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Abstract
In this study, a coarse-grained (CG) model for N, N-dimethylacetamide (DMA), which
represents the polypeptoid backbone, is developed as a step towards establishing a CG model of
the complex polypeptoid system. Polypeptoids or poly N-substituted glycines are a type of
peptidomimetic polymers that are highly tunable, and hence an ideal model system to study self-
assembly as a function of chemical groups in aqueous soft matter systems. The DMA CG model
is parameterized to reproduce the structural properties of DMA liquid as well as a dilute aqueous
solution of DMA using a reference all atom model, namely the OPLS-AA force-field. The
intermolecular forces are represented by the Stillinger-Weber potential, that consists of both two-
and three-body terms that are very short-ranged. The model is validated on thermodynamic
properties of liquid and aqueous DMA, as well as the vapor-liquid interface of liquid DMA and
the structure of a concentrated aqueous solution of DMA in water as well as a simple peptoid in
water. Without long-ranged interactions and the absence of interaction sites on hydrogen atoms,
the CG DMA model is an order of magnitude faster than the higher resolution all-atom (AA)

model.
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I Introduction

Self-assembly of block copolymers in solution is relevant to a number of applications
including biomedical uses."* Understanding the effect of secondary/non-covalent interactions on
self-assembly can be challenging given the complexity in macromolecular systems.
Polypeptoids, a class of highly tunable biomimetic analogues of peptides, are an ideal
prototypical model system to study self-assembly such as micelle formation in aqueous
environments.”> In addition, polypeptoids themselves have many potential applications
including in the field of drug delivery.* 7 A number of block copolypeptoids have been
synthesized and their aggregation behavior in liquid solution have been studied by experiments
and computational investigations in recent years.*'? Atomistic (AA) molecular dynamics
simulations have also been used to study solvation and self-assembly of peptoid systems. For
example, the atomic-resolution structure of bilayer peptoid nanosheets was determined by
molecular simulation with using CHARMM based atomistic force field developed by Mirijanian

etal.®

Prakash et al. used molecular simulations to compare the backbone flexibility of a model
peptoid with a corresponding peptide in water and at surfaces.'* The OPLS" '® based force field
has previously been used to model peptoid systems, including the studies of structural and
dynamical characteristics of peptoid oligomers and mechanism of aggregation of cyclic
polypeptoids in methanol solution.'” However, the computational expense limits simulation
times and system size to a few hundred nanoseconds and nanometers, respectively. Although the

use of enhanced sampling algorithms can aid the sampling of configuration space, the

dependence of these algorithm to a few select variables such as temperature, geometric collective
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variables, can often pose a challenge to sampling rare events from atomistic simulations.'®?°

Coarse-grained (CG) models, on the other hand, are computationally cheaper alternatives
wherein atomistic level details are removed while retaining the relevant important physics, thus
making it easier to study more complicated systems, including self-assembly in soft matter.*' >
By reducing some degrees of freedom and only representing the most important ones, CG
modeling can span scales efficiently.***

Coarse-graining methodologies,”” ** especially in the area of biological applications,” have
become increasingly important in recent times starting from the seminal work of Warshel and
Levitt.*® As already mentioned this typically involves a reduction in the number of degrees of
freedom resulting in a lower resolution model that is significantly more efficient but nonetheless
incorporates the relevant physics of the problem under study. At the very least, light atoms such
as hydrogen are folded into the nearest heavy atoms, the so-called united atom approach. Further
coarse-graining combines groups of heavy atoms to form pseudo-atoms, as is the case in the
MARTINI force-field.*"" ** The parameterization of the force-field can follow a number of
different paths and can use experimental data or reference higher-resolution simulation data or a
combination of both. The method adopted here is a so-called "physics-based force-field" wherein
one retains the functional forms used in typical all atom simulations such as bonded and non-
bonded interactions.”* The higher resolution all-atom simulations provide data in the training set
that can be used to parameterize the model using iterative Boltzmann,* force-matching,**>® or
Newton inversion methods,”’ to name just a few.

