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ABSTRACT: A coarse-grained (CG) force field to model the
self-assembly of benzene-1,3,5-tricarboxamide (BTA) class of
compounds in nonpolar solvents has been developed. The
model includes an intrinsic point dipole embedded on one of
the CG beads so as to impart a macrodipole moment to the
oligomer, one of its characteristic feature. Chemical specificity
has been preserved by benchmarking against results, including
dimerization and solvation free energies, obtained from an all-
atom representation. Starting from a well-dispersed config-
uration in n-nonane, BTA molecules self-assemble to form
one-dimensional stacks. Free energy (FE) changes for the various manner in which short oligomers can exchange between the
assembled and the dispersed states have been calculated. These calculations show BTA to self-assemble via a downhill
cooperative mechanism with a nucleus size of three.

■ INTRODUCTION

Supramolecular polymers have been well studied through a
variety of experiments due to their vital importance in
optoelectronic1 and biomedical applications.2 Among them,
benzene-1,3,5-tricarboxamide (BTA) is one of the most widely
studied molecules as it readily self-assembles into one-
dimensional, 3-fold hydrogen bonded stacks in nonpolar
solvents.2−4 Aggregation of these molecules proceeds in a
cooperative fashion.5,6 The oligomers possess a macrodipole
moment along the stacking direction7 whose magnitude
increases with oligomer size. Interactions between oligomers
are dominated by long-range dipole−dipole interactions, which
is correlated with the cooperative nature of self-assembly.8

Different phases of BTA and its derivatives have been explored
in solid-state,9,10 liquid-crystalline11,12 and solution phases13,14

experimentally. BTA with amino acids on their peripheries has
been shown to self-assemble in the ionic liquid media.15 BTA
nanofibers have been used as a template for the controlled
growth of gold nanoparticles.16 Computational studies include
the determination of oligomer structure,6,17,18 dynamics of self-
assembly, cooperativity in binding energies, and free energies.7

A solution of achiral BTA molecules contains oligomers of P
and M enantiomers in equal amounts.3 However, the presence
of a stereogenic center will offer a bias to handedness, giving
rise to a net Cotton effect. Furthermore, the position of the
stereocenter on the alkyl tail will determine the sign of the
circular dichroism (CD) signal.19 The shape of the solvent
molecules (linear or cyclic) has also been shown to play an
important role in determining the details of the CD
spectrum,19,20 and the same was attributed to the difference
in the amide conformation with respect to the benzene core.
Probing these observations at a microscopic level is

experimentally challenging; however, molecular dynamics
(MD) simulations of realistic chemical models can provide
much needed insights on these aspects.
In our earlier work on BTA,7 we showed that the asymmetric

stacking unit, one in which not all three hydrogen bond dipole
vectors between two molecules in the stack are aligned, is more
stable than the symmetric one. Quantum chemical calculations
as well as all-atom empirical potential-based MD simulations at
finite temperature unequivocally showed the asymmetric stack
to be the ground state. However, studies of the self-assembly of
such molecules in solution via realistic all-atom (AA) MD
simulations are computationally challenging due to the large
number of degrees of freedom, difficulties in sampling and the
time scales involved. Fundamental questions on the mechanism
of self-assembly can be answered if models with fewer degrees
of freedom are constructed. They could permit the study of the
mechanism and thermodynamics of self-assembly from a
microscopic perspective.
The main aim of the present work is to develop a coarse-

grain (CG) model for BTA and employ the same to probe the
mechanism of its self-assembly in a nonpolar solvent. Coarse-
graining is a powerful tool that can be employed to access
length and time scales that exist between atomistic and
mesoscale simulations.21 It is possible to build coarse grain
models that reduce the number of degrees of freedom
drastically, yet retain chemical specificity.22−25 Furthermore,
due to the softness of the interactions between CG beads, a
larger time step can be used to integrate the equations of
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motion. Self-assembled structures in various domains have been
explored through CG models.26−28 Following the approach of
many researchers in the development of CG models,29−32 the
dimerization (DFE) and solvation (SFE) free energy profiles
for BTA as determined from AA MD simulations7 were used as
benchmarks in developing the CG potentials here.
The mapping scheme and the systematic procedure adopted

