stiffness of the polymer chain. While the

core density for the fully flexible copolymer (kbend ¼ 0) exhibits a

sharp increase at around the same temperature where the radius

of gyration (Rg) decreases, for the stiffest copolymers (kbend¼ 10)

it stays constant around 0 for all temperatures. For intermediate

values of kbend (kbend ¼ 3) an increase in the core density and

stabilization in two different values at low reduced temperatures

is observed. Conversely, the asphericity shows a narrowing in the

distribution of values for each reduced temperature as the

temperature decreases, but the value at low temperatures

depends on the chain stiffness, from 0.0 for kbend ¼ 0 to 0.25 for

kbend ¼ 10. Interestingly, for intermediate stiffness (kbend ¼ 3)

there are two distinct regions, around 0.1 and 0.5, to which the

asphericity of the copolymer stabilizes at low temperatures (vide

infra and S1B).

Fig. 3 depicts the contact maps for the copolymers for different

values of chain stiffness (see also S2†). For a fully flexible

copolymer (kbend ¼ 0), the first contacts formed (at high reduced

temperatures) are preferentially between nearest neighbours

(diagonal line), which at lower reduced temperatures change to

contacts among all beads without a clear preference. With

increasing chain stiffness, this pattern changes to the formation

of next-neighbours contacts (kbend ¼ 5) that gets more marked at

lower temperature, or the formation of contacts between oppo-

site ends of the chain (kbend ¼ 10) that evolves into a preferred

pattern of next-neighbours contacts as the reduced temperature

decreases. This analysis shows that chain stiffness has a very

strong effect on the secondary structure of the collapsed

copolymers.
Soft Matter, 2012, 8, 7610–7616 | 7613
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Fig. 3 Contact maps for B-type (directional) beads of AAAAB type

copolymers at reduced temperatures at and below the Tc for selected

values of kbend. The scale bar on the top represents the fraction of

sampled conformations at a given temperature that shows a specific

contact. Only the top half of the symmetric heatmap is shown. Contact

maps for other values of kbend are given in S2†.

Fig. 4 Representative structures for the copolymer chains at different

reduced temperatures and values of kbend. Representative structures for

other values of kbend are given in S3†.
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Combining the distributions of structural parameters as a

function of temperature (Fig. 2) it is possible to define the most

representative values of each property at a given temperature.

This analysis allows for the discrimination of cases where the

distribution is non-monomodal (e.g., asphericity for kbend ¼ 3 at

low temperatures, and for kbend ¼ 10 at T z Tc Fig. 2 and vide

infra) which would otherwise be overlooked if only temperature-

averaged property values were considered. These values are

evaluated at three reduced temperatures for each simulation;

namely, at the temperature where the heat capacity has its first

peak when cooling (T z Tc), and values higher (T ¼ 2.5) and

lower (T ¼ 0.5) than Tc. Then, a second Wang–Landau simu-

lation is performed for each value of kbend, using the previously

determined density of states as acceptance criteria to yield

representative structures having the set of structural values as

described above. The structures thus found (Fig. 4 and S3†) yield

detailed insight into the distribution of the structural parameters

and the contact maps as previously described. For example, the

emergence of two different low-temperature structures for the
7614 | Soft Matter, 2012, 8, 7610–7616
semiflexible polymers results from the formation of either a more

compact (asphericity �0.1) or more extended (asphericity �0.5)

collapsed globule. At higher stiffness (i.e., kbend $ 5) the patterns

appearing in the contact maps are evidence of the formation of

toroid-like structures. Furthermore, the contact map of the

stiffest copolymer at a high temperature results from the pref-

erential formation of hairpin structures, giving place to toroids at

lower reduced temperature.

When comparing these representative structures with those

found for homopolymer chains with all beads interacting with an

isotropic potential (see ESI†), some differences are observed.

Specifically, whereas some structural properties exhibit non-

monomodal distributions in the copolymer, these are mostly

monomodal in the homopolymer (see Fig. 2 and ESI†). For

example, spherical as well as elongated collapsed structures are

equally prevalent for kbend ¼ 3 in the copolymers, while almost

only spherical ones are found in the homopolymer. Similarly, for

kbend ¼ 10 elongated hairpin structures are found more

frequently than toroidal structures in copolymer simulations

around the Tc, whereas mostly toroids are found for the

homopolymers.