To develop a coarse-grained model of complex peptoid systems, a bottom-up approach is

being used for parameterizing CG models to accurately reproduce structural properties and is

validated on thermodynamic properties of AA models. The typical polypeptoids used in micelle
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formation consist of a backbone with hydrophobic hydrocarbons, neutral ether based hydrophilic
and charged carboxylate based hydrophilic side chains.'” The underlying coarse-graining
philosophy is to develop CG models of each chemical group. The CG models of the hydrocarbon
and ether chains have already been developed.®™ *

In this paper, a CG model of a simple amide system, N, N-dimethylacetamide (DMA) is
developed as it contains the repeating motif of the peptoid backbone. Hence it presents an
important step towards establishing CG models for peptoid systems. A key focus of this work is
to reproduce not just the structure of liquid DMA but also the solvation structure of DMA in
water. This is particularly important in order to develop peptoid CG models that can accurately
describe the solvation properties of the polymer in aqueous solutions and hence enable accurate
investigations of self-assembly in an aqueous environment. This is in contrast to a complex
anisotropic implicit solvent CG model of peptoids developed by Haxton et al. to study two
dimensional peptoid based nanosheets.*’

It has been recognized that water plays an essential role in determining the structure and
properties of peptoid systems.'**' A CG model of water developed by Molinero and co-workers,
based only on short-ranged Stillinger-Weber (SW) potential,” is used in this work to describe
the interactions between DMA and water. The OPLS-UA'" force field is adopted to describe the
intramolecular interactions between DMA molecules with the elimination of hydrogen sites. The
focus of this paper is to develop intermolecular parameters for DMA-DMA and DMA-water
interactions using a "reduced range" approach that allows the retention of molecular features but
the comparatively short-ranged interactions, involving three-body forms in some cases, leads to

computational efficiency over conventional all atom models.*®
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In this paper, we develop a coarse-grained model of DMA, laying the groundwork for
developing CG models of polypeptoids. This CG model is parameterized on atomistic
simulations, using a functional form that is a hybridized approach involving the OPLS-UA force
field and the Stillinger-Weber™ "reduced range" potential form. The parameterization scheme is
based on the method used by Kumar and Skinner to develop an all-atom model of liquid water
with three-body interactions.* It is optimized to reproduce structural and thermodynamic
properties of DMA in liquid solution, specifically features of a number of relevant radial
distribution functions of pure DMA and dilute DMA aqueous solution and is validated on
liquid/vapor properties as well as concentrated aqueous solutions of DMA. The reference data is
from simulations using the all atom OPLS-AA force-field.' In addition, the computational
efficiency of the CG model is discussed and compared to the higher resolution AA models.

The paper is organized in the following manner. The computational methods of the CG
model parametrization scheme and the simulation set up are described in Section II. The results

are presented and discussed in Section III and the conclusions are outlined in Section IV.

II. Methods
The functional form of the non-bonded interactions used in this study is based on the
Stillinger-Weber (SW)**** formalism that includes the short-ranged two- and three-body terms.
The potential energy of the system is given by
E =YY 02(1i) + XiXjei D> &3 (7)o i Ojixc) (1)

Here the two-body term ¢, (ri j) is given by

dary) = Ae[B(2) - (2) [ew=2) e

tj

and the three-body term d)3(ri i Tik » 0; jk) by



Physical Chemistry Chemical Physics

2
c|)3(rl-j,rl-k , Hﬁk) = Ae[coseﬁk — cos@o] exp (L) exp( Yo ) 3)

rij—ac Tig—ao
Both terms are taken to be zero at distances greater than ac. In this work, as with the original
formalism, p is set to 4 and q to 0. The constants A and B are taken to be the same as in the
original formalism with 4=7.049556277, B=0.60222455. The two parameters in the two-body
term, namely the energy scaling variable € and the particle size o, are part of the
parameterization set. The three-body term is characterized by a scaling factor A and an angular
term 6, both of which are included in the parameterization procedure. The angle 8, takes into
account the preferred orientational ordering of the solvation shell around the central i" atom and
in the case of the neat water model, mW, developed by Molinero and co-workers is 109.47°.*
The term A scales the three-body angular interaction. Both the three-body and two-body terms
are relatively short-ranged, with the range controlled by the parameter a (since the potential goes
to zero at ac) and to a lesser extent by y, and the two are set to the values used in the mW water
model, namely a=1.8 and y=1.2.