in developing two CG models will be presented in the next
section. The self-assembly of BTA molecules in n-nonane
solution is demonstrated later. Furthermore, free energy (FE)
calculations are employed to explore the phenomenon
underlying monomer exchange within the sergeants-and-
soldiers principle.33 Using free energy calculations, we observe
that the self-assembling behavior can be characterized as
downhill cooperative, and the critical nucleus is diagnosed to be
a trimer.

■ METHODOLOGY AND SIMULATION DETAILS
Mapping Scheme. In the CG model, a set of atoms were

grouped together to be represented by a single entity called a
“bead”. The mass and position of the bead were taken to be the
sum of the masses of atoms and the center of mass of atoms
constituting it, respectively. The benzene core of BTA was
mapped onto three BZ beads, and each amide was represented
by a NCO bead. The mapping of alkyl tails and solvent n-
nonane was adopted from Shinoda et al.30 Figure 1 describes
the mapping scheme. Charge on the beads was evaluated as
described in Supporting Information (see Figure S1). We call
this model “Model A”. Through this approach, a BTA molecule
with three hexyl tails consisting of 78 atoms can be represented
by just 12 beads. A CG representation of BTA has four atom
types. With this mapping scheme, and with the bead−bead
interaction parameters determined through benchmarks against
AA simulations, the model was able to exhibit self-assembly
(vide inf ra); however, a crucial feature of oligomers modeled
within the atomistic approach is the development of a
macrodipole along the stacking directionone that is absent
in the CG model developed above. Thus, it is crucial that a CG
model be developed that possesses this feature. We call such a
model “Model B”.
Model B. In a single molecule of BTA in gas phase, the C

O and N−H bond vectors present in each branch are coplanar,
and thus the molecule possesses zero net dipole moment. Upon
oligomerization, hydrogen bonds are formed between amide
groups of neighboring molecules. Thus, a dipole moment is
generated for each hydrogen bond, which arises due to the fact
that the N−H and CO groups of a molecule are oriented

normal to the benzene plane in either direction.7 The dipole
moment of every amide group adds up along the stacking
direction, to result in a macrodipole for the stack. Note that
there are three amide groups per molecule, and it has
previously been shown by us that the 2:1 configuration, one
in which the dipole vectors of only two amide groups are
oriented parallel to each other, is more stable than the 3:0
configuration.7 Model A described earlier lacks this dipole
moment. In order to impart a dipole moment to the NCO
bead, we have borrowed the idea of tagging a point dipole over
an atom from the Stockmayer fluid model,34,35 which has been
effectively used in modeling liquid crystals. An intrinsic point
dipole with moment 1.82 D was introduced to lie on each
NCO bead (see Figure 1). Orsi36,37 has developed CG models
for water and lipids using a similar approach. Thus, in Model B,
the nonbonded interactions include van der Waals (ELJ),
charge−charge (Eqq), dipole-point charge (Eqp) and dipole−
dipole (Epp).

Simulation Details. The intramolecular potential terms
included bond and angle energy functions. Beads separated by
more than two bonds interacted via a nonbonded potential. All
beads were treated as point particles, the standard norm in
atomistic MD simulations; the NCO beads in Model-B,
however, had two attributes: a point-like feature for Lennard-
Jones and electrostatic interactions and as a sphere for the
rotational motion associated with the explicit dipole embedded
on it. In addition to the charge, the NCO bead also possesses a
point dipole vector (in Model B) whose magnitude was chosen
so as to give a significant macrodipole (vide inf ra) along the
stacking direction. All the point particles were coupled to a
Nose−́Hoover thermostat.38,39 For spherical particles, both the
center of mass and dipole rotational degrees of freedom were
coupled to a Langevin thermostat.40 All the CGMD simulations
were performed using LAMMPS.41 A real space cutoff of 15 Å
was used for the nonbonded interactions. Long-range
Coulombic interactions were treated using particle−particle
particle-mesh (PPPM) solver with an accuracy of 1 × 10−5. A
time step of 4.0 fs was used to integrate the equation of
motions. Three-dimensional periodic boundary conditions were
applied. FE calculations were performed using the collective
variables module42 integrated with LAMMPS. For both models,
9−6-type Lennard-Jones potential was employed for the
nonbonded interactions. VMD43 and JMOL44 were used for
visualizations. The nonbonded interactions are as follows:

Figure 1. (a) Schematic representation of CG mapping on atomistic representation. CG representation of a monomer in (b) Model A and (c)
Model B. Blue arrow represents the point dipole on the NCO bead.
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Here, q and p ⃗ represent charge and dipole on the bead,
respectively.

■ PARAMETRIZATION OF CG POTENTIALS

Bonded Parameters. As mentioned earlier, beads sepa-
rated by one and two bonds interacted via bond and angle
potentials, respectively. In order to obtain these potentials, an
AA simulation of one BTA molecule in gas phase was carried
out at 298.15 K. From this trajectory, the positions of CG beads
were identified as the center of mass of the corresponding atom
group onto which they are mapped. Bond distance and angle
distributions from this trajectory were used as the reference for
the development of intramolecular CG potentials. Initial
guesses for these intramolecular terms were obtained by a
Boltzmann inversion of the bond and angle distributions
(between bead centers) obtained from the reference AA MD
simulations. These were refined multiple times until the
distributions of bead−bead distances and angles obtained
from the CG MD simulations of a monomer matched those
from the AA MD simulations.
Intramolecular bond and angle distributions for beads

associated with the alkyl tails can be bimodal due to their
conformational flexibility. In our parametrization, bond and
angle potentials were fitted to a harmonic form, where such
distributions were unimodal, while bimodal distributions were
reproduced using tabulated potentials as shown in Figure S2.
Nonbonded Parameters. The parametrization of non-

bonded potentials was a more challenging task. Three sets of
interactionsBTA−BTA, BTA−nonane, andnonane−non-
anewere required. Nonane−nonane parameters were adop-
ted from Shinoda et al.30 Next, we were interested in obtaining
the cross interactions between BTA and solvent beads. Toward
this purpose, MD simulation of one AA BTA molecule soaked
in a box of AA n-nonane was carried out at 298.15 K in the
canonical (NVT) ensemble. The radial distribution functions

(RDF) between the bead positions of BTA and nonane were
obtained. The potential of mean force (PMF) between the
beads was obtained as −kBT ln(g(r)). The PMF formed the
initial guess for the interaction potentials. Analogous CGMD
simulations were performed with this potential to compare the
g(r) against those obtained from the AA simulation. The
nonbonded interaction parameters between BTA and nonane
beads were refined iteratively until satisfactory agreement was
obtained, as demonstrated in Figure S3. Parameters of Shinoda
et al.30 were found to be effective in describing the interactions
between the alkyl tails of BTA and nonane and thus were
employed as-is. In order to derive BTA−BTA interaction
parameters, the procedure of matching RDF profiles in either
its liquid state or in the solution state can lead to erroneous
models of self-assembly. Thus, the dimerization and solvation
free energy profiles of AA BTA in n-nonane, which were
determined in our earlier work7 were used as references to
determine these interaction parameters for CG simulations.
As mentioned earlier, the NCO bead represents the amide

group in AA representation, which has the capability of forming
a hydrogen bond with the amide group of a neighboring
molecule. The strength of one such hydrogen bond in a BTA
dimer has previously been shown to be around 5 kcal/mol.7

The AA model of BTA7 included a specific hydrogen bond
potential term that was not only short-ranged (typically less
than 5 Å) but also possessed an orientation dependence; this
short-range interaction needs to be incorporated in the CG
model as well. In order to mimic such short-range hydrogen
bond interactions, the NCO−NCO potential was split into two
Lennard-Jones (9−6, see eq 1) terms, one with the default
cutoff (15 Å) having smaller “ϵ” and a shorter-ranged one (5 Å
cutoff) with a higher “ϵ” value. Adaptive biasing force (ABF)45

simulations were repeatedly performed by refining the
parameters of these nonbonded interactions until the
dimerization and solvation free energy profiles obtained from
the CGMD simulations matched with the corresponding AA
ones. The same are shown in Figure 2, and the values are
provided in Table 1.

