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Understanding the self-assembly of amino
ester-based benzene-1,3,5-tricarboxamides
using molecular dynamics simulations†

Karteek K. Bejagam,a Richard C. Remsing,b Michael L. Kleinb and
Sundaram Balasubramanian*a

Amino ester-based benzene-1,3,5-tricarboxamides (BTAs) are widely studied experimentally for their

facile self-assembly, which leads to strong three-fold hydrogen bonded supramolecular polymers.

Understanding the supramolecular assembly of these BTAs is complicated by the presence of two types

of dimers, based on the nature of the intermolecular hydrogen bonding pattern: amide–amide (AA) and

amide–carboxylate (AC). AA dimers form three hydrogen bonds between the two molecules, are typical

of BTA stacks, and act as a basic building block of assembly. In contrast, AC hydrogen bonding results in

six hydrogen bonds between two molecules, and this face-to-face orientation results in a dimer that is

more stable than the AA one, however, unfavorable for further assembly. We perform atomistic

molecular dynamics (MD) simulations of three derivatives of BTA in order to rationalize the large body

of experimental data for these systems, specifically the relative stabilities of AA and AC dimers and

oligomers. We find that at zero Kelvin, the AC dimer is more stable than the AA dimer by roughly

20 kcal mol�1. MD simulations of three BTA derivatives (BTA-Met, BTA-Nle, and BTA-Phe) under realistic

conditions show that BTA-Met and BTA-Phe can aggregate to form longer assemblies via additional

stabilization offered by weak CH� � �S and CH� � �p hydrogen bonds, respectively. However, the

aggregation of BTA-Nle, which is devoid of such functionalities, is limited to that of a dimer. We then

employ umbrella sampling to show that oligomers of BTA-Met and BTA-Phe are stable over those of

dimers and demonstrate that this results from such weak interactions.

1 Introduction

Benzene-1,3,5-tricarboxamide (commonly known as BTA) and
its derivatives have been widely studied for their facile self-
assembly which leads to strong, three-fold hydrogen bonded
supramolecular polymers.1–4 The molecular structure of BTA
is shown in Fig. 1. The mechanism of self-assembly and the
structure of aggregates are highly sensitive to the nature of the
substituents. For aliphatic chains at R, BTAs self-assemble in a
cooperative fashion5 (i.e., nucleation and growth stages), while
for R = 3,30-diamino-2,2 0-bipyridine, they self-assemble via an
isodesmic pathway6 (association constant is independent of
oligomer size). The pattern of the hydrogen bonding network

determines the mechanism of self-assembly; to a first approxi-
mation, intermolecular hydrogen bonding leads to cooperative
assembly5 while intramolecular hydrogen bonding favors iso-
desmic routes.6 Furthermore, the length of the alkyl tail affects
the molecular packing in crystal structures.7,8 Partial fluorination
of peripheral alkyl tails has been demonstrated to break the
symmetry of achiral BTAs.9 These studies display an influence
of various substituents on the self-assembled structures in both
solution and solid states.

In the present article, the self-assembly of BTA molecules
appended with amino ester-based moieties have been investi-
gated. BTA with such carboxymethyl peripheral groups crystal-
lizes in a face-to-face dimer fashion with six hydrogen bonds.10

In a recent work, Desmarchelier et al. reported the synthesis of
three amino ester-based BTAs and the exploration of the effect
of three substituents (Met, Nle, and Phe, see Fig. 1) on the self-
assembled structures, as a function of both concentration and
temperature.11 Formation of either one-dimensional long aggre-
gates or dimers was seen to be dependent on the substituent. At
ambient conditions, BTA-Met and BTA-Phe self-assemble into long
one-dimensional stacks, with a specific helical handedness, while
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the self-assembly of BTA-Nle does not proceed beyond a dimer.
‘‘Sergeants-and-Soldiers’’ experiments too were performed by intro-
ducing small concentrations of amino ester-BTAs (sergeants) into a
solution of alkyl BTAs (soldiers). While the pure alkyl BTA solution
had equal amounts of left and right handed supramolecular stacks,
the introduction of a few molecules of ester-BTAs led to the enrich-
ment (chiral amplification) of stacks of a preferred handedness.