From the final density of states obtained after the simulation,

it is possible to calculate the heat capacity (Cv) of the system at all

reduced temperatures. The heat capacities of a single homopol-

ymer chain with beads interacting with an isotropic Lennard-

Jones 12-6 nonbonded potential (Fig. 5, blue lines) yields results

similar to what was found by Parsons and Williams38 for a fully

flexible polymer (kbend¼ 0) and by Noguchi and Yoshikawa65 for

semiflexible and stiff polymers. In particular, the plots of the heat

capacity vs. reduced temperature of the flexible polymers exhibit

a broad peak and slowly increasing value of Cv as the reduced

temperature decreases. With increasing chain stiffness (i.e.,

higher kbend values), this peak becomes sharper and the transition
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 Left: heat capacity as a function of reduced temperature of

homopolymers composed of 100 A-type beads (blue) and copolymers

having a directional B-type bead on every fifth position (green) on the

chain for selected values of kbend. Right: Temperature corresponding to

the peak in the heat capacity plots for each value of kbend; the lines serve

as a guide to the eye.
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temperature shifts to a lower reduced temperature. When every

fifth bead of the sequence is made to interact via a directional

potential, the transition becomes much sharper at all values of

kbend, and the temperature at which the heat capacity has a

maximum is distinct from the simulation of the corresponding

homopolymer at the same value of kbend (Fig. 5, green lines). A

plot of the location of this maximum as a function of the bending

constant for both systems (Fig. 5, right) reveals an interesting

trend: while the location of the peak is monotonously decreasing

in the case of homopolymers, for the copolymers with directional

beads there is a clear maximum around a value of kbend ¼ 2 or 3,

with little change for the other values of kbend. Comparing the

heat capacity profiles, at low stiffness until about kbend ¼ 2 it is

evident that the collapse of the chain is dominated by the inter-

action of backbone beads, as the heat capacities overlap for

temperatures above the Tc of the homopolymer. At high stiff-

ness, on the other hand, the Tc of the copolymer is clearly higher

than that of the homopolymer. For these stiffer chains, it is the

energy gain provided by dimer formation between directional

beads that overcomes the penalty of bending the chain, leading to

folding of the copolymer at a higher reduced temperature

compared to the homopolymer.
Conclusions

Extensive Monte Carlo simulations of model copolymers have

been presented, uncovering the critical role of flexibility and

directional interactions on polymer collapse. The coarse-grained

heteropolymers consist of a regular sequence of isotropically

interacting LJ beads and beads interacting via a strong direc-

tional non-bonded potential, the latter representing the effect of

hydrogen-bonding. Our simulations demonstrate that chain

stiffness has a pronounced effect on the conformations of the

collapsed structures as evidenced by the behaviour of various

structural properties (e.g., radius of gyration, core density and
This journal is ª The Royal Society of Chemistry 2012
asphericity) during coil-to-globule collapse. Compared to a semi-

flexible homopolymer in which beads interact via an isotropic

potential only, the introduction of directional beads within the

chain results in structural heterogeneity at temperatures around

and below the critical temperature. Furthermore, this critical

temperature for the coil-to-globule collapse transition of the

heteropolymers as determined from the heat capacity profiles

shows a non-intuitive dependence on the chain stiffness. This

dependence can be rationalized by competing effects arising from

the attraction between isotropic beads, which is dominant for

flexible polymers, and the strong attraction between directional

beads, which dominates the collapse of the stiffer

heteropolymers.

Our results may be useful in the design of novel single-chain,

polymeric nanoparticles consisting of regular copolymers in

which one of the monomeric units has a strong, directional

interaction.28,29,32,66,67 To further explore the design space of these

multiresponsive nanomaterials, future work will consider

pseudo-random copolymer architectures, more detailed copol-

ymer representations, and the effect of solvent on coil-to-globule

collapse, as well as competition between intra- and intermolec-

ular interactions in simulations of multiple heteropolymer chain

architectures.
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