The parameterization involves optimizing the set (g, 0, A, 0,,) for the different non-bonded

interactions based on data from all atom simulations. The details of the all atom simulations and

the parameterization scheme is presented below.

All-atom atomistic reference simulations

The reference all atom simulations were performed using the TIP3P** water model along
with the OPLS-AA force field for the DMA molecules. Two sets of all atom (AA) reference
simulations were performed, the first of a dilute solution of DMA in water (0.2 mol/L) and the
second of pure liquid DMA. The dilute aqueous simulation of DMA was carried out in a cubic

box, with an initial box length of 20 A, consisting of a single DMA and 524 TIP3P water
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molecules. The liquid DMA liquid simulations consisted of 512 DMAs in a cubic box of initial
length 40 A. A third set of simulations of a more concentrated aqueous solution of DMA (0.5
mol/L) were carried out with the AA model. The system consisted of 20 DMA molecules along
with 1700 water molecules in a box of length 40 A. In addition to the above set of simulations,
the DMA liquid-vapor system was also simulated. The system consisted of the same number of
DMA molecules as above but with a box size of 40 A x 40 A x 80 A, with the liquid-vapor
interface perpendicular to the z-axis. Finally, simulations of a simple polypeptoid solution were
also performed. The system contained two simple ten-mer polypeptoid chains (see Figure 1 b)
and 1700 water molecules in a 40 A cubic box.

In each case, except as noted, the simulations were carried out within the isobaric
isothermal (NPT) ensemble at 300 K and 1 atm with a 1 fs timestep, using the LAMMPS MD
package’®. Each system was equilibrated for 10 ns and followed by a 10 ns production run. The
temperature was controlled with a Nose-Hoover thermostat’’ and barostat.*® Long-ranged
Coulomb interactions were calculated using the Ewald summation, specifically the Particle-
Particle-Particle-Mesh (PPPM) method with the desired relative error in forces set to 0.0001.%
The Lennard-Jones cutoff distance was set to 10 A. For the calculations of the diffusion constant
of pure liquid DMA, a 5 ns production run in the NVE ensemble was carried out.

Free energy of solvation of DMA in water was carried out using finite difference
thermodynamic integration (FDTI),”® using a soft core potential to avoid singularities.”'>* The
free energy was calculated using a 10 ns NPT run with 20 integration points, equally spaced

between 0 and 1, with a time step of 1 fs using the GROMACS™ software.

Coarse-grained (CG) model development



Physical Chemistry Chemical Physics

Figure 1 a shows atom types and the mapping of the DMA molecule from AA to the CG
representation. The interactions between DMA and water are represented by SW potentials.
Intramolecular interactions are taken from the force field, OPLS-UA." Initial guesses for the
parameters of each type of atom in DMA were selected from the monatomic model of water
(mW) and methane, which were previously developed by Molinero and co-workers.>

The CG simulations of dilute DMA with mW waters, liquid DMA, concentrated aqueous
DMA, polypeptoid solution and the DMA liquid-vapor cases were performed in LAMMPS with
a 5 fs time step under the same simulation conditions as the reference AA simulations. The
intramolecular terms were the same as the united atom OPLSUA model.'* The suitability of the 5
fs time step was tested using a 5 ns NVE simulation that showed virtually no energy drift, despite
large fluctuations in the energy. The free energy of solvation was carried out using the dilute
DMA system, again using the LAMMPS suite of programs. The free energy calculations were
done using finite difference thermodynamic integration (FDTI), with a soft core potential to
avoid singularities. The free energy was calculated using 100 integration points, equally spaced
between 0 and 1, and were run for 5 million steps, with a time step of 5 fs. The subroutines to
carry out TI calculations in LAMMPS were taken from the work of Gyawali et al.*® > For the
CG peptoid solution simulations, the parameters developed for DMA were used, with the
parameters for the CH2 group in the peptoid set to the values obtained for the CH3N methyl

group in DMA.