The present molecular dynamics simulation study aims at
obtaining a microscopic understanding of the role of substituents
in stabilizing either the long assemblies or dimers; the structure
of the dimeric species in solution is also proposed. We also
elucidate the free energy difference between two variants of
dimers and address the favourable interactions responsible for
the stability of long assemblies. Umbrella sampling simulations
to determine the relative FE differences between oligomers and
dimers are also presented. We further demonstrate the facile
formation of long oligomers for the Met compound and a
decreased affinity for oligomer formation for the Phe compound,
while the growth of the Nle compound is limited just to a dimer.

2 Computational details

Classical Molecular Dynamics (MD) simulations were performed
using the LAMMPS12 package. All-atom, fully flexible DREIDING13

parameters combined with Gasteiger partial charges14 on the
atomic sites were employed to model the supramolecules. Solvent
molecules were modelled through an united atom approach using
a TraPPE force field.15 Cross interactions between the solute and
solvent molecules were handled by DREIDING’s mixing rules.
Real space interactions were truncated at 12 Å and long range
corrections to energy and pressure were included. Long range
Coulombic interactions were handled using the particle–particle
particle-mesh (PPPM) method. Three-dimensional periodic boundary

conditions were applied. Equations of motions were integrated using
the velocity-Verlet algorithm with a time-step of 0.5 fs. Simulations
were carried out in the isothermal–isobaric (NPT) ensemble.
Temperature and pressure control were achieved by the Nosé–
Hoover thermostat16,17 and barostat with coupling constants of
1 ps. 1–4 interactions were treated with full-scaling. Snapshots
were visualized and rendered using VMD.18 Details of the
simulated systems are given in Table S5 (ESI†). Criteria adopted
to determine amide–amide (AA) and amide–carboxylate (AC)
hydrogen bonds,19 and CH� � �S and CH� � �p weak hydrogen
bonds20,21 are listed in Table 1.

Quantum chemical calculations were performed using both
Gaussian0922 and CP2K23 softwares. In Gaussian09, optimizations
of two dimer variants have been carried out at B3LYP/6-31g(d,p)
level of theory. In CP2K calculations, all valence electrons were
treated in a mixed basis with an energy cutoff of 280 Ry. The short
range basis of triple-z single polarization (TZVP) was used. Effect of
core electrons and nuclei were handled by Goedecker–Teter–
Hutter (GTH)24 pseudo-potentials. The exchange and correlation
interactions were treated using the Perdew–Burke–Ernzerhof
(PBE)25 functional. Empirical van der Waals terms were accounted
using the DFT-D326 approach developed by Grimme.

Apart from unbiased MD simulations, free energy calculations
have been performed using the colvars module27 implemented in
the LAMMPS12 package. Umbrella Sampling (US)28 was employed

Fig. 1 (a) Common core for all BTA based compounds. (b) Amino ester BTAs studied here. (c) Two hydrogen bond types among amino ester-BTAs:
amide–amide (AA) and amide–carboxylate (AC). Blue and black colors indicate different molecules. Ph indicates a phenyl group.

Table 1 Various hydrogen bond types and criteria adopted to determine
their existence. D: donor; A: acceptor

Hydrogen bond type D–A distance (in Å) Minimum D–H–A angle (1)

AA19 3.3 140
AC19 3.3 140
CH� � �S20,21 3.6 110
CH� � �p20,21 3.9 110
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to estimate the relative free energies between two states.
UWHAM29,30 was used to obtain the free energies along the
reaction coordinate (RC). We estimate the error in the calcula-
tion of free energy profiles to be about 1 kcal mol�1.