Figure 2. Comparison of the (a) dimerization and (b) solvation free energy profiles. AA: all-atom; Models A and B are CG representations.

Table 1. Dimerization (DFE) and Solvation (SFE) Free
Energies (in kcal/mol) for AA and CG Modelsa

DFE SFE π−π distance

Model A −11.79 −19.65 3.44
Model B −12.07 −19.64 3.43
all-atom −12.03 −19.47 3.52

aLast column is the intermolecular distance (in Å).
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Stack Stability and Intermolecular Distance. CGMD
simulations of a preformed BTA oligomer of size 20 were
carried out in n-nonane solution at 298.15 K using both of the
models. All π−π contacts were found to be intact throughout
the simulation duration of 10 ns; the stack structure was also
found to be preserved. Thus, it can be inferred that the CG
parameters developed here represent the system well. The
distribution of intermolecular distances measured between
benzene centers of neighboring molecules via the AA and CG
models are shown in Figure 3. The mean values obtained from
the CG distributions are in good agreement with those from
AA and are summarized in Table 1.

Dipole Orientations. We have recently shown that the
asymmetric stacking structure (2:1 hydrogen bonded) is more
stable than a symmetric one (3:0 hydrogen bonded).7

Representative dimers of these two configurations are shown
in Figure 4a. A symmetric dimer, in which all the three
hydrogen bond dipoles are parallel to each other, results in
three “ferromagnetic-like” interactions, whereas in an asym-
metric dimer, two h-bond dipoles are parallel to each other
while the third is antiparallel to both, resulting in two
“antiferromagnetic-like” and one “ferromagnetic-like” interac-
tions. A preference for the 2:1 configuration was seen in the gas
phase quantum chemical calculations as well as empirical force
field-based AA MD simulations.7 We were thus curious to see
whether the CG model (Model B) will reproduce this feature.

A CGMD simulation of a preformed decamer (initiated in 3:0
fashion) soaked in n-nonane was carried out at 298.15 K.
Rotational degrees of freedom of dipoles were coupled to a
Langevin thermostat as described before and were free to
rotate. The dipoles were seen to rearrange themselves in an
asymmetric (2:1) fashion within 1.5 ns and remained so
thereafter for over 20 ns, as shown in Figure 4b, consistent with
results from AA simulations.

Supramolecular Aggregation. Having compared the
results of the CG MD simulations to those from AA MD,
what remains to be verified is the process of self-assembly of
BTA in solution, starting from a random initial configuration.
Toward this end, an initial configuration of 30 monomers
randomly dispersed in n-nonane solution was generated using
Packmol.46 MD simulations of the system was carried out at
298.15 K in the NPT ensemble using both the CG models A
and B. The formation of smaller oligomers that later grew into
larger ones was observed in both the models. Snapshots
illustrating the self-assembly are provided in the Supporting
Information (Figures S4 and S5). In Model B, due to the
presence of an intrinsic point dipole, the oligomer possesses a
macrodipole moment along the stacking direction. Since a
macrodipole is an essential feature of BTA-based systems, all
further analyses reported here have been carried out using
Model B.
On the basis of a simulation of a system containing 10 BTA

molecules in a solvent bath of 1000 n-nonane molecules, we
observe a 400-fold improvement in the wall-clock time needed
to generate a trajectory of the same duration (real-time) for the
CG model over the AA one.