Parameterization of the DMA CG model
The development of the CG model is primarily focused on reproducing the solvation

structure of water around the DMA molecules. The energy scales € and A, particle size o, and
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three-body angle 8, are the parameters that govern the solvation behavior. One can obtain
estimates of 6, from either the angular distribution in the first solvation shell from AA
simulations or from experimental information such as the tetrahedral geometry of water, leaving
just the particle size and energy scale for parameterization. The overall parameterization process
is outlined in the flowchart shown in Figure 2. An iterative parameterization procedure,
described below, is adopted wherein one starts with a zeroth order model that is progressively
optimized to reproduce properties in the training set, in this case details of important radial
distribution functions, from the all atom reference simulation data.

As mentioned in the introduction, the parameterization scheme is based on the one
adopted by Kumar and Skinner* in the development of an improved all atom water model and is
similar in spirit to the Newton inversion method. In order to illustrate the method, consider a
system that consists of just one type of particle that interacts via the SW potential form. In that
case, the total intermolecular interaction energy can be expressed as a sum of two-body energies
E;, and three-body energies E;,3. Thus, one can write:

Etotar = w1E;j + wy Ejjy, “4)

where w; and w, are scaling parameters and are initially set to 1, the so-called zeroth order
model with a particular set of parameters (¢, g, 4, 6,). Based on the scheme by Kumar et. al., w;
can be determined in a systematic manner.*’ Since, for this simple case, there are two parameters
that need to be determined, two observables/properties (P; and P,) are chosen to be part of the
training set. Each observable/property will in general be a function of both w; and w,. Hence the
total derivative of each P; is given by

p;

ap; = Ziawi dw; 5)
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The derivatives dP;/dw; are calculated numerically using a series of 5 simulations with
parameters (wq, W), (W1 + dwq, W), (W, — dwq, W), (W1, W, + dw,), (wy, w, + Sw,). Based
on these numerical derivatives and the difference, AP;, between the value of each P; from the
simulation at (w4, w,) and the reference/experimental value, the next generation values of (w1,

w,) can be determined by solving the following set of equations for Aw; :

9P;

AP] = Zi awi

Aw; (6)

The new values of (w;, w,) now form the first-generation model and the process is
repeated until convergence is reached. In the above example, only one type of particle was
considered and hence only two scaling parameters, one scaling the three-body and the other the
two-body interactions, are needed. The method can be extended to systems with more than one
type of particle (as is the case for the DMA systems under study) leading to many two-body and
three-body scaling parameters, with the corresponding number of properties in the training set.
The training set can be from higher level simulation data, from experiments or from a
combination of both and can be extended to more complicated systems with more than one type
of particle. Therefore, for a given set of g values, the energy scale factors for the two- and three-
body terms can be determined.

In the current development of the CG model, data from the reference all atom OPLS-AA
simulations on liquid DMA and the dilute solution of DMA in water are used. Specifically, the
position of the first maximum of relevant radial distribution functions (O atom of water with the
different DMA atoms in the dilute aqueous solution as well as intermolecular DMA atoms in the
liquid DMA solution) as well as the associated coordination number around each atom type are

the properties in the training set.
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The initial ¢ and € and values for O and C atoms were taken from the work of Molinero
et al. while the initial N atom parameters set was taken from the OPLS-UA force-field.'” ***°
The Lorentz-Bertholet mixing rules were used to obtain the remaining ¢ and ¢ values. The
three-body angle 8 was set to 109.47° for all the atoms types, based on previous work on water

and methane.** >

The three-body energy scaling parameter A was initially set to the value for the
mW water model. The AA simulations did not show any preferred orientation of the solvation
environment for the N, and since the N atom is buried in DMA molecule one does not expect
that the three-body term will be significant. Starting with these initial values and the data from
the all atom simulations, the two and three-body terms were scaled and the scaling parameters
were determined using the iterative algorithm outlined above. First, the DMA-DMA parameters
were determined using the iterative algorithm on simulations with pure liquid DMA. Ten
interactions were scaled, namely five two-body terms (C-C, O-O, N-N, CH3N-CH3N and
CH3N-CH3N) and five three-body terms (O-O-O, CH3N-O-CH3N, O-CH3N-CH3N, O-CH3-
CH3, and CH3-O-CH3). For the three-body terms only those involving O with distinct sites were
chosen. For the DMA-water interactions, the dilute DMA systems were simulated. In this case
five two-body terms (C-Oy, CH3N-Oy, C-O,,, CH3-O,, and O-O,,) and five three-body terms
(Oy-0-0Oy, 0-04-Oy, Oy-CH3N-Oy, CH3N-Oy-0Oy, and O,-C-Oy) were considered in the
parameterization scheme. Oy, refers to the mW CG water. In each case a 10 X 10 matrix was
determined, solved to obtain the new set of parameters, and the procedure carried out iteratively
until convergence was reached. For each case, convergence was achieved in less than ten
iterations. After the first generation model was developed, a series of new starting points were