3 Results and discussion
3.1 Energy differences between the two dimers

Amino ester-based BTAs considered here can dimerize into two
different forms with differing hydrogen bonding patterns; the

NH of the amide group can hydrogen bond with the oxygen of
either the amide (AA) or of the carboxylate (AC) group of
another molecule, as shown in Fig. 2. In an AA dimer, three
hydrogen bonds (H-bonds) are formed between the amide ‘NH’
of one molecule and the amide ‘O’ of another molecule. This
dimer possesses free hydrogen bonding sites which can be
exploited to extend it further to larger oligomers. The hydrogen
bonding network in an AA dimer is similar to that in traditional
alkyl BTAs;31 thus, an AA dimer acts as a basic building block
for a long assembly. On the other hand, in an AC dimer,
hydrogen bonds are formed between the amide ‘NH’ of one

Fig. 2 Top and side views of both types of dimers with R0 = CH2CH3 and R00 = CH3. (a) Amide–amide (AA) dimer and (b) amide–carboxylate (AC) dimer.
Color scheme: carbon (molecule 1)-gray; carbon (molecule 2)-yellow; oxygen-red; nitrogen-blue; hydrogen-tan; non-polar hydrogens are not shown
for clarity. Also see Fig. S8 (ESI†).
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molecule and the carboxylate ‘O’ of another molecule, and vice
versa, as shown in Fig. 2. Face-to-face dimerization of two
molecules in such an AC dimer leads to the formation of six
hydrogen bonds, leaving no free hydrogen bonding sites. Such
a dimer cannot be further extended to an oligomer.

Energy differences between the two variants of dimers for
R0 = CH2CH3 and R00 = CH3 have been determined using both
quantum chemical calculations and empirical force fields
at zero Kelvin and these are provided in Table 2. Clearly, the
AC dimer is more stable than the corresponding AA dimer,
independent of the level of theory. The energy difference
between the two dimer types arise due to: (i) differing number
of hydrogen bonds and (ii) dihedral penalty: in an AC dimer,
the ‘NH’ group hydrogen bonds with the carboxylate oxygen of
another molecule within the plane of the former’s benzene
ring; thus, the amide group has no need to rotate about the
benzene plane (see Fig. 2). On the other hand, in an AA dimer,
the amide group rotates about the benzene plane so as to form
hydrogen bonds. As a result, a dihedral penalty of 0.25 kcal mol�1 31

is associated for each such dihedral in the AA configuration.
In summary, the AC dimer is more stable than the AA dimer

both by way of forming more hydrogen bonds and also by not
incurring the dihedral penalty in doing so.

3.2 Favourable interactions in an assembly

Desmarchelier et al. observed the formation of long assemblies
for BTA-Met and BTA-Phe in cyclohexane solvent at ambient
conditions, but not so in the case of BTA-Nle.11 The discussion
above showed that BTA molecules can aggregate to form
long stacks only via the AA hydrogen bonding pattern. Thus,
although an AC dimer is favoured over the corresponding AA
dimer by a large extent, albeit in gas phase, there must be some
additional stability accruing in an oligomer which overcomes
the energy difference between the two dimer types. Thus, to
understand the stability of an oligomer, a hexamer of BTA-Met
and BTA-Phe each were geometry optimized at the PBE-D3
level of theory using CP2K23 and the optimized geometries
are shown in Fig. 3. In these calculations, R00 was truncated to
hexyl instead of the dodecyl used in experiments,11 to decrease
the computational cost. In the case of BTA-Met, sulfur forms
weak hydrogen bonds with the CH of the alkyl tails. A total of
ten CH� � �S hydrogen bonds were observed in a hexamer of BTA-
Met. Similarly, in a hexamer of BTA-Phe, the phenyl rings were
observed to participate in weak CH� � �p hydrogen bonds. Thus,
CH� � �S20,32,33 and CH� � �p20,34–36 hydrogen bonds likely stabilize
the longer assemblies of BTA-Met and BTA-Phe, respectively.

However, such specific interactions are not available in BTA-Nle
molecules, and thus their self-assembly is just limited to
dimers. Additionally, oligomers of BTA-Met and BTA-Phe are
stabilized via 1–3 interactions. In the present context, 1–3
interactions refer to the stabilization offered by the interaction
between two molecules in an oligomer separated by just one
molecule. For example, in a hexamer, 1–3 interactions refer to
interactions between 1–3, 2–4, 3–5, and 4–6 pairs, where these
indices refer to the positions of the molecules starting from one
end of the oligomer.

