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ABSTRACT: Understanding the phenomena that lead to the

formation of a specific helicity in helical polymers remains a
challenge even today. Various polymers have been shown to

assume different helical screw senses depending on different
stimuli. Acid—base chiral amines, for example, can induce helical
conformations on cis transoid poly(4 carboxyphenyl)acetylene
yielding high intensity circular dichroism signals. There have
been many experimental attempts to elucidate the driving forces
involved, but the induction process remains unclear. Here, we
investigate the mechanism of helical polymer formation by both
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Molecular Dynamics (MD) and Density Functional Theory (DFT) approaches. We find that DFT calculations and the dissociation
energies between 4 monomer polymers and amines show a clear trend in the affinity of R and S conformers with clockwise and
counterclockwise polymer screw senses, respectively. The charge analysis revealed that the local charge transfer effect plays a crucial

role that leads to the helical polymer amine induction.

l. INTRODUCTION

Helical structures are present in many natural macromolecules
such as DNA and proteins. Inspired by these biomolecules,
polymer scientists are highly interested to find synthesis routes
and mechanisms to control helix formation” in polymers.
Synthetic helical polymers gained much attention for a wide
range of potential applications such as chiral recognition,
asymmetric catalysis, chiro optical switches,' and applications in
the field of nanostructure material design.” ™ Optical activittyhis a
fundamental property of helical polymers, making them
intrinsically chiral. Helical polymers with bulky pendant groups,
such as poly(methacrylate)s® or poly(isocyanides)s,” are
governed by high steric repulsion that results in high inversion
barriers. On the other hand, highly dynamic helical polymers
have low inversion barriers but nevertheless exhibit optical
activity. Experimental techniques such as UV, NMR, Circular
Dichroism (CD), Atomic Force Microscopy (AFM), and X ray
diffraction (XRD) are regularly used to demonstrate the
existence of dynamic helical polymers.” However, these
techniques struggle to elucidate the mechanism and processes
responsible for the formation of helical structures. Therefore,
investigating the formation of spatial orientation of dynamic
helical polymers is a question of great interest in understanding
existing polymers and designing new materials and their
potential application.

Poly(phenylacetylene)s (PPAs) are a family of dynamic
helical polymers which are optically inactive. Historically, the
first induced helical polymer (IHP) with noncovalent
interacting ligands was reported by Yashima et al.”'’ They
found that chiral amines and amino alcohols can induce a

prevailing one handedness in nonoptically active stereoregular
dis transoid polyacetylene with 4 carboxyphenyl bearing groups
(poly 1) as depicted in Figure 1. The chiral effects of the host
molecules and chromophore groups are usually measured via
induced CD (ICD). The IHP shows mirror CD images for each
enantiomer and very characteristic CD signals for the backbone
in the absorption region between 300 and 500 nm.*'® The IHPs
have three interesting phenomena: 1) the sergeants and soldiers
principle’’ where a small number of chiral molecules could
induce a helical conformation in some dynamic helical polymers,
2) the majority rule'” where the screw sense of the helical
polymer is induced in the presence of a mixture of two
enantiomers, and 3) the memory effect'® where in THP the
helicity can be conserved after removing the chiral compounds
and replacing them with nonchiral hosts.

While there is a considerable number of experimental
publications about dynamic helical polymers"®'* and works
related to the induction mechanism driven by different side
chain modifications on PPAs,"* 2 solvent influence,'®”’
temperature,”” and pH,”’ there is still a need for a deeper
understanding of the induction process. Currently, there is
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Figure 1. Scheme of helical induction of achiral poly 1 interacting with R1 and S1 chiral amines. Forty monomer helical polymer amine complexes
with clockwise (CW) and counterclockwise (CCW) screw senses. They were obtained by studying the interactions with 4 monomer complexmodels
and DFT calculations (pink and green dash boxes) with implicit solvation. R1 ligands are represented with green and cyan, while S1 ligands are

represented with pink and magenta.

almost no theoretical work on induced helical polymers or on
the induction mechanism.