developed by changing the various o values. The iterative procedure was applied to each set. The

final model was one for which the root mean square error was the least (less than 1).
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It should be noted that for the two-body interactions that were not varied, the Lorentz-
Bertholet mixing rules were used with the scaling factor of the scaled relevant two-body
interactions absorbed into the corresponding & values. The mixing rules are thus implicitly
included in the parametrization procedure. Care should be taken when using mixing rules since
they can lead to unphysical results. However, the bottom-up approach with increasing
complexity that is being adopted to develop the force-field for real peptoid systems, starting from
the alkane chains (hydrophobic side chains), to the peptoid backbone (current work) to more

complex side chains (future work) to some extent mitigates this risk.

III.  Results and Discussion

At the end of the parameterization procedure, the only three-body terms that were found
to be non-zero were the water interactions with the carbonyl oxygen involving the OyOppmaOy,
and the 00, Opma angle, where O,, refers to the CG water (mW) and Oppma to the carbonyl O
atom of the DMA. Since the N atom is buried inside the molecule, there is no special preferred
orientation of the water molecules or other DMA molecules with the N atom and hence the three-
body terms involving the N atoms turn out to be essentially zero as expected. The C atoms,
similar to the case of methane and other aliphatic chains in previous studies, also did not result in
non-zero three-body terms. The values of each of the parameters are listed in Table 1.

The Opma-Ow, Cpma-Ow, CHiz-pma-Ow, Npma-Ow and the CH3;N._pma-O, radial
distribution functions are shown in Figure 3 and the associated coordination numbers in Table 2.
Note that these atom types are based on the representations in Figure 1. The CG models does

indeed give a fair representation of the solvation environment of the DMA in water and

reproduces reasonably well both the positions of the first peak and the corresponding peak height.
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However, the CG model radial distribution functions are slightly shifted to smaller distances
compared to the AA model, suggesting that the CG DMA molecules, on average, are more
hydrophilic than the AA model. The liquid DMA radial distribution functions (C-C, O-O, N-N,
CH3N-CH3N and CH3-CH3) are shown in Figure 4 and the coordination numbers are tabulated
in Table 3. Once again, the representation of the intermolecular DMA-DMA structure is
reproduced relatively well by the CG model when compared to the AA case. Specifically, the
first peaks of the O-O and CH3N-CH3N show really good agreement, while for the N atom that
is buried inside, the peak position is reproduced whereas the peak height is not. The same holds
true for the C-C radial distribution functions. This is not necessarily surprising since these groups
are further apart from each other. The CH3-CH3 radial distribution function is not very strongly
structured and hence is difficult to reproduce very accurately using this method. The CG model
seems to suggest a stronger attraction of the CH3-CH3 as compared to the AA model, since the
radial distribution function is shifted to a smaller distance for the CG case as compared to the
AA. Nonetheless, the dominant intermolecular interactions are fairly well reproduced by the CG
model both for pure DMA and dilute DMA in water.

The radial distribution functions were part of the training set of the model and hence for
validation different properties are calculated and compared to both experiment and the AA
model in the following section.

Liquid DMA properties

A number of properties of pure liquid DMA were calculated and tabulated in Table 4.

The self-diffusion coefficient of DMA was calculated from a 5 ns NVE run using the Einstein

equation:>’

2
D =limse= < Ir(@®) =70 > (9
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where r(t) is the position of the center of mass of DMA at time t. The CG diffusion constant is a
little more than twice the value of the AA, which is not surprising since the dynamics of CG
models are faster than the corresponding all atom systems.38’ “

The isothermal compressibility of liquid DMA at 300K around density of p, =

937 kg/m? was found from:™®

k=22, = (5m2) o
v/ <py>—<p> T

where p, is 1.01py and p; 1s 0.99 p,. p, and p; were the pressures computed from a 10 ns NVT
simulation. Surprisingly the CG model reproduces the experimental value more accurately than
the AA model to which it was parameterized. The AA model shows a lower compressibility as
compared to the CG model. This could be related to the CH3-CH3 radial distribution for CG
being shifted to smaller distances as compared to the AA model.