An oligomer of size n contains 3(n � 1) AA hydrogen bonds,
while equivalently, n such molecules can form n/2 AC dimers,
each possessing 6 AC hydrogen bonds. Therefore, an oligomer
possesses 3(n � 1) AA H-bonds while the corresponding AC
dimers can have 3n AC H-bonds. Although the former contains
three fewer hydrogen bonds, 1–3 interactions can contribute
significantly towards its stabilization. As mentioned earlier, the
oligomers of BTA-Met and BTA-Phe are further stabilized by
CH� � �S and CH� � �p interactions respectively.

Zero Kelvin, gas-phase, optimized structures of BTA-Met and
BTA-Phe demonstrate the existence of weak CH� � �S and CH� � �p
hydrogen bonds, respectively. However, it remains to be seen if
these interactions are maintained in the solution phase at finite
temperature, the solvent being cyclohexane. Pre-formed hexamers
of BTA-Met and BTA-Phe with R00 = dodecyl were soaked in explicit
cyclohexane solvent and MD simulations were carried out
at 298.15 K. Configurations were saved every 2.5 ps for post-
processing and visualization. The distance between the core
benzene ring and the last carbon of all the three dodecyl tails
of the central two molecules of the hexamer was determined.
The distribution of the distances for BTA-Met and BTA-Phe are
shown in Fig. S4 (ESI†) from which we obtain the cross-
sectional radii of BTA-Met and BTA-Phe to be 17.8 Å and 18.0 Å
respectively which are quite comparable to the experimental
values of 16.0 Å and 16.5 Å respectively.11 All the amide–amide
(AA) hydrogen bonds were found to be intact throughout the
simulations which implies that the force field parameters
adopted here represent the system reasonably well. The distribu-
tion of the number of CH� � �S and CH� � �p hydrogen bonds in the
BTA-Met and BTA-Phe systems respectively are shown in Fig. 4. In
addition, the average 1–3 interactions in a hexamer of BTA-Met
and BTA-Phe in solution were �52 kcal mol�1 and �58 kcal mol�1

respectively. The persistence of such interactions (weak hydrogen
bonds and 1–3 interactions) at ambient conditions strongly suggests
the stabilization of oligomeric structures over their dimeric species.

3.3 Stability of dimers at finite temperature

Having understood the stability of long oligomers of BTA-Met
and BTA-Phe, we revert our attention back to the two types of
dimers: AA and AC. We would like to elucidate the relative
stability of the two variants of dimers for all the three sub-
stituents (Met, Nle, Phe) at finite temperature in explicit
cyclohexane solvent. Towards this aim, for each derivative,
simulations were performed starting with either the AC or AA
dimer configuration soaked in a well-equilibrated cyclohexane
solvent for 20 ns. These simulations were carried out at two

Table 2 Energy difference (EAA � EAC) (in kcal mol�1) between the two
optimized dimers of amino ester-based BTA for R0 = CH2CH3 and R00 = CH3 at
zero Kelvin. Zero point energy corrections (DEZPE = �2.4 kcal mol�1) are
included in the B3LYP data

Method DE = EAA � EAC

DREIDING 20.7
B3LYP/6-31g(d,p) 12.5
PBE-D3 27.9
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temperatures 298.15 K and 350 K in the isothermal–isobaric
(NPT) ensemble. Trajectories for analysis were 30 ns in duration.
The number of AA and AC hydrogen bonds as a function of time
in these simulations are plotted in Fig. S5 and S6 (ESI†). The
mean values of the number of hydrogen bonds are provided in
Table 3.

298.15 K. Simulations started with an AC dimer configu-
ration reveal that the six AC H-bonds are quite stable for all
three derivatives. Fig. S5 (ESI†) shows the total number of AC
and AA H-bond types as a function of time. Simulations starting
from an AA dimer configuration (i.e. with three H-bonds of AA
type) were also performed and the number of H-bonds of both
AA and AC types as a function of time are shown in Fig. S6
(ESI†). At t = 0, such a dimer possesses three AA and zero AC
H-bonds, but with time, it gains AC H-bonds and attempts to
transform into an AC dimer. Within the time-scales accessed
here, the AA dimer may not completely transform itself to an AC
dimer, and the ‘equilibrium’ configuration consists of hydrogen
bonds of both AA and AC types.

