
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
 2

01
8.

 D
ow

nl
oa

de
d 

on
 0

8-
12

-2
02

5 
 1

0:
55

:0
0.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Influence of odd
aDepartment of Chemistry, Bogazici Univ

E-mail: aviye@boun.edu.tr
bDepartment of Chemistry, Gebze Technical U

E-mail: b.dedeoglu@gtu.edu.tr
cDepartment of Chemistry, Abant Izzet Baysa

† Electronic supplementary information
and coordinates of output les. See DOI:

Cite this: RSC Adv., 2018, 8, 35195

Received 23rd July 2018
Accepted 1st October 2018

DOI: 10.1039/c8ra06224b

rsc.li/rsc-advances

This journal is © The Royal Society of C
–even effect and intermolecular
interactions in 2D molecular layers of bisamide
organogelators†

Volga Kocasoy, a Burcu Dedeoglu, *b Oznur Demir-Orduc

and Viktorya Aviyente *a

Organogelators have a wide range of use in everyday life including drug delivery and controlled release,

surface coating and paper industry. In this study, a series of model bisamides have been analyzed as

potential organogelators. These molecules are connected by odd and even numbered methylene units

(n) in length ranging from 2 to 9. By constructing layers of those molecules along the growth direction

we provide an insight into the self-assembly process. A complete systematic analysis of the

computational results with B3LYP/6-311+G** suggests that the self-assembly of these potential

organogelators is influenced by the odd–even effect, the relative direction of amide carbonyl groups, the

bridging spacer chain length and the presence of a chiral alpha carbon. The aforementioned factors alter

the strength of the intermolecular hydrogen bonds as well as the van der Waals interactions, which in

turn may affect the self-assembly process of gelation and result in the formation of aggregates with

different shapes. It is found that molecules with short central chains have an energetic preference for

antiparallel arrangement over their parallel analogues as a result of stronger hydrogen bonding

interactions. As the central chain elongates, the free energy difference between antiparallel and parallel

structures decreases suggesting a compromise between hydrogen bonding and van der Waals

interactions. The complete structural analysis suggests ribbon-like structures for achiral even-antiparallel

and woven-like structures for odd-parallel systems, respectively. Upon creation of asymmetry on the

alpha carbon, a twisted ribbon-like and a coiled coil-like structure are observed for even and odd

systems, respectively. Our computational results are in accordance with the experimental results and

provide an insight into the self-assembly of layers of bisamides.
Introduction

Gelation of organic molecules has been amilestone inmaterials
chemistry. A specic type of these molecules, low molecular
weight organogelators are known for their gelation properties of
immobilizing a variety of organic solvents in their three
dimensional innite brillar networks.1–4 The ability to self-
assemble into brous networks of such molecules like
urethanes, amides, carbamates and ureas, has a wide range of
uses in everyday life including drug delivery and controlled
release and separation processes.5–7

Gel structure is made of a colloidal phase and a dispersion
mediumwhich is the solvent. The colloids are mobile compared
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to solid and stationary compared to solution.8 Gelation enables
immobilization of the organic solvent into 3D network by
intermolecular interactions thus keeping the structure together.
Physical gels form solutions upon heating and gelate back again
upon cooling above and below their gel–sol transition temper-
ature.9 This thermoreversible property enabling gel–sol transi-
tions of the gels has applications most likely in areas such as
photonic materials, cosmetics, fuel engineering and water
purication via oil spill recovery.5,10,11