The enthalpy of vaporization was computed from:’

AH,qp = < Epoe(g) > —< Epoc(D) > +k,,T (11)

where E,,¢(g) is the gas-phase potential energy and Ej. (1) is the liquid-phase potential energy.
The CG model gives a higher value for the enthalpy of vaporization as compared to the all atom
model and the experimental value, but is within around 10 % of the experimental value.

The next set of studies focuses on aqueous solutions of DMA as well as the simplest
polypeptoid that can be formed with DMA as the repeating unit.
Dilute aqueous DMA solution
The solvation free energy of DMA from the CG simulations is very close to the value of the AA
model, although both are around 1 kcal/mol higher than the experimental value. The fidelity of

the solvation free energy of the CG model to the AA model along with the agreement between
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the radial distribution function data between the CG and AA models does suggest that the CG
model reproduces the solvation environment around the DMA molecule as seen in the all atom
simulations.
Concentrated DMA aqueous solution and simple peptoid solution

The various radial distribution functions of the concentrated DMA-water system and the
simple peptoid systems are shown in Figure 5 and Figure 6 respectively. Despite not being part
of the training set, the CG model gives a good representation of the solvation environment of the
DMA and the simple peptoid in the aqueous system, although once again the CG model is
slightly more hydrophilic than the corresponding AA model.

It is clear from both the agreement with the training data as well as the concentrated
DMA simulations that the CG model provides a reasonable description of the DMA in bulk
conditions. The next set of studies determines its suitability for interfacial regions. The air-liquid
interface is an example for an extreme case of an asymmetrical environment and thus is an
excellent system to test the applicability of the CG force-field.
Surface tension of liquid DMA

The surface tension of the liquid DMA liquid-air interface was also calculated from the
liquid-DMA-air slab simulations at 300K. In order to determine the surface tension y the
following relationship between y and the pressure tensors, evaluated from the simulation, was

used:”’

L,
y=5I<pn> —<pr>] (8)
where L, is the box length of the direction perpendicular to the interface and < py > and

< pr > are pressure tensors perpendicular and tangential to the liquid-air interface,
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respectively.”’ The surface tension of the CG model is compared to the value from the AA model
along with the experimental data® in Table 4.
Liquid and vapor density of liquid DMA at 300K

In order to determine the density of the two phases of pure DMA at 300K, NVT
simulations of the liquid DMA-air interface were carried out. The density profile of DMA (using
the center of mass of each DMA), p(2), is plotted in Figure 7 as a function of distance, z, from
the center of mass of the liquid slab in the direction perpendicular to the interface.
While both the AA and the CG models show density oscillations near the interfacial region, the
oscillations are much more pronounced for the CG model. The stronger CH3-CH3 interactions of
the CG model as compared to the AA model could result in this increased structuring at the
interface. This can also result in differences in the orientation of the DMA molecules in the
interfacial region. The distribution of the angle made by the CH3-C vector of DMA molecules
(with z-coordinate of the center of mass between 19 and 21 A, the beginning of the interfacial
region as seen in Figure 7) with the normal to the xy plane (air-liquid interface is along the z-
direction, perpendicular to the xy plane) is shown in Figure 8. Although both the AA and CG
models show a broad distribution, the AA has a broad peak in the 80-90° region whereas the CG
is shifted to around 120°.

The density profiles in Figure 7 are fit to the following function,

+ - z-z,
PitPy  P1—Pv tanh 0
2 2 da

p(2) = (7)
where p; and p, are the densities of the vapor phase, respectively, d is the width of the vapor-
liquid interface and d is the position of the Gibbs dividing surface of the interface.”” ®' The

densities of the two phases are thereby determined from this fit and tabulated in Table 5 for both

the CG model and the AA model along with the experimental value for the liquid phase.”® The
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CG model liquid density is in good agreement with the AA model, despite the differences in
interfacial orientation, and the liquid density compares reasonably well with the experimental
value, although both CG and AA densities are higher than the experimental value by around 3 %.