350 K. Interestingly, at 350 K, a few AC H-bonds are broken
to result in the formation of AA H-bonds. Although such events
are not seen at 298.15 K within the timescales studied here, one
cannot rule them out as the ambient temperature simulations
could be beset by sampling issues.

At 298.15 K, the AC dimer is the most stable configuration,
while at 350 K, the dimer possesses a mixture of AA and AC
H-bonds (total number of H-bonds being six or more). In order
to verify if the room temperature results are due to inadequate
sampling, configurations obtained from the simulations of the
AC dimer at 350 K (possessing a mixture of AA and AC H-bonds)
were cooled to 298.15 K over a duration of 2.5 ns. MD simula-
tions initiated from such configurations, were run for 50 ns at

Fig. 3 Optimized hexamer geometries (with R00 = C6H13) of BTA-Met and BTA-Phe obtained at PBE-D3 level of theory. (a) CH� � �S hydrogen bonds are
highlighted in an assembly of BTA-Met. (b) CH� � �p hydrogen bonds are highlighted in the BTA-Phe hexamer. Color scheme: sulfur-yellow; carbon-cyan;
hydrogen-tan.

Fig. 4 Distribution of the number of CH� � �S and CH� � �p weak hydrogen
bonds in a hexamer of BTA-Met and BTA-Phe, respectively. Simulations
have been performed in cyclohexane solvent at 298.15 K.
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298.15 K (see Fig. S7, ESI†). The number of AC H-bonds are
seen to increase, however, the dimer does not completely
convert to an AC type (see Fig. S7, ESI† and Table 3) within
the time-scales accessible here. This suggests that the AC dimer
is the most stable configuration at ambient conditions.

3.4 Free energy simulations

3.4.1 Configurational free energy (DGAA
AC). The stability of

an AC dimer with respect to an AA dimer for all three derivatives
was discussed in the previous section. Herein, we quantify the
free energy difference between both the entities using umbrella
sampling.28 Root-mean-square deviations (RMSDs) of instanta-
neous configurations with respect to a specific AC dimer and AA
dimer configuration (excluding alkyl tails) (see Fig. S8, ESI† for
reference configurations) were employed as reaction coordinates
(RCs) to determine the two-dimensional free energy surface.
Based on unbiased MD simulations of both dimer types, we
know that the RMSD of an AC dimer with respect to an AA dimer
is around 5.2 Å, a value which is non-negligible (see Fig. S9, ESI†).
Therefore, RMSD can distinguish between both types of dimers.

The free energy surface in the plane of RMSDAC and RMSDAA was
explored. With RMSDAC on the x-axis and RMSDAA on the y-axis,
the two coordinates A(0.8,5.2) and B(5.2,0.8) would correspond to
AC dimer and AA dimer configurations, respectively. US simula-
tions were carried out over 14 windows centered at different
points spanning from A to B, ensuring adequate overlap of
probability distributions (see Fig. S10, ESI†). Windows were
selected along a curved path and not along the diagonal so as
to avoid a high free energy path.37 We are interested in only the
free energy difference between the two dimer configurations
which is independent of path. Simulations in each window were
carried out for at least 20 ns to achieve convergence in the free
energy (see Fig. S11, ESI†). Hence, a total simulation time of
about 300 ns (14 � 20 ns) was generated to obtain the free energy
surfaces. The surfaces obtained using UWHAM are shown in
Fig. 5. For all three substituents, the AC dimer is favoured over
the AA dimer at 298.15 K, evidenced by the configurational free
energy differences (DGAA

AC) presented in Table 4.
3.4.2 Stability of an oligomer. As mentioned before, at

ambient conditions, BTA-Met and BTA-Phe are reported in
experiments to self-assemble into long stacks, while BTA-Nle
forms just dimers.11 The relative free energy difference between
the two dimer types-AA and AC alone cannot explain the
stabilization of either long assemblies or of short dimers in
the three systems studied. Thus, we have performed umbrella
sampling simulations to estimate the FE difference between a
tetramer and its two stable dimers. All the hydrogen bonds in a
tetramer are necessarily of AA type and a pair of neighbouring
molecules within it possesses hydrogen bonds of AA type.
However, isolated dimers in solution favour the AC configuration,
as discussed earlier. Therefore, simply pulling two dimers apart
from a tetramer (in which the two pairs are of AA type) does not
provide us the free energy difference between an AA tetramer and
two AC dimers. What we seek is the free energy difference for:

Tetramer Ð Two separated dimers

ðAA typeÞ ðeach of AC typeÞ
(1)

Table 3 Mean value of the number of hydrogen bonds for simulations
started with either the AC dimer (6 AC hydrogen bonds) or the AA dimer
(3 AA hydrogen bonds) at 298.15 K and 350 K. Entries with the asterisk
represent configurations from a trajectory at 298.15 K which was initiated by
cooling a 350 K configuration over 2.5 ns. For BTA-Met: R0 = CH2CH2SCH3,
BTA-Nle: R0 = CH2CH2CH2CH3, BTA-Phe:R0 = CH2C6H5 and R00 = dodecyl

System
Dimer
type

Temperature

298.15 K 350 K

AA HBs AC HBs AA HBs AC HBs

BTA-Met AC 0.2 � 0.2 5.5 � 0.4 0.6 � 0.3 4.5 � 0.3
BTA-Nle AC 0.1 � 0.3 5.7 � 0.4 0.9 � 0.2 4.5 � 0.3
BTA-Phe AC 0 � 0 5.9 � 0.0 1.1 � 0.7 3.8 � 0.4
BTA-Met AA 2.9 � 0.1 1.6 � 0.1 0.6 � 0.1 4.8 � 0.3
BTA-Nle AA 2.2 � 0.6 2.3 � 1.1 0.9 � 0.6 4.1 � 0.9
BTA-Phe AA 2.3 � 0.5 2.4 � 0.9 1.3 � 0.7 3.2 � 0.4
BTA-Met AC* 0.6 � 0.3 5.1 � 0.3 — —
BTA-Nle AC* 0.0 � 0.0 4.1 � 0.1 — —
BTA-Phe AC* 2.0 � 0.0 3.2 � 0.5 — —

Fig. 5 Two-dimensional free energy surfaces (in kcal mol�1) to estimate the free energy difference between AC and AA dimers of BTA-Met, BTA-Nle,
and BTA-Phe. RMSD with respect to AC (RMSDAC) and AA (RMSDAA) dimer types were chosen as the two reaction coordinates. Profiles are obtained via
umbrella sampling simulations performed in explicit cyclohexane solvent at 298.15 K. Regions in white were not sampled.
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This FE difference (DG2AC
4AA) between a tetramer (4AA) and its

two AC dimers (2AC) can be calculated in two steps, as follows:
(i) Two dimers that belong to a tetramer are pulled apart in

such a way that the configurations of the resulting dimers are
unaltered i.e., each dimer resembles an AA dimer throughout
the pulling process. Let us call the free energy associated with
this step as DG2AA

4AA.
(ii) Each AA dimer is subsequently converted into an AC

dimer, and the free energy change (DGAC
AA) associated with this

step is the negative of DGAA
AC which has already been determined

(see Fig. 5).
Using the above two steps, the free energy difference

between an AA tetramer and two AC dimers (DG2AC
4AA) can be

easily determined as DG2AA
4AA � 2 � DGAC

AA. A scheme of this
procedure is shown in Fig. 6.

Following the scheme provided in Fig. 6, US simulations
have been performed to determine the FE change between a
system consisting of two independent dimers (in AA fashion)
and a tetramer in cyclohexane solvent at 298.15 K. The distance
between the center of mass of the two dimers was employed as
a reaction coordinate. US simulations have been carried out
over 30 windows for optimum overlap of probability distributions,
spanning the RC value from 7.0 Å to 21.5 Å (see Fig. S12, ESI†). The
geometry of the two pairs of molecules constituting the tetramer
was restrained to a RMSD value of 1.3 Å (with respect to the AA
dimer). This value was chosen based on fluctuations in the
configurations exhibited by the pairs in the unbiased tetramer
simulations (see Fig. S13, ESI†).38 Free energy profiles were

