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limited to the cis transoid conformation. From dihedral scans, we
obtained both CW and CCW models. The stability during the
MD simulations of each helical polymer was based on Root
Mean Square deviation (RMSD, shown in SI1 available in the
Supporting Information) and the Helical Index Error (HIE) (eq
6). This equation considers the deviation of dihedral angles
during the simulation concerning an ideal model (ϕmodel −
ϕsimulation), and the range of angles in the local minimumobtained
from the DFT scan studies where the helices start to lose their
helicity is Δϕhelix.
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Panel (a) in Figure 3 shows the HIE values for helical models
in the poly 1 CW and CCW screw senses. Its oscillatory
behavior reveals the flexible nature of poly 1, presenting
reversals along the polymer backbone, which is in agreement
with the results of the polymer simulations by Yashima in 199710

when simulating 20 monomer poly 1 but with neutral carboxylic
groups. Additionally, dihedral angles per monomer of the
backbone polymer were obtained by taking the average of
dihedral values (SI2 and their occurrence in SI3 as shown in the
Supporting Information). The occurrence of helical sense per

dihedral angle is computed by sorting the dihedral angles as CW
for positive and CCW for negative.
While angles of 145° and −145° were obtained from the

dihedral scan calculations for the best helical model, during the
simulations, most of the dihedral average values moved toward
ca. 160° and −160°. The results obtained for the dihedral angle
occurrence clearly show the observed inversion of screw sense
during the simulations without showing any preference for the
CW or CCW sense.
To understand the role of chiral amines interacting with poly

1 in the helical stabilization in these chiral compounds, MD
simulations of CW and CCW helical models interacting with R1
and S1 chiral compounds were carried out. R1 and S1 amines as
depicted in Figure 1 were chosen for our simulations since they
are chiral compounds with high intensity ICD bands21 at
interacting with poly 1, and they present naphthalene rings as
aromatic bulky groups, a feature notified as an essential factor for
helical induction.10 Experimental results by Maeda et al.21 on
helical induction of poly 1 using R1 and S1 revealed that the ion
pair formation between the polymer side chains and amines is
essential for the helix induction and to obtain one handedness
excess. Additionally, it has been suggested that chiral amines
might generate cooperative hydrogen bonds (HB) or bidentate
type ion pair interactions after the basic amine group removes
the proton from the carboxylic groups of each monomer.10

Figure 2. (a) Dihedral energy potential obtained from DFT scan
calculations with different degrees of substitution of the dimer of
polyacetylene. (b) Helical models created from the DFT scan
information obtained for the CCW screw sense, cis cisoid and cis
transoid conformations. (c) Upper view of helical models for the CCW
screw sense.

Figure 3. (a) Helical Index Error (HIE) obtained for CW (red) and
CCW (blue) screw senses of poly 1. (b) The ECN (NNN) was
calculated for each frame in a trajectory of 200 frames from our MD
calculations, and then the global ⟨ECN⟩ was obtained. (c) Hydrogen
bond count performed by amines and polymer during the MD
simulations.
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In order to incorporate this information and determine the
starting conformations of the polymer amine complexes, several
systems of 4 monomer poly 1 complexes with R1 and S1
interacting with poly 1 by ionic HB interaction were optimized
using the DFT setup mentioned before to determine the lowest
energy complexes to use as a reference. Different orientations of
the groups attached to the chiral carbon (naphthalene and
methyl groups) were considered in the screening. The lowest
energy complexes found are CW R1 and CCW S1 complexes
with a ΔE = 0.012 eV between them. The optimized complex
structures obtained showed the bidentate type ion pair
interaction as described in Figure 1, green and pink boxes for
CW R1 and CCW S1 complexes, respectively. These two
compounds perform opposite orientations of naphthalene
rings and methyl groups. Thus, the ligands’ relative position
optimized via DFT was used to create 40 monomer polymer
amine complexes to feed the MD simulations.
The adopted starting configurations for R1 and S1 with 40

mononomer polymer complexes are displayed in Figure 1. The
simulation using 40 monomer poly 1 amine complexes presents
the helical sense performed by the backbone, as well as the
ligands around the helical sense going in the opposite direction
to the backbone sense (Figure 1). As before we performed MD
simulations of 20 ns and the trajectories were analyzed
calculating the HIE in panels (a) and (b) of Figure 3, an
average of torsion angles and dihedral occurrence to evaluate the
integrity of the helical conformation are shown in the
Supporting Information (Figures SI2 and SI3). HIE values for
both screw senses interacting with R1 and S1 showed similar
flexibility respecting poly 1 not interacting with chiral
compounds. It is possible to identify the average of dihedral
values that fluctuate around 160° and−160° for CW and CCW,
respectively.
These results are very similar to our first MD simulations in

the absence of chiral amines attached but distinct from the
minimum energy dihedral values obtained from the DFT scan.
After our MD simulations, the average dihedral values with their
occurrence per screw sense (Supporting Information, Figures
SI2 and SI3) reveal no difference between polymer R1 and
polymer S1 complexes indicating the lack of a driving force that
pushes the system to one helical sense.
To evaluate the binding of the amines of the polymer, the

average of the Effective Coordination Number61,62 (ECN),
relative to the number of nearest neighbors (NNNs), was
calculated for every polymer amine complex in the MD
simulations. As shown in panel (b) of Figure 3, we did not
find any significant differences for the ECN values calculated for
poly 1 interacting with R1 and S1, showing that their absorption
is similar in all simulated complexes. As displayed in panel (c) of
Figure 3, the count of hydrogen bonds (HBs) reveals that almost
as many HBs are present per monomer, showing the high
probability of a cooperative HB between the chiral compounds
and the polymer.
We therefore conclude that the model employed in the MD

simulation cannot distinguish between chiral compounds
interacting with poly 1. Viscometric and theoretical studies
have shown that poly 1 right and left handed helical
conformations could be rapidly interconvertible, and it has
been suggested that even though the chiral amines could
perform predominant ion pair interactions, they could be
changing the population of the configuration states of the
polymer.21,63 It is challenging to model the complete induction
process with MD due to the inherent time scale problem. Other

limitations, such as the classical force fields by construction, do
not explicitly account for the intermolecular interactions that
include polarization and charge transfer effects, which are well
described for several systems in DFT using the appropriate van
der Waals correction36 or that could be overcome by advanced
MD techniques such as Car−Parrinello MD64,65 or using
nonconventional force fields such as multipolar force fields.66,67

Polymer-Amine Dissociation Calculations and Charge
Analysis.To overcome the limitations explained in the previous
section, we resorted to the electronic structure calculations to
evaluate the dissociation energy of every ligand interacting with
every monomer using our 4 monomer poly 1 amine complexes
obtained before, and the influence of the chiral center was
accounted for by manually modifying the swap of the methyl
groups connected to the chiral carbon by the hydrogen. In this
strategy, we preserve the coordinates of the complex but with the
opposite chiral amine identity. We computed the dissociation
energy values of all complexes by analyzing the dissociation
pathway using a thermodynamic cycle as given in eq 1. As can be
seen in panels (c) and (d) of Figure 4, we denote each ligand as
X M, where X is R1 or S1 andM is the monomer position where
the ligand interacts with the 4 monomer polymer.
The data indicate that the optimized poly 1 amine complexes

obtained (Figure 4) have the ion pair interaction between
amines and polymer as the main stabilizing interaction, which is
in agreement with the high counting of HB obtained in our
previous MD simulations. The values of the dissociation energy
of each complex exhibit an affinity trend of R1 and S1 for CW
and CCW helical senses, respectively (panels (a) and (b) of
Figure 4 and the Supporting Information (Tables SI3 and SI4)).
Such results are intuitive since the dissociation energy values
obtained are directly related to the exchange of the methyl
groups in the chiral center, meaning that the bidentate type
interaction becomes geometrically less favorable.
This agrees with the distance values of hydrogen−oxygen

displayed in Table 1, where the secondHB performed by ligands
S1 1 and S1 2 in the CW helical sense and particularly with R1 1
and R1 2 in the CCW helical sense increases compared with the
lowest energy complexes found.
Experimental results fromMaeda et al.21 using titration and IR

spectra analysis showed ion pair interactions play a major role in
the helical induction of poly 1. Their conclusions are in good
agreement with our DFT results, in particular when analyzing
HB distances of the CCW R1 and CCW S1 systems. The HB
distance values obtained for acceptor proton (C−O··· H) for
CCW R1 are lower than for CCW S1, hence the nature of the
amines and carboxylic groups is closer to neutral species for
CCW R1 than ionic like in the case for CCW S1.
On the other hand, the differences in the absolute values of

ΔEdiss obtained are explained by the differences in the HB
interactions, and also in the case of the CCW R1 complex by the
aromatic interaction of R1 2 and R1 4 ligands being lost, see
panel (d) of Figure 4 affecting this result significantly as shown
in panel (b) of Figure 4.
The dissociation energy shows a clear trend in the affinity of

R1 and S1 for the clockwise and counterclockwise screw senses
of poly 1, respectively. However, it does not point out where this
interaction happens in the 4 monomer polymer amine
complexes. To clarify this point, we performed a Bader charge
analysis to determine the nature of the interaction in polymer
amine in the complexes. The values obtained for the 4 monomer
poly 1 for all the complexes are illustrated in Figure 4 with a
color scale. Figure 4 shows that the Bader charge distribution
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