■ RESULTS AND DISCUSSION

Self-Assembly. Supramolecular polymerization of BTA
proceeds spontaneously even at very dilute (μM) concen-
trations. In the previous section, self-assembly in a nonpolar
solvent was demonstrated through both the CG models. While
the concentration of BTA employed in experiments is in the
range of micromolars, the same cannot be readily realized in
simulations (even within a coarse grain approach) due to the
computational challenges. A modest attempt is made herein,
where we study the self-assembly of BTA at millimolar
concentration. The simulation system contained 250 BTA

Figure 3. Distributions of intermolecular distances obtained from
simulations of the preformed oligomer of size 20 in solvent.

Figure 4. (a) Two possible configurations of BTA dimer in its AA representation.7 Color scheme: carbon - cyan; hydrogen - tan; nitrogen - blue;
oxygen - red. (b) Snapshot of a decamer, represented using Model B at 298.15 K in n-nonane, which prefers the asymmetric (2:1) configuration of
dipole vectors. Thick arrows in blue represent the point dipole on NCO beads. CMB and CTB beads, as well as solvent molecules are not shown for
clarity.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.5b01655
J. Phys. Chem. B 2015, 119, 5738−5746

5741

http://dx.doi.org/10.1021/acs.jpcb.5b01655


molecules dispersed in a bath of 200 000 n-nonane molecules,
within a cubic box whose edge length is 40.0 nm corresponding
to 6.03 × 105 CG beads in all. MD simulations were carried out
in the canonical (NVT) ensemble at 298.15 K. BTA molecules
were modeled using Model B as described above. Config-
urations were saved every 8 ps for postprocessing analysis.
Snapshots showing the progress of self-assembly as a function
of time are exhibited in Figure 5. Within a few tens of

nanoseconds, monomers coalesce to form smaller oligomers,
and these elongate into longer oligomers over hundreds of
nanoseconds. One such oligomer containing 14 molecules is
highlighted in Figure 5 for a clear visualization. The macro-
dipole moment of an oligomer was determined as ∑(qi × ri) +
∑p⃗i, where qi and ri are the charge and position of bead i,
respectively, while pi⃗ is the point dipole of the NCO bead. The
macro-dipole moment along the stacking direction for this
oligomer was found to be 8.22 D. The time evolution of the
number of aggregates and their sizes are presented in Figure S6,
which was obtained through a cluster analysis.

It should be borne in mind that the dynamics in CG
representation is typically much faster47 than in the AA one due
to the softer and smoother potentials employed. Hence, the CG
time scales observed here need to be stretched to compare
against realistic ones.

Dynamic Equilibrium between Molecules of Different
Stacks. Self-assembly of disc shaped C3-symmetric molecules
obey the “sergeants-and-soldiers”33 principle. Oligomers of
achiral molecules do not exhibit any specific handedness, i.e., an
equal proportion of P and M enantiomers exist in solution.
Introduction of a small amount of chiral molecules (sergeants)
into such a solution of achiral (soldiers) molecules induces a
specific handedness to the supramolecular polymer. Such a
solution exhibits a circular dichroism (CD) signal in accordance
with the nature of the added sergent molecules. Recently,
Meijer and co-workers48 showed that a mixture of two separate
fibers labeled with different dyes could not be distinguished
after 24 h. This process of mixing proceeds neither through
polymerization-depolymerization nor by f ragmentation-recombi-
nation and was accounted for by the dynamic exchange of
molecules between the oligomers.
We would like to understand the phenomenon of exchange

of monomers using MD simulations and estimate the FE
change associated with this process. Toward this aim, a
simulation box consisting of a preformed oligomer of size 20
soaked in 12 834 n-nonane molecules was constructed. Steered
molecular dynamics (SMD)49,50 simulations were carried out in
the isothermal−isobaric (NPT) ensemble to determine the FE
change for the removal of a molecule from this oligomer into
the bulk solution. SMD is a nonequilibrium method in which
accumulation of work as a function of the extent of steering can
be determined. However, the FE difference is an equilibrium
quantity that can be obtained from several nonequilibrium
trajectories using the Jarzynski equality.51 In our simulations,
the SMD spring constant was chosen to be 100 kcal/mol/Å2,
and SMD calculations were performed in constant velocity
mode at various pulling rates. The reaction coordinate (RC)
was defined as the distance between the center of BZ beads of
molecule 11, and the mean position obtained from BZ beads of
molecules 10 and 12 (see Figure 6a). “Distance” style was
employed to remove a molecule from the stack. The entire
stack, other than molecule 11, was restricted within a
parallelepiped so as to preserve its columnar structure during
the evolution of the RC. The converged FE profile, shown in
Figure 6b, was obtained using Jarzynski’s equality,51 averaged
over 30 SMD profiles. The individual nonequilibrium work