obtained using UWHAM.29,30 The profiles are displayed in
Fig. 7 and DG values determined as the difference between
the free energy at the minimum and at 21.5 Å are provided in
Table 4. The free energy profiles shown in Fig. 7 exhibit
oscillations at a RC value of 10 Å. The dip in free energy at
that distance is due to more negative potential energy, caused
by a reorientation of the separating dimers (see Fig. S14, ESI†).
The dimers were nearly parallel to each other until 7–8 Å but
become almost perpendicular at around 10 Å leading to
increased interaction between them which causes the dip in
the free energy profile.

The free energy difference between a tetramer and two AC
dimers (DG2AC

4AA) was determined for all the three derivatives at
298.15 K. For BTA-Met, the tetramer is more stable than the two
AC dimers by 1.0 kcal mol�1. In contrast, the two AC dimers of
BTA-Nle are more stable than a tetramer by 20.1 kcal mol�1.
The stabilities of either an oligomer (for BTA-Met) or of a dimer
(for BTA-Nle) is consistent with experimental observations.11

However, in the case of BTA-Phe, the configuration of two
independent AC dimers was found to be more stable than a
tetramer (the difference being �16.2 kcal mol�1), while the
opposite is found in experiments.11 This can be understood as
follows: there exists an additional stability imparted to the
oligomers of BTA-Met and BTA-Phe due to CH� � �S and CH� � �p
hydrogen bonds, respectively, as well as due to 1–3 interactions.
Therefore, the free energy balance between the oligomer and
the corresponding AC dimers should shift towards the formation
of an oligomer with increase in oligomer size. Hence the free
energy difference of 1.0 kcal mol�1 and �16.2 kcal mol�1 for
BTA-Met and BTA-Phe, respectively increases (i.e., becomes more
positive) with increasing oligomer size-favouring the oligomer
formation. In the case of BTA-Phe, the AA tetramer is less
stable than the configuration of two independent dimers by
16.2 kcal mol�1. As the CH� � �p interaction is weak, BTA-Phe

Table 4 Free energy changes obtained from umbrella sampling simulations
are provided in the first two columns. These values are subsequently used to
determine the free energy difference between a tetramer (4AA) and two AC
dimers (2AC) (column 3). All values are in kcal mol�1

System DGAC
AA DG2AA

4AA DG2AC
4AA

BTA-Met 8.4 17.8 1.0
BTA-Nle 15.4 10.7 �20.1
BTA-Phe 15.1 14.0 �16.2

Fig. 6 Scheme to determine the free energy difference, DG2AC
4AA, between

a tetramer with AA hydrogen bonding and two AC dimers via two steps.
Discs colored in violet and orange represent molecules whose hydrogen
bonding pattern are in AA and AC configurations, respectively. In the first
step, two dimers are pulled apart from a tetramer constraining the
individual dimer geometries to be of the AA type. In the second step, each
AA dimer is transformed to an AC dimer.

Fig. 7 Free energy profiles associated with pulling the two dimers apart
from a tetramer. Geometry of each dimer is constrained with a RMSD
variable. Simulations are carried out at 298.15 K in explicit cyclohexane
solvent. The oscillations in the free energy profiles are due to the
reorientation of dimers during their separation (see Fig. S14, ESI†).
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may require an oligomer much larger than a tetramer for the
reversal in stability. Thus, we explored the free energy of its
hexamer to understand if the balance tilts towards oligomerization.

Free energy difference between a hexamer and three AC dimers.
Umbrella sampling simulations were performed to estimate the
free energy difference between a hexamer with AA hydrogen
bonding and three AC dimers (DG3AC

6AA), for BTA-Phe.