In 1997, Yashima et al. '’ attempted to evaluate the stability of
poly 1 using molecular mechanics and molecular dynamics
calculations with a model of 20 monomers. They created a left
and right handed optimized model. In this work, they reported
the existence of a helical conformation that lost its helicity after a
few ps of simulation. They concluded that the reported helical
conformation of poly 1 may not be stable in solution.

Here, we use complementary computational methodologies
to understand physicochemical systems at a nanoscale level.
Molecular Dynamics (MD) simulations based on the force field
approach are convenient to study dynamical processes on helical
polymers™ but rely on a number of approximations regarding
the force field. On the other hand, electronic structure
calculations can provide useful microscopic information such
as the charge transfer in simplified systems,” >’ regarding
parameters required for MD calculations, and such as dihedral
potentials®® and provide valuable information regarding the
binding affinity.”” However, these methods are largely confined
to modeling static configurations.

This work reports on the dynamic helix formation in poly 1
and sheds light on the nature of the induction mechanism in the
presence of chiral compounds. We studied the interactions of
(R) and (S) 1 (1naphthyl)ethylamine (R1 and S1) investigated
by Yashima et al.'®'® with poly 1 clockwise (CW) and
counterclockwise (CCW) conformations. Using molecular
mechanics and electronic structure calculations, we examine in
detail polymer amine interactions and find affinity trends using
Density Functional Theory (DFT) combined with a posteriori
energy dispersion correction. We obtained dissociation energies
of polymer amine complexes and performed Bader charge

analysis that revealed the charge transfer between the carboxylic
and amine group from polymer and chiral amines.

Il. COMPUTATIONAL DETAILS

Density Functional Theory Calculations. As a first step,
we performed an electronic structure calculation to determine
favorable helix configurations. The formation of the helix is
primarily controlled by the values of the backbone dihedral
angles. We searched for the angles by performing scan
calculations rotating them in the range 0°—360° with steps of
10° degrees using TURBOMOLE 7.3*°7** with the h!brid
B3LYP functional®*** and def2 SV(P) basis set.>> To
compensate for the poor description of van der Waals (vdW)
interactions by local and semilocal XC functionals,**”’ we
employed a posteriori energy dispersion correction D3 BJ.***

Minimal polymer amine complexes consisting of 4 monomers
were constructed using the dihedral information obtained from
the scan calculations to create CW and CCW conformations for
poly 1, and amines were placed interacting with each carboxylic
acid. Different orientations of the methyl and naphthalene
groups were created to determine the lowest energy complexes.
All the complexes were optimized using the same DFT setup
used for the dihedral scan simulation.

The dissociation energies for R1 and S1 chiral compounds
around the polymer are computed via DFT (electronic energy)
using 4 monomer polymer amine complexes according to the
cyclein eq 1 where PA, P,and A are the polymer amine complex,
polymer, and amine, respectively.

The calculation of the dissociation energy of each amine in
dimethyl sulfoxide (DMSO) (AE,) is equal to the energy
variation AE,;, (eq 2) as defined in eq 1
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According to the paths in eq 1, AE_, is calculated by
accounting for the contributions AE,, and AAE;, as givenin eq
3.

AE,;, = AE,,(PA) + AAE,,(PA) )

Such contributions are obtained from the optimization of PA,
P, and A in the gas phase and in the solvated state, and then the
energy contributions are obtained as represented in eqs 4 and 5
for AE,,(PA) and AAE,;,(PA), respectively.

AE,,(PA) = E,,(P) + E,(A) — E,(PA) )

AAE

S0

lv(PA) = AEsolv(P) + AEsolv(A) - AEsolv(PA) (5)

We computed all the states for the polymer amine complex,
polymer, and amine represented in eq 1 using the same DFT
configuration as in our previous studies. Solvated states in
DMSO (Dielectric Constant (€,,j,q,) = 47) were obtained using
the COSMO solvation method.*’ The dissociation, AE, of the
amines was calculated one by one per monomer position with
CW and CCW screw senses. To evaluate the influence of the
chiral center, in each complex, the chiral methyl group
covalently bound to each chiral center was exchanged with the
hydrogen atom to convert each monomer from Rto Sand Sto R,
respectively.