The good agreement between the CG and AA models for the surface tension and the
liquid density, despite these parameters not being in the training set, does indicate that the
reduced range formalism based CG model can reproduce the results for the structure and
thermodynamics of the bulk and the interfacial region obtained from the higher level all atom
simulations. This could be in part due to a fortuitous cancelation of errors but is probably also
due to the attention to an accurate description of the solvation structure that is the underlying
philosophy in the development of this CG model. Previous works with SW CG models have also
found good agreement for water/vapor, liquid alkane/water, liquid alkane/vapor, and liquid
ether/vapor surface tensions.*® 3% 4%

Finally, benchmark simulations on liquid DMA were performed to test the performance
of the CG model against the AA. Table 6 shows our CG DMA model is at least 27 times faster
than the AA DMA model. The scaling behavior clearly improves with increase in the system
size.

Future work will concentrate on developing compatible CG models for different side
chains of the peptoid system, namely hydrophilic neutral groups such as ethers as well as
charged groups such as carboxylate.

IV.  Conclusions

A new coarse-grained model of N-N dimethyl acetamide, a representative of the peptoid

backbone, has been developed. The underlying philosophy of the CG model development is to

reproduce the solvation structure in the liquid of a more complex all atom model, OPLSAA in
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this case, using reduced range functional forms that include three-body terms. Without
electrostatics or any long-ranged interactions, the CG DMA model is at least 27 times faster than
AA model for the system sizes studied. The DMA molecules were represented as 6 heavy atoms
interacting through short-ranged potentials. The CG DMA model gives a good representation of
the liquid DMA system, aqueous DMA solution as well as the liquid DMA-vapor interface. The
pure bulk DMA solvation structure as well as the dilute DMA aqueous solution solvation
structure are part of the model training set. The CG model was validated by a comparison to
results from AA simulations of the surface tension, enthalpy of vaporization, isothermal
compressibility and liquid density of pure DMA, the solvation free energy of DMA in water as
well as the solvation structure of both a concentrated aqueous solution of DMA as well as a

simple peptoid aqueous solution.
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H5C CHj

Figure 1. a) Mapping of DMA molecule from the AA to the CG model. The white balls represent
H, the gray ones C, the blue ones N, and the red ones O. There are 5 total atom types in the CG
DMA molecule, which are 1: CH3, 2: C, 3: O, 4: N, 5: CH3N. b) Schematic of the simple

peptoid chain.

Atomistic Simulation of study Parameterize the coarse- Validation measures

system grained system (Atomistic as reference)
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Figure 2. A flowchart of CG model parameterization scheme.
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Figure 3. The water-DMA radial distribution functions for dilute DMA solution at 300 K for AA
and CG models. Note for the CG case the atom types for DMA are based on Figure 1 and Oy,
refers to the mW CG water. For the AA, CH; refers to the C atom of the methyl group bonded to

the carbonyl group, CH3N refers to the carbon atom of methyl group bonded to the nitrogen atom,
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C refers to the carbon atom of the carbonyl group and O to the oxygen atom of the carbonyl

group, and Oy, refers to the water oxygen atom.
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Figure 4. The liquid DMA radial distribution function at 300 K for AA and CG models. Note the
atom types are based on Figure 1 for the CG case. For the AA case, CHj refers to the carbon
atom of the methyl group bonded to the carbonyl group, CH3N refers to the carbon atom of the
methyl group bonded to the N atom, C refers to the carbon atom of the carbonyl group and O to

the oxygen atom of the carbonyl group.