Self-assembly into nanosized brous structures is mainly
driven by non-covalent forces between the layers of gelator
molecules. These intermolecular interactions can be listed as
hydrogen bonding, pi-stacking (in naphthalene, anthracene
etc.), donor–acceptor interactions, hydrophobic forces and
dispersion.10,12–16 Substances which contain the carbamate
functional group have additional properties such as exibility
and strong adhesion with respect to their ability to form
unidirectional and self-complementary intermolecular
hydrogen bonds.2 Hence, due to their multifunctional utilities,
the low molecular weight organogelators become an intensive
focus of research in the eld of self-assembly.
RSC Adv., 2018, 8, 35195–35204 | 35195
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Scheme 1 Antiparallel and parallel arrangements of the dimer with
respect to the number of methylene units linking the two amide
carbonyl groups.
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The chemical structure has a great inuence on the gelation
ability. For instance, the odd and even numbered methylene
groups in aliphatic alkyl chain moieties in the low molecular
weight organogelators, “the odd–even effect’’, is a widely
observed and intensively studied phenomenon.17–20 Mukherjee
and Biradha observed that a series of bis(pyridylcarboxamido)
alkane derivatives having an odd number of carbon atoms in
the alkyl spacer adopt twisted conformations, whereas the even
ones have linear conformations.21 In another study, p-alkox-
yphenyl substituted biscarbamate derivatives having odd
numbered methylene units in their bridging alkyl spacer were
shown to increase the ability of gelation.3 Interestingly,
increasing the chain length in odd and even numbered units
may inuence the gelation in a completely different
manner.3,11,12,22 For example, Sumiyoshi et al. claim that as the
central spacer length increases, the odd numbered systems lead
to an improved gelation. In contrast, for even numbered
systems longer central spacer lengths result in the loss of
gelation ability.12

Another structural aspect closely linked to the odd–even
effect is the spatial arrangement of the amide groups, namely
parallel and antiparallel arrangement.12 Sumiyoshi et al. exam-
ined the molecular assembly of bisamides connected by
a bridging zigzag carbon chain. They studied the parallel and
antiparallel arrangements of two amide groups that build upon
the odd and even numbers of methylene units forming the alkyl
chain which serves as the basis for the self-assembly of orga-
nogelators.12 Moreover, Kim and co-workers suggested that the
odd numbered methylene units located in the bridging zigzag
alkyl chain of a dicarbamate molecule result in a change in the
direction of both of the terminal alkyl chains when compared to
their even numbered analogues.2

Such structural features leading to a variety of intermolec-
ular forces mediate the self-assembly process of gelation and
eventually result in the formation of aggregates with different
shapes. Sumiyoshi et al. reported that two amide moieties of an
even number carbon chain diamide interact with each other
through two pairs of hydrogen bonds with two other molecules
in a plane resulting in the formation of ribbon-like aggregates.
On the other hand, a diamide of an odd number carbon chain
forms four independent hydrogen bonds with four other
molecules not in a plane, which forms woven-like aggregates.
Their structures mainly possess a hydrogen bonding core and
a van der Waals interaction core which builds up overall skel-
eton of the self-assembly. The amide group plays the role of an
intermolecular hydrogen-bonding core, and the alkyl side
chains correspond to a van der Waals interaction core.

Previous approaches also revealed the inuence of stereo-
chemistry on the structure of aggregates upon introduction of
chirality. They showed that achiral diamides form planar
hydrogen-bonds whereas their analogous chiral molecules tend
to form twisted layers with an improved gelation ability.1,12

Later on, Yamamoto et al. have shown that terminal func-
tionalization of N,N0-didodecanoyl ethylenediamines inducing
additional intermolecular interactions in the molecular self-
assembly process provide more powerful low molecular
weight gelators.23
35196 | RSC Adv., 2018, 8, 35195–35204
In this study, density functional theory calculations are
carried out to understand the factors that affect the molecular
self-assembly of bisamide organogelator molecules (Scheme 1).
Taking into consideration Sumiyoshi et al.'s study, we con-
structed a new series of model didocanoylamide of a,u-alkyli-
denediamine layers having methyl groups at both ends
connected by odd and even numbered methylene units (n) in
length ranging from 2 to 9.12
Methodology

All calculations are performed using the hybrid density func-
tional B3LYP24–28 with 6-311+G** basis set in solution with the
implicit solvent model IEFPCM29,30 (benzene) with 3 ¼ 2.27.
Frequency analyses are performed on the B3LYP/6-311+G**
optimized geometries to conrm the nature of the stationary
points as minima (with all-real frequencies). The total stabili-
zation energy emerging from the sum of interactions between
the lone pair of O and the antibonding orbital of N–H is
calculated by natural bond order analysis (NBO)31–33 at the
B3LYP/6-311+G** level of theory. In order to probe the inuence
of non-covalent interactions, we performed dispersion cor-
rected calculations using B3LYP-D3 (ref. 34–39) functional with
6-311+G** basis set in benzene. Single point calculations are
computed at B3LYP/6-311+G**//B3LYP-D3/6-311+G** and
B3LYP-D3/6-311+G**//B3LYP/6-311+G** levels of theory in
benzene. All calculations are carried out by using the Gaussian
09 program package.40

The model system used in this study is based on the exper-
imentally studied series of didocanoylamides of a,u-alkylide-
nediamines compounds.12 For computational simplicity,
terminal methylene chains are replaced with single methyl
groups. Antiparallel and parallel models are named as -anti and
-para and the letter “n” is used to dene the number of meth-
ylene units present at the central carbon chain. If the model is
dimeric or trimeric, -d and -t is further included in the
nomenclature of the model compounds.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06224b


Table 1 Relative Gibbs free energies (Grel, kcal mol�1) for antiparallel
(anti) and parallel (para) arrangements and dipole moments (m, Debye)
for optimized monomers, dimers (-d) and trimers (-t) (B3LYP/6-
311+G** (solvent ¼ benzene))

Monomer Dimer Trimer

n-Anti/para m Grel n-Anti/para m Grel n-Anti/para m Grel

2-Anti 0.0 0.0 2-Anti-d 0.0 0.0 2-Anti-t 0.0 0.0
2-Para 7.6 1.6 2-Para-d 19.1 4.0 2-Para-t 31.2 5.3
3-Anti 1.4 0.0 3-Anti-d 2.4 0.0 3-Anti-t 3.9 0.0
3-Para 8.6 0.8 3-Para-d 19.9 2.1 3-Para-t 32.0 5.0
4-Anti 0.0 0.6 4-Anti-d 0.0 0.0 4-Anti-t 0.0 0.0
4-Para 8.3 0.0 4-Para-d 19.8 2.6 4-Para-t 31.8 1.6
5-Anti 1.4 0.0 5-Anti-d 2.6 0.0 5-Anti-t 3.4 0.0
5-Para 8.6 0.3 5-Para-d 20.0 2.1 5-Para-t 31.8 0.5
6-Anti 0.0 0.0 6-Anti-d 0.0 0.0 6-Anti-t 0.5 0.0
6-Para 8.4 0.2 6-Para-d 19.7 1.9 6-Para-t 31.5 0.5
7-Anti 1.8 0.0 7-Anti-d 2.1 0.0 7-Anti-t 3.5 0.03
7-Para 8.7 0.3 7-Para-d 20.0 0.6 7-Para-t 31.2 0.0
8-Anti 0.3 0.0 8-Anti-d 0.7 0.0 8-Anti-t 0.5 0.2
8-Para 8.4 0.3 8-Para-d 20.0 2.6 8-Para-t 31.6 0.0
9-Anti 1.8 0.2 9-Anti-d 2.4 0.2 9-Anti-t 5.3 0.0
9-Para 8.7 0.0 9-Para-d 20.0 0.0 9-Para-t 31.5 0.7
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Results and discussion

In previous experimental studies, Sumiyoshi et al. showed that
increasing the central spacer length causes an improvement
and a reduction in the gelation abilities of bisamide structures
having odd and even numbered units, respectively. They
observed this odd–even effect most clearly in benzene among
other solvents used.12 Thus, we conducted our study on solva-
tion with benzene. Moreover, Kim et al. investigated another
type of self-assembling molecules namely dicarbamates and
observed that their crystals show layered structural packing.2

Similarly in this study we have considered a layer by layer self-
assembled molecules.
Monomers, dimers and trimers

In order to probe the factors affecting the self assembly and
thus the gelation abilities, we started by constructing a mono-
layer series of a model of the didocanoylamide of a,u-alkylide-
nediamine system with single terminal methyl groups in both
antiparallel and parallel arrangements having odd and even
numbered bridging zigzag methylene chains (n).

The antiparallel conformations (n ¼ 2–9) of monomers are
found to have lower dipole moments compared to their analo-
gous parallel conformations (Table 1). The dipole moments (m)
of the antiparallel structures with odd numbered methylene
units range from 1.4 to 1.8 while those with even numbered
methylene units are almost zero. The parallel conformations
with odd and even numbered methylene units have higher
dipole moments ranging from 7.6 to 8.7 and exhibit a small
variety for odd and even numbered methylene units. The
calculated relative Gibbs free energies do not show a signicant
difference between antiparallel and parallel conformers
regardless of the number of methylene units.
This journal is © The Royal Society of Chemistry 2018
To increase our knowledge on self-assembly we built up
a complementary second layer and turned our focus on dimeric
systems (Scheme 1). Trends in dipole moments of the dimeric
system are similar to the monomers, except for a signicant
increase in dipole moments of parallel conformations. For
dimers, the calculated results show preference trends for anti-
parallel and parallel orientation of amide carbonyl groups: the
antiparallel systems have lower relative Gibbs free energies
compared to the parallel systems, except for n ¼ 9 (Table 1).
Such energetic difference favoring antiparallel arrangement can
be attributed to the intermolecular interactions involving amide
carbonyls of one layer and the amide hydrogens of the second
layer. The hydrogen bond lengths are shorter for antiparallel
and slightly longer for parallel systems (Table 2). This obser-
vation does not change with increasing chain length but
becomes less pronounced as the chain length increases. Hence,
attractive forces within dimers for antiparallel systems are
dominant due to shorter interchain hydrogen bonds. Further-
more, hydrogen bonds in antiparallel conformations are less
distorted with more linear N–H/O]C interactions compared
to those of parallel conformations. This situation is similar to
the well known stability of antiparallel b sheets of polypeptides
over parallel ones.41 It is noteworthy to indicate that the energy
difference between antiparallel and parallel conformations with
odd numbered of methylene units is less than that with even
numbered methylene units; and in fact the energy difference
with odd numbered methylene units disappears as the chain
length increases. While the energy difference is 2.1 kcal mol�1

for n¼ 3 and n¼ 5, it decreases to 0.6 and�0.2 kcal mol�1 for n
¼ 7 and n ¼ 9.

For dimers having even numbered bridging methylene units,
the energy difference of antiparallel–parallel systems is greater
since antiparallel demonstrates a layer by layer ne packing and
parallel systems are much distorted. The distortion level of
parallel systems decreases as the even numbered chain length
increases. For molecules having odd numbered bridging
methylene units, an opposite trend is adopted and parallel
structures pack better compared to their antiparallel analogues.
However, antiparallel structures are not that much distorted, an
indication of relatively similar free energies between the anti-
parallel–parallel systems with similar values of n.

Since gels are made up of innite brillar networks by de-
nition, increasing the layers of gelator molecules is necessary to
broaden the understanding of gelation in these systems.
Modeling of trimers affords a deeper understanding of self-
assembly. The trimer structures yield regular orientations of
gelator layers one on top of another (Fig. 1). The calculated
results show that for n ¼ 2 and n ¼ 3, the antiparallel
arrangement is highly selective over parallel and the corre-
sponding difference in Gibbs free energies is greater compared
to their dimers by 1.3 and 2.9 kcal mol�1 for n ¼ 2 and n ¼ 3,
respectively (Table 1). However, for trimers when n increases the
free energy difference between antiparallel and parallel systems
decreases with a steeper acceleration as compared to dimers
favoring antiparallel conformations.

The preference of antiparallel systems disappears regardless
of the odd and even numbered bridging methylene units. Such
RSC Adv., 2018, 8, 35195–35204 | 35197
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Table 2 Geometrical parameters of hydrogen bonds in dimers (B3LYP/6-311+G** (solvent ¼ benzene))

a b

n-Anti/para H/O (Å) N/O (Å)
N–H/O
(deg) H/O (Å) N/O (Å)

N–H/O
(deg)

2-Anti-d 1.93 2.94 174.6 1.93 2.94 174.6
2-Para-d 2.00 2.99 163.0 1.99 2.98 164.3
3-Anti-d 1.94 2.95 171.3 1.94 2.95 171.3
3-Para-d 1.99 2.99 168.3 1.99 2.99 168.3
4-Anti-d 1.96 2.96 167.9 1.96 2.96 167.9
4-Para-d 1.99 2.98 163.2 1.99 2.98 163.1
5-Anti-d 1.96 2.97 173.1 1.97 2.99 180.0
5-Para-d 1.98 2.98 167.4 1.98 2.98 167.4
6-Anti-d 1.96 2.97 169.8 1.96 2.97 169.8
6-Para-d 1.98 2.97 164.5 1.99 2.98 165.2
7-Anti-d 1.97 2.97 168.9 1.97 2.97 169.2
7-Para-d 1.98 2.98 167.7 1.98 2.98 167.7
8-Anti-d 1.97 2.97 168.6 1.98 2.99 177.2
8-Para-d 1.98 2.97 164.5 1.98 2.97 164.5
9-Anti-d 1.97 2.97 168.9 1.97 2.97 169.0
9-Para-d 1.98 2.98 167.9 1.98 2.98 168.0
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a decrease in preference as the number of layers or as the
number of bridging methylene units increase suggest that the
3D relative orientation of the layers is a compromise between
the interaction of hydrogen bonding and van der Waals inter-
action cores. As the number of bridging methylene units or the
number of layers is low, the interaction of hydrogen bonding
cores dominates and the preference tilts towards antiparallel
arrangements.

The dipole moments of antiparallel conformations of
trimers are way less than parallel systems which indicates their
lower free energies. However, this observation is insufficient to
explain how parallel systems can possibly exist for n¼ 7 and n¼
8 while having large dipole moments and will be discussed
further in terms of intermolecular interactions.

In order to provide more accurate computational results on
non-covalent intermolecular interactions, we added semi
empirical dispersion correction proposed by Grimme to the
B3LYP functional.34 As the system gets larger, the contribution
of dispersion effect increases.37 Upon optimizations with
B3LYP-D3, the original layer on top of another layer-structural
trend followed by parallel systems-breaks down and forms
entangled structures due to the increased number of non-
covalent interactions (Fig. S1†). Also, the free energy values
calculated with B3LYP/6-311+G**//B3LYP-D3/6-311+G** are
larger as compared to their counterparts optimized with B3LYP/
6-311+G** (Table S1†). Thus, the optimizations are carried out
without the dispersion correction. Nevertheless, single point
35198 | RSC Adv., 2018, 8, 35195–35204
calculations at B3LYP-D3/6-311+G**//B3LYP/6-311+G** have
been performed to monitor the effect of dispersion corrections
on free energies and total stabilization energies (Table S2†). Due
to the similar trends in energetics at the two levels of theory, the
energetics reported here are B3LYP/6-311+G** and those that
include dispersion correction (B3LYP-D3/6-311+G**//B3LYP/6-
311+G**) are given in the ESI.†

The intermolecular hydrogen bonds for parallel systems are
longer than those for antiparallel systems regardless of chain
length. This effect can be attributed to the presence of stronger
attractive forces in antiparallel systems. In previous experi-
mental studies, Sumiyoshi et al. showed that increasing the
central spacer length enables gelation specically towards odd
numbered parallel systems and directly relates the interlayer
distance with gelation ability.12 Upon calculating the average
interlayer distances (d, Å) by measuring the distances between
the conjugate carbon atoms at the central carbon chains within
achiral trimers (d1–d4 for even and d1–d2 for odd, Scheme 2), it is
seen that the parallel arrangement of amide carbonyls yields
longer d values irrespective of the odd–even effect. Furthermore,
when n$ 5, keeping the lengthwise dominance of parallel, odd
numbered systems have longer interlayer distances compared
to the even numbered systems. Although the systems modeled
in this study are not exactly similar to the ones used by
Sumiyoshi et al.,12 we end up with a similar outcome where for
odd values of n the trapping of solvent for gelation is favored
(Fig. 2).
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Optimized geometries of trimers having antiparallel (n-anti-t) and parallel (n-para-t) arrangements with n ¼ 2–5 methylene units in their
central carbon chain (B3LYP/6-311+G** (solvent ¼ benzene)).

Scheme 2 The interlayer distances between the conjugate carbon
atoms at the central carbon chains. d is the average of the distances
shown above.

Fig. 2 The average interlayer distance, d values (�A), for achiral (n ¼ 2–
9) and chiral (n ¼ 2–5) trimers having antiparallel and parallel
arrangements (B3LYP/6-311+G** (solvent ¼ benzene)).

This journal is © The Royal Society of Chemistry 2018
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For molecules having odd numbered methylene units and
parallel arrangement of amide carbonyls, the longer distances
within the van der Waals interaction cores keep the medium
more stationary than a solution and more exible than a solid.
Thus, it provides the necessary environment for gelation. We
expect improved role of intermolecular van der Waals interac-
tions as the central alkyl chain elongates due to the increasing
number of carbon atoms. We suspect that the presence ofWaals
interactions explains why the energetic difference between
parallel and antiparallel systems decreases and even the former
can dominate with increasing values of n although they possess
larger dipole moments. Lengthening the alkyl spacer results in
better assessed role of van der Waals interactions causing three
dimentional growth. Hence, van der Waals interactions domi-
nate over hydrogen bonding along growth direction.

Second order perturbation theory analysis of Fock matrix in
NBO is carried out to determine the stabilization provided by
hydrogen bonding in a quantitative form. Table 3 suggests that
the antiparallel systems have greater stabilization energy
compared to their parallel analogues. For the molecules having
even numbered central alkyl chain, the energetic superiority of
antiparallel arrangement over parallel is very obvious. In
contrast, for molecules having odd numbered central alkyl
chains both arrangements are closer in total stabilization
energy. In addition, for n ¼ odd as the chain length increases
the anti–para selectivity in total stabilization energy decreases;
for n ¼ even rst it increases and then decreases.
RSC Adv., 2018, 8, 35195–35204 | 35199
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Table 3 Total stabilization energies (kcal mol�1) of trimers provided by
hydrogen bonding cores (B3LYP/6-311+G**). (Relative total stabiliza-
tion energies (kcal mol�1) between antiparallel (anti) and parallel (para)
arrangements are indicated in parentheses.)

n-Anti/para
Total stabilization
energy n-Anti/para

Total stabilization
energy

2-Anti-t 44.1 (0.0) 6-Anti-t 56.2 (0.0)
2-Para-t 36.2 (7.9) 6-Para-t 39.2 (17.1)
3-Anti-t 45.9 (0.0) 7-Anti-t 42.8 (0.0)
3-Para-t 42.1 (3.8) 7-Para-t 41.1 (1.7)
4-Anti-t 48.6 (0.0) 8-Anti-t 48.7 (0.0)
4-Para-t 35.7 (13.0) 8-Para-t 40.1 (8.6)
5-Anti-t 44.3 (0.0) 9-Anti-t 42.6 (0.0)
5-Para-t 40.0 (4.3) 9-Para-t 40.9 (1.7)
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Growth

In order to screen the effect of growth on the molecular
assembly, we studied the growth from dimer to pentamer for n
Fig. 3 Optimized geometries having antiparallel and parallel arrangemen
chain along growth direction (from dimer to pentamer): (a) n ¼ 2, antipar
(d) n ¼ 3, parallel side view (B3LYP/6-311+G** (solvent ¼ benzene)).

35200 | RSC Adv., 2018, 8, 35195–35204
¼ 2–3 in antiparallel and parallel structures (Fig. 3). Fig. 3a
shows the packing of antiparallel molecules having two
bridging methylene units. The packing motif is conserved
throughout growth from dimer to pentamer. This arrangement
suggests a layer by layer growth with a well-dened packing
(Fig. 3a) and might be an indication of ribbon like shape.
However, for the analogues parallel system, the ne regular
packing is distorted for dimer, trimer, tetramer and pentamer
structures (Fig. 3b). A twisting in the ribbon shape is clearly
seen in Fig. 3b. As the chain length increases from n ¼ 2 to n ¼
6, the same trend is observed for antiparallel and parallel
conformations: regular packing for the former and twisting for
the latter (Fig. 4a and c). Nevertheless, for antiparallel struc-
tures, a pleated appearance is observed aer the addition of
third layer.

On the other hand, both antiparallel (Fig. 3c) and parallel
(Fig. 3d) molecules having an odd number of methylene units
display the formation of a curvature upon growth from dimer to
ts with n ¼ 2 (even) and n ¼ 3 (odd) methylene units in central carbon
allel side view (b) n ¼ 2, parallel side view (c) n ¼ 3, antiparallel side view

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Optimized geometries of pentamers having antiparallel and parallel arrangements with n ¼ 4–7 methylene units in central carbon chain:
(a) n¼ 4, antiparallel (on the left) and parallel (on the right) side view (b) n¼ 5, antiparallel (on the left) and parallel (on the right) side view (c) n¼ 6,
antiparallel (on the left) and parallel (on the right) side view (d) n ¼ 7, antiparallel (on the left) and parallel (on the right) side view (B3LYP/6-
311+G** (solvent ¼ benzene)).
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pentamer. This observation might possibly be an indication of
woven-like structures. There is a signicant difference in anti-
parallel and parallel conformations with odd numbered
This journal is © The Royal Society of Chemistry 2018
methylene units. Although both exhibit curved structures,
a slight twisting is evident in antiparallel structures while
parallel ones possess a perfect curvature structure (Fig. 4).
RSC Adv., 2018, 8, 35195–35204 | 35201
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Scheme 3 Models used for chiral conformers of (a) parallel (b) anti-
parallel systems.
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Chirality

Previous works suggest that introduction of chirality twists the
structures.1,12 We suspect that the ne packing of achiral
antiparallel systems with even numbered methylene units in
their central carbon chains eliminates twist formation. In
order to understand why the achiral antiparallel systems do
not undergo twisting, we modelled chiral conformers by
creating asymmetry on the alpha carbon by the addition of
Fig. 5 Optimized achiral vs. chiral trimers having antiparallel and paralle
(B3LYP/6-311+G** (solvent ¼ benzene)).

35202 | RSC Adv., 2018, 8, 35195–35204
a methyl and an ethyl group to our previous model
(Scheme 3).12

Introduction of chirality to the antiparallel systems
distorts the layer by layer packing and twists the aggregates
yielding structures like twisted ribbon and coiled coil struc-
tures for molecules having even and odd numbered methy-
lene units within their central carbon chain, respectively
(Fig. 5). The same trend is observed for parallel systems as
well. Similarly, molecules having even numbered spacers
twist into twisted ribbon-like and their odd numbered
analogues twist into coiled coil-like structures. Hence, it is
possible that creation of asymmetry on alpha carbon breaks
down the ne packing and enables twisted geometries. When
the interlayer distances within the layers of trimers are taken
into account, it is noticed that the chiral molecules have
shorter d values as compared to achiral molecules (Fig. 2).
This observation can be attributed to molecule winding
caused by the asymmetry of alpha carbon.12
l arrangements with n ¼ 2–5 methylene units in central carbon chain.

This journal is © The Royal Society of Chemistry 2018
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Conclusions

Throughout our computations we had the task of rationalizing
the factors that affect the molecular self-assembly and its role
on gelation. A series of model didocanoylamide of a,u-alkyli-
denediamine system having methyl groups at both ends con-
nected by odd and even numbered methylene units (n) in length
ranging from 2 to 9 were modeled in antiparallel and parallel
arrangements depending on the direction of the amide
carbonyl groups. We investigated the odd–even effect, the effect
of antiparallel–parallel arrangement and the chirality in multi-
layers. Molecules having even numbered central spacers with
antiparallel directed amide carbonyls groups have lower dipole
moments compared to their parallel analogues. Therefore,
antiparallel systems are energetically slightly preferred. As the
central chain length increases, the free energy difference
between anti and parallel structures decreases since both
species are stabilized by van der Waals interactions. The gela-
tion ability of the odd species has been attributed to the larger
distance between chains which can easily accommodate the
solvent. The complete structural analysis suggest ribbon-like
and woven-like structures for achiral even-antiparallel and
odd-parallel systems, respectively. Upon creation of asymmetry
on the alpha carbon, a twisting of the ribbon-like geometry into
the twisted ribbon-like and the woven-like geometry into the
coiled coil-like structure, has been observed. Though experi-
mental verication of our computational results is a challenge
for the future, the results in this study provide useful infor-
mation for the self-assembly of bisamide organogelators and
thus are expected to contribute to the development of new
sophisticated structures.
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