Bader Net Charge Analysis. We used the Bader analysis to
estimate the partial charge for the system under study to observe
the amine’s influence over the polymer’s charge distribution. To
compute the Bader charge Q" for every atom in the molecule, we
employed VASP*'~** high density grids.*® Thus, we calculated
the effective chargeby AQ=Z;; — Q® where Z,,; and Qg are the
valence electron number, extracted from the VASP POTCAR
file, and Bader charge on each atom. As in this part of the
protocol, we would have to submit many independent tasks for
different scenarios in the CW or CCW screw sense, and to speed
up the process, we managed all Bader analysis simulations by
using the Workflow Active Nodes DFT VASP developed within
the SimStack workflow framework.***”

We analyze the orientation of the amines in extended 40
monomer complexes to obtain the first coordinates for MD
simulations. The lowest energy complexes obtained for the 4
monomer polymers with similar energy compared to CW and
CCW were used to extract the relative orientation of the amines
and transfer these coordinates to CW and CCW 40 monomer
helical models.

Molecular Dynamics Simulations. MD simulations of 20
ns on CW and CCW helical conformations and polymer amine
complexes were carried out using GROMACS 2019.*%*
Polymer and amines were parametrized using AmberTools19™°
applying the General Amber Force Field (GAFF)’' and the
AM1 BCC method for RESP charges.”” The 40 monomer
helical models were solvated using a pre equilibrated cubic box
of DMSO molecules provided by Caleman et al. and their
solvent database,”® and sodium counterions were added to the

pure polymer simulations. The systems were minimized and
then equilibrated in two steps using the NVT and NPT
ensembles considering position restraint using LINCS™* to
constrain all bonds of the polymer. During the NVT step, with
500 ps, a 2 fs time step using the V scale method™® was used to
control the temperature. The NPT equilibration step was
performed under 500 ps with a 2 fs time step and the Parrinello—
Rahman pressure coupling method.*® Finally, a 20 ns MD
production with periodic boundary conditions was performed
using the V scale method™” to keep the temperature at 300 K
and the Parrinello—Rahman pressure coupling method*® to
keep the pressure at 1 atm. Electrostatic and van der Waals short
range interactions were calculated with the Verlet method”” with
a cutoff of 1.4 nm. The long range electrostatic interaction was
taken under the Particle Mesh Ewald (PME) method.”® MD
simulations for 40 monomer polymer amine complexes were
carried out with the same conditions and settings.

Ill. RESULTS AND DISCUSSION

Helical Model and Polymer-Amine Complex Stability.
As shown above, dynamic helical polymers are challenging to
study because their geometric helical configurations are difficult
to distinguish experimentally. A helix structure can be
constructed by arranging repeated monomer units per turn.
The notation of A * u/l is frequently used, where A is the class
according to A chain motifs of the helix with u motifs per I
repeating units.’” DFT scan dihedral calculations on a dimer ofa
polyacetylene backbone with different degrees of side chain
substitution were performed to observe energy differences in the
twist of the dihedral formed by the single bond adjacent to two
double bonds as displayed in panel (a) of Figure 2.

According to the experimental results obtained by Maeda et
al,>" carboxylate groups (—COO™) in every side chain were
considered in our models since they observed intensity changes
in IR signals from —COOH to —COO™ groups when the helix is
induced suggesting that the helical conformation on poly 1 is
not possible without the presence of the negative carboxy
charged groups.

In panel (a) of Figure 2, while adding 4 carboxyphenyl (4
CaPhe) groups to the polyacetylene backbone, the energy
profile shows different local minima resulting in different
possible poly 1 conformations. Cis transoid and cis cisoid
conformations were found.