Figure 5. Snapshots illustrating the aggregation of 250 CG BTA
molecules dispersed in 200 000 n-nonane molecules at 298.15 K, over
time. A magnified view of one oligomer with its dipole vector of
magnitude 8.22 D is also shown. Color scheme: BZ - orange; NCO -
gray; CMB and CTB - blue. Nonane molecules are represented using
the “QuickSurf” drawing method,43 which is why they are not explicitly
shown. Point dipoles on NCO beads are not shown for clarity.

Figure 6. (a) Schematic representation of the reaction coordinate (RC) for pulling a molecule from the middle of a 20-mer stack into bulk solution.
Molecules 10 and 12 are shown in red, and molecule 11 is represented in brown. (b) Free energy profile averaged using Jarzynski’s equality over 30
SMD work trajectories. Simulations were carried out using Model B at a temperature of 298.15 K.
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profiles from SMD are shown in Figure S7. The molecule in the
center of the stack is stabilized by 18.2 kcal/mol compared to
its monomeric state in bulk solution. When a monomer in bulk
solution approaches the core of an oligomer, the FE gradually
decreases up to a distance of 4 Å. The profile at shorter
distances is rugged and exhibits small barriers. This is due to
the adoption of various orientations that the molecule inserting
itself into the oligomer takes. The only possibility for a
monomer to incorporate itself within the core of the stack is by
keeping its benzene plane parallel to the molecules that are part
of the oligomer. Since the barriers are only around 1−2 kcal/
mol, this process is indeed accessible to thermal energy at
ambient conditions. This observation implies that a molecule in
the center of the stack can indeed exchange with the pool of
monomers in the bulk solution.33

Nature of Cooperativity and Critical Size of the
Nucleus. BTA monomers present in a high-temperature
solution self-assemble upon slow cooling via the formation of
a nucleus. The nucleus formation can be associated either with
lowering the free energy (downhill) or an increase (uphill) with
respect to monomers.52 It is challenging to distinguish the two
experimentally. For a better understanding of the experiments,
analytical models53,54 have been developed by assuming the
nucleus size to be 2 (i.e., a dimer). Such models form the basis
to evaluate thermodynamic properties and determine the self-
assembly mechanism. We are thus curious to find out (i) the
nature of cooperativity: downhill or uphill, and (ii) the size of
the nucleus.
From a theoretical point of view, the free energy of formation

of an oligomer (from monomers) as a function of its size
determines the mechanism of polymerization.52 In our earlier
work employing an all-atom model,7 ABF simulations were
used to demonstrate cooperativity in the FE for the removal of
a molecule from an oligomer. The RC was defined as the
distance between the center of mass of BZ beads of two
outermost molecules, hydrogen bonded to each other (see
Figure 7a). In these simulations, RC was divided into bins of
0.1 Å, in each of which the force experienced on it was averaged
over 500 steps. The entire RC was divided into two
nonoverlapping windows spanning the distance from 3 to25
Å. “Distance” colvar style was employed to determine the FE
along the RC. BZ beads of molecule 2 were fixed to define a
coaxial cylinder of radius 3 Å using “distanceXY” along the z-
axis, and molecule 1 was restricted in the cylinder (see Figure 7
for definition of molecule indices). Two sets of simulations
were carried out by modeling BTA either with Model A or
Model B. All the simulations were performed for at least 100 ns
to obtain converged FE profiles, and the same are displayed in
Figure 7b,c. The ratio of maximum to minimum samples
collected across the RC was ≈8. The free energy of binding of a
monomer to an oligomer increases gradually from a dimer to a
tetramer, beyond which it converges to a value around 16 kcal/
mol. Besides the exhibition of self-assembly from dispersed
monomers, cooperativity in FE is another important validation
for the CG models developed here.
Irrespective of whether a molecule from solution adds to the