Physical Chemistry Chemical Physics

1.751
1501 A
1]
1.251 |
1
~ 1.001 [
> |
0.751 i
1
050 :'
1
0.254 'l —— AA Opwa— Oy
0.001 ! ~—- CG Opma = O
0 2 6 8 10
r (4)
1.2 'I
1
1.0 H
1
1
0.8 !
E 1
5 0.6 !
1
1
0.4 !
[
02 ! —— AA CH3pua—Ow
0.0 ! ——= CG CH3pua — Oy
6 8 10

1
1.0
B {
1
0.81 |
1
1
0.61 |
1
1
0.41 {
]
1
0.2 {
J —— AA Cpua— Oy
0.04 ! —=- CG Cpma— Ow
0 a 6 8 10
r (4)
1.6 I3
II
1.4+ 1
1
1.21 {
1
1.04 i
< :
5 0.8 !
0.6 |
1
0.4 i
{
0.21 ! —— AA Npwa—Oy
0.0l ——= CG Npua— Oy
4 6 8 10

Page 22 of 33

Figure 5. The radial distribution functions for the concentrated aqueous DMA solution at 300 K

for AA and CG models. Note for the CG case the atom types for DMA are based on Figure 1 and

Oy, refers to the mW CG water. For the AA case, CHj refers to the carbon atom of the methyl

group bonded to the carbonyl group, CH3N refers to the carbon atom of the methyl group bonded

to the nitrogen atom, C refers to the carbon of the carbonyl group and O to the oxygen atom of

the carbonyl group, and Oy, refers to the water oxygen atom.
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Figure 6. The radial distribution functions for the dilute polypeptoid solution at 300 K for AA
and CG models. Note that the chemical structure of polypeptoid is shown in A. For both cases,
Chackbone and Opackbone Tefer to the carbon and oxygen atom of the carbonyl group, Nyackbone refers

to the nitrogen atom on the backbone, and CH3igecnain refers to the carbon atom of methyl group

bonded to the nitrogen atom.
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Figure 7. Density profile of DMA liquid-vapor interface at 300K for both the AA and CG
simulations. Z represents the distance in the Z direction from the center of mass of the liquid and

is perpendicular to the liquid-vapor interface.
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Figure 8: Distribution of the angle made by the CH3-C vector of DMA molecules (with the z-

coordinate of the center of mass between 19 and 21 A) with the normal to the xy plane. (Note

the interface is along the z-axis)
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(a)
Type i Type j € (kcal / mol) o (A)
mW mWwW 6.189 2.3925

mW CH3 0.40 3.7

mW C 0.08 4.8

mW O 3.20 2.2

mW N 0.115 44

mW CH3N 0.40 3.7

CH3 CH3 0.1 4.6

CH3 C 0.09 4.9

CH3 O 0.16 4.2

CH3 N 0.1 5.05

CH3 CH3N 0.1 4.6

C C 0.09 52

C O 0.1 4.5

C N 0.09 5.35

C CH3N 0.09 4.9

@) O 0.6 4.8

O N 0.115 4.55

@) CH3N 0.16 4.2

N N 0.1 5.5

N CH3N 0.1 5.05

CH3N CH3N 0.1 4.6

(b)
Type i Type j Type k A cos@

mWwW mW mWwW 23.15 -0.333333333
O mWwW mWwW 10.00 -0.333333333
mWwW O mWwW 10.00 -0.333333333
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Table 1. Parameters of a) two-body and (b) and three-body interactions for the CG DMA

44, 55

together with previously published parameters for water. The scaling terms obtained from

the parameterization step are folded into the € and A parameters: A; = A; jniriq@; and & =

& initialWj -
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R (A) C
AA CG AA CG
Opya-O,, 2.75 2.75 2.8 4.3
Cpma-Oy 3.75 3.65 4.5 6.2
CH;.pya-Oy 3.75 3.95 19.2 19.9
Npma-Ow 4.75 4.55 31.5 30.5
CH;N_pya-Oy 3.85 4.05 14.5 21.2

Table 2. The Position (R) of the First Maximum in the corresponding radial distribution function

and the Coordination Number (C) for dilute DMA system.

R (A) C
AA CG AA CG
0-0 5.65 5.65 12.5 12.3
C-C 5.65 5.75 13.5 13.6
N-N 6.05 5.85 13.1 13.7
CH3N-CH3N 2.45 2.45 1.0 1.0
CH3-CH3 4.15 5.75 6.3 10.6

Table 3. The Position (R) of the First Maximum in the corresponding radial distribution function

and the Coordination Number (C) for liquid DMA system.
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Properties AADMA | CGDMA | Experiment
(