Assuming that the perfect cis transoid confirmation is obtained
when the dihedral angles of the backbone are 180° and —180°,
this local minimum moves to the values of 145° and —145° when
attaching 4 CaPhe side chains to the backbone, resulting in a 2/
1 helix (panel (a) of Figure 2). On the other hand, cis—cisoid
conformations for negatively charged poly 1 were found at 54°
and —54° resulting in a 3/1 helix shown in panels (b) and (c) of
Figure 2. The difference in the backbone dihedral angle between
the local minimum of the pure polyacetylene backbone and the
dimer with 4 CaPhe substitutions may be due to the steric
repulsion of the phenyl rings and the charge repulsion of the
negative carboxylate groups. We found a low energy barrier of
ca. 0.1 eV which makes reversions in the screw sense of the
polymer from 145° to —145° possible.

In order to test the stability of these conformations, polymer
models of cis transoid of 40 monomers for CW and CCW were
created using the results from the dihedral scans. Since the
transition from cis transoid to cis cisoid is not entropically
favorable”* and the transition was not observed during the
helical induction experiments,'’ further calculations were
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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.

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 (¢, 000 —
@ imuiation), and the range of angles in the local minimum obtained
from the DFT scan studies where the helices start to lose their

helicity is Ay

2
HIE = 1 — tanh| ¢model B qssimulutian
A¢helix (6)

Panel (a) in Figure 3 shows the HIE values for helical models
in the polyl 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 1997"°
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
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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.

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 bands”' at
interacting with poly 1, and they present naphthalene rings as
aromatic bulky groups, a feature notified as an essential factor for
helical induction.'’ Experimental results by Maeda et al.”' 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.'°
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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 AE = 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
CWR1 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 Gpolymer, the
average of the Effective Coordination Number®"®* (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.”* 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 correction® or that could be overcome bzf advanced
MD techniques such as Car—Parrinello MD**® or usin

nonconventional force fields such as multipolar force fields.*”°

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 and M 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 second HB performed by ligands
S1 1and S1 2 inthe 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 from Maeda et al.”" 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 RI1 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
AE,;, 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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Figure 4. Values of AE; calculated with DFT for CW (a) and CCW
(b) helix senses. Distribution of Bader net atomic charges on the poly 1
CW sense (c) and CCW sense (d) interacting with R1 and S1 chiral
amines. Rl ligands are represented with green and cyan, while S1
ligands are represented with pink and magenta.

along with the complexes that R1 and S1 influence different
effects over the backbone. We observe that R1 promotes a more
significant charge in the backbone carbons of poly 1 than S1.
Since this effect is observed in both helix senses, it could
contribute to the stabilization of the complex or be part of the
helical induction. On the other hand, the values obtained for the
chiral carbon, nitrogen, and oxygen involved in the ion pair
interaction between the polymer and the amines showed
significant differences, confirming that the local effects play a
prominent role in the stabilization. The values summarized in
Table 2 show opposite trends when we compare amines in the

Table 1. Values of HB Performed by Chiral Amines with 4
Monomer Poly 1

amine- helix screw- type ofbond  first HB®  second HB”
monomer sense distance (A) (A)
R1-1 Cw N H 1.11 1.06
CO H 149 1.68
R1-2 cw N H 1.11 1.06
CO H 1.48 1.69
R1-3 Ccw N H 1.12
CO H 148
R1-4 Cw N H 1.12
CO H 148
S1-1 cw N H 1.15 1.05
CO H 1.40 1.77
S1-2 CwW N H 1.14 1.05
CO H 1.40 1.77
S1-3 Ccw N H 1.14
C O H 144
S1-4 Ccw N H 1.14
CO H 140
Rl1-1 CCwW N H 1.56 1.02
CO H 1.05 221
R1-2 CcCw N H 1.58 1.04
C O H 1.05 193
R1-3 CCwW N H 1.64
CO H 1.04
R1-4 CcCw N H 1.58
C O H 1.05
S1-1 CCW N H 1.13 1.05
C O H 143 1.72
S1-2 CcCw N H 1.10 1.06
CO H 1.52 1.68
S1-3 CcCw N H 1.11
CO H 1.54
S1-4 CCwW N H 1.11
CO H 1.50

“Main HB performed with the monomer. “Second HB performed
with the next neighbor monomer.