end of a stack or to its middle, the free energy change should be
the same. Thus, the difference in the FE changes reported here
for the end-addition (around 16 kcal/mol) and the addition to
the center (around 18 kcal/mol) should be seen as nominal and
likely to arise from sampling and methodological differences.
In general, apart from a monomer, a short oligomer too can

add to a pre-existing stack on the latter’s terminal. We have

studied the free energy change involved in this process as a
function of the size of the short oligomer, using the ABF
method. Once again, the “DistanceZ” style was employed in
determining the change in FE, and RC was defined as the
distance between the center of the short oligomer (n = 2,3,5,7)
and the closest molecule in the stack.55 BZ beads of the closest
molecule were fixed to define a coaxial cylinder along z-axis.
Table 2 shows the corresponding FE differences. While the
monomer joins a stack (19-mer) with a free energy gain of

Figure 7. (a) Schematic representation of RC for removing a molecule
from one end of the stack. RC is the distance between the centers of
mass of the molecule being removed and the one that is closest to it
present in the oligomer. Molecule 1 is shown in brown, and molecule
2 is represented in red. (b,c) Free energy profiles associated with the
process of removing a molecule from oligomers of various sizes, each
solvated in n-nonane solution at 298.15 K using Model A and Model
B, respectively.
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around 16 kcal/mol, a dimer is seen to add to a 18-mer with a
FE gain of around 20 kcal/mol. This FE change remains more
or less at the same value for larger oligomers fusing with a stack.
The change in FE between a monomer addition and a dimer
addition to a pre-existing stack further points to cooperativity in
self-assembly.
In the following, Gn denotes the free energy of a n-mer in

solution. The free energy of formation of a n-mer out of n
individual monomers is denoted as ΔGn. It is challenging to
determine this quantity directly, which may involve the effective
use of the coordination number as a reaction coordinate.
However, the results obtained so far can themselves be used to
determine ΔGn. We illustrate this procedure through the free
energy of formation of a trimer from three monomers in
solution (ΔG3 = G3 − 3G1) in the following manner:

1. Two out of the three dispersed molecules can form a
dimer, and the free energy change associated with this
process is dimerization free energy (DFE), which has
been determined earlier (ΔG2 = G2 − 2G1).

2. A third molecule can bind to the dimer, and the free
energy change for this process can be quantified by the
reverse processthat of removing a molecule from a
trimer (G3 − G2 − G1), as discussed above.

The FE of a trimer with respect to the three monomers
(ΔG3) can be simply obtained by adding the above two
quantities. The FE of formation for oligomers (ΔGn = Gn −
nG1) of different sizes (n) were determined likewise and are
presented in Figure 8. The trend is similar to what was
delineated for downhill cooperativity in ref 52. Prior to the
formation of the nucleus, the change in the formation FE for an
oligomer increases but attains a constant value beyond the
point of nucleation. During the elongation process, monomers

attach to an oligomer with the same binding strength
(association constant). Clearly, the trimer appears to be the
likely nucleus, beyond which size the change in FE per
molecule converges to a value of around 16 kcal/mol. In BTA
systems, a n-mer possesses 3(n − 1) hydrogen bonds. Thus, the
ratio of the free energy of formation of a n-mer (ΔGn) to the
number of triplets of hydrogen bonds present in the stack
provides information on the stabilization of a molecule via not
only the H-bonds it forms with its neighbors, but also through
long-range interactions it is involved in. Such a quantity is
displayed in Figure 9. ΔGn/(n − 1) increases with oligomer size
(n) until saturation, which is a signature of cooperativity in the
self-assembly of BTA molecules.

■ CONCLUSIONS
We have developed two CG models (Models A and B) for
benzene-1,3,5-tricarboxamide that have exhibited a good
potential for the study of self-assembly of BTA in an apolar,
n-nonane solvent. Intramolecular potential terms in the coarse
grain representation have been fitted to either a harmonic form
(for unimodal distributions) or to tabulated potentials (for
bimodal ones). A short-range potential is employed to capture
hydrogen bonding interactions. In Model B, an intrinsic point
dipole is introduced on one of the CG beads to represent the
dipole moment of the intermolecular hydrogen bond.
Consequently, a BTA stack acquires a macro-dipole along the

Table 2. Free Energy Change for the Removal of an
Oligomer from the Terminus of a Stack into Bulk Solution at
298.15 K Using Model Ba

oligomer ΔG (kcal/mol)

monomer 15.92
dimer 19.76
trimer 21.50
pentamer 21.44
heptamer 21.67

aThe total number of molecules in the stack is 20.

Figure 8. Free energy of formation (ΔGn = Gn − nG1) for various sizes of oligomers in n-nonane solution at 298.15 K. The difference in FE of
formation between oligomers differing by one molecule (ΔGn − ΔGn−1) are written as text within the figure. The critical size of the nucleus is
identified as a trimer.

Figure 9. Free energy of formation of an oligomer from individual
monomers, normalized per contact (ΔGn/(n − 1)). Both models
predict a cooperative nature of self-assembly of BTA molecules.
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stacking direction. Dimerization and solvation FE profiles
obtained from AA simulations were reproduced using both the
CG models. The stability of asymmetric stacking (2:1) over a
symmetric one (3:0) was also demonstrated using Model-B.7

Both the CG models predict the self-assembly of molecules
from a dispersed configuration to form one-dimensional
aggregates with nearly quantitative structural characteristics.
The free energies of oligomerization for the models are
comparable to each other. However, Model B is preferred over
Model A due to the former’s capability to exhibit a macrodipole
moment for the oligomer. The same could be vital in modeling
microscopic phenomena associated with ferroelectric loop
experiments of BTA samples.56,57

A series of steered MD simulations were performed to
determine the free energy change in removing a molecule from
the center of a stack. A monomer in the core of an oligomer is
stabilized by ≈18 kcal/mol with respect to its dispersed state in
bulk solvent. These simulations demonstrate the feasibility of
monomer exchange between the stacks and the bath of
monomers in solution, which forms the basis of a principle
called sergeants-and-soldiers33 in the domain of supramolecular
polymers. ABF simulations yielded rich details on the
cooperativity in FE in the binding of a molecule to oligomers
of various sizes. A molecule is more strongly bound to longer
oligomers than to smaller ones. These FE calculations also
demonstrate that polymerization in these systems is one of
downhill cooperativity and that the size of the nucleus is more
likely to be three rather than two.53,54

The approach presented in this article can be adopted for
many molecules being investigated in the domain of supra-
molecular polymer chemistry.58 These will constitute our future
endeavors. In particular, the sticky dipole approach has not
been explored much in molecular systems, and we hope that
the current work will motivate more efforts in this direction.
Although the model developed here is specific for BTA with
hexyl tail, it is applicable to systems with other lengths of alkyl
tail. This aspect encourages us to study the effects of varying
alkyl tail lengths on the aggregate morphology. Modifications in
the molecule such as the addition of different functionalities,
linkers, and the self-assembling moiety can, in principle, be
modeled using the procedure followed here. It may also be
pertinent to develop much simpler models that incorporate
solvent effects implicitly.

■ ASSOCIATED CONTENT
*S Supporting Information
Force field parameters for both the CG models are provided
(Table S1 and S2). Comparison of the intramolecular
distributions of AA and CG are shown. Snapshots illustrating
the self-assembly of BTA in explicit n-nonane within CG
models are provided. This material is available free of charge via
the Internet at http://pubs.acs.org.
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