Hexamer Ð Three separated dimers

ðAA typeÞ ðeach of AC typeÞ
(2)

As before, a tetramer and an AA dimer were separated from a
hexamer to quantify the free energy difference (DG4AA+AA

6AA ) in the
first step. The geometry of a tetramer and of a dimer constituting
the hexamer were restrained to a RMSD value of 1.3 Å. The
distance between the center of mass of the tetramer and center of
mass of the dimer was chosen to be the reaction coordinate. Two
styles ‘distanceZ’ and ‘distanceXY’ of the colvars module were
used to determine the free profiles. ‘DistanceZ’ style was
employed to determine the free energy profile along the reaction
coordinate. ‘DistanceXY’ was used to restrain the dimer coaxially
along the tetramer. A schematic description of distanceZ and
distanceXY is given in Fig. S15 (ESI†). Umbrella sampling simula-
tions were performed in 30 windows spanning from 10.5 Å to
25.0 Å. The overlap of probability distributions along the RC is
displayed in Fig. S18 (ESI†). The profile is shown in Fig. 8 with
DG4AA+AA

6AA being 17.3 kcal mol�1. Using a Born-Haber cycle
approach, the free energy difference between a hexamer and
its three AC dimers can be estimated as shown in Fig. S19 (ESI†)
and evaluated as

DG3AC
6AA = DG4AA+AA

6AA + DG2AA
4AA � 3 � DGAC

AA

Substituting the values in the above expression, we obtain
DG3AC

6AA to be �14 kcal mol�1. Although the value favours the
formation of three AC dimers over a hexamer, the difference in
free energy of the oligomer and its AC dimers decreased by just
2 kcal mol�1 (from tetramer to hexamer). This could point to
limitations in the force field for this molecule as well which
may require further refinement. Furthermore, experiments11

performed at 293 K reveal that the critical concentrations for
the formation of long assemblies of BTA-Met and BTA-Phe
were 0.28 mM and 0.44 mM respectively. Thus, in the case of
BTA-Phe, the formation of an oligomer requires higher concen-
tration compared to that of BTA-Met. Our results on relative
free energy differences may not be inconsistent with these
experimental observations.

4 Conclusions

In amino ester-based benzene-1,3,5-tricarboxamide, two variants
of dimer configurations are possible which are differentiated
based on their hydrogen bonding patterns. An AA dimer is one
in which hydrogen bonds are formed between amide groups,
similar to typical alkyl-derivatized BTA stacks.31 In contrast, an
AC dimer is formed via hydrogen bonds between amide and
carboxylate groups. The latter is more stable than the AA dimer by
E20 kcal mol�1 at zero Kelvin, for molecules in the gas phase,
with short tails. The face-to-face dimerization of two molecules
leads to the formation of an AC dimer, which precludes further
elongation to form oligomers. Thus, only pairs of molecules
with amide–amide hydrogen bonding can propagate further to
an oligomer.

Following recent experiments,11 the self-assembly of three
derivatives of amino ester BTA (Met, Nle, Phe) have been
studied in cyclohexane at finite temperature using atomistic
MD simulations. Assemblies of BTA-Met and BTA-Phe are seen
to be stabilized by weak CH� � �S and CH� � �p hydrogen bonds,
respectively. Also, the structure of a dimer of these molecules at
298.15 K is different from that at 350 K. At higher temperatures,
the dimers possess a mixture of AA and AC hydrogen bonding
types, whereas at ambient conditions, they consist of only AC
H-bonds.

Umbrella sampling simulations have been performed to
quantify the free energy difference between these two dimer
variants. Additionally, such simulations have also been carried
out to estimate the free energy difference between an oligomer
and its corresponding stable dimers (AC ones). The present
results convincingly show the thermodynamic stability of long
oligomers of BTA-Met and BTA-Phe and of only dimers of
BTA-Nle. The study uncovers the structural and thermodynamic
aspects of amino ester-based BTAs for the three substituents.
The approach presented here can guide experimentalists in the
choice of substituents to control self-assembled structures. It
would be interesting to study both the chiral amplification
imparted by amino ester-BTAs to alkyl BTAs as well as the influ-
ence of partial fluorination of the tails on chirality through MD
simulations. These would constitute our future investigations.

Fig. 8 Free energy profile associated with pulling an AA tetramer and an
AA dimer apart from the AA hexamer. Geometry of the tetramer and dimer
is constrained with a RMSD variable. Simulations are carried out at 298.15 K
in explicit cyclohexane solvent.
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