Table 2. Bader Charge Values for Atoms Involved in the Ion
Pair (Chiral Carbon, Nitrogen, and Oxygen)

atoms CW-R1 CW-S1 CCWRI1 CCW-S1
chiral carbon 0.83 1.05 128 0.87
nitrogen 7.13 6.98 6.40 7.00
oxygen 9.06 925 10.70 9.12

same helical sense. One notes that nitrogen has a significant
charge in CW R1 and CCW 81 and the opposite trend in the

case of oxygen. These phenomena could be possible to the

differences in the cooperative HB performed by the amines
explained before. It is well known that the strength of acids and

bases could be affected by aprotic polar solvents like DMSO.%*
However, the basicity of the amines could also be affected by the
interaction displayed with different screw senses of the polymer
Eeﬂected in the values of the Bader charges, as shown in Table

IV. CONCLUSION

The helical induction on dynamic helical polymers such as the
PPA polymer family has been extensively reported in the
literature but not deeply understood. MD simulations cannot
describe the helical induction nature due to its limitations, as we
previously discussed. Despite our MD trajectories not being able
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to provide useful information regarding the helical induction,
the data obtained could provide useful information for future
invesiiﬁations in the field of high dynamic helical polymers. On
the other hand, our DFT calculation results show that charge,
chiral nature, and spatial orientation are crucial in helical
induction because they enhance or diminish the bidentate type
interactions.This agrees with the experimental results discussed
by Yashima et al,,'’ where they tried different chiral center
positions away from the amino group yielding unclear ICD
signals. Structural analysis of the contact interactions between
the amines and polymer and Bader charge analysis gave essential
insights to understand the nature of these complexes’ screw
sense, affinity, and stabilization. The findings in this work will be
of interest to understand other dynamic helical polymers that
experimental techniques struggle to probe.

V. DATA AND SOFTWARE AVAILABILITY

All the DFT calculations were carried out using TURBOMOLE
7.3%° (http://www.turbomole.com). The creation of con

formers for the scan calculations were generated using the
open source PyMOL Application Programming Interface
(AP1)®® (https://github.com/schrodinger/pymol open

source). The initial coordinates of 4 monomer polymer amine
complexes were obtained manually starting with a hydrogen
bond interaction between amines and carboxylate groups with
different methyl and naphthalene group orientations. Bader
charge analysis on polymer amine complexes was performed
using the Workflow Active Nodes DFT VASP developed within
the SimStack workflow framework*™*” (https://github.com/
KIT Workflows/DFT VASP). Polymer structures were created

using AmberTools19 scripts using t leap (https://ambermd.
org), and the 4 monomer CW and CCW structures obtained

from DFT calculations were used as a reference structure for

charge calculations with antechamber. Then, Amber input

files were converted into GROMACS input files using Acpype”’
(https:/ /github.com /alanwilter/ acpypesj.“First coordinates for

40 monomer polymer amine complexes were obtained using the
DFT 4 monomer complexes as a reference and extended to the
40 monomer polymers using PyMOL API. MD simulations
were initialized using GROMACS (https:/ /www.gromacs.org)
preprocessor tools with a pre equilibrated solvation box of
DMSO from Caleman et al.*>’ Finally, simulations were
performed using the GROMACS mdrun module. Visualization
and pictures were made using Visual Molecular Dynamics
(VMD) (https://www .ks.uiuc.edu/Research/vmd).
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Root mean square deviation analysis of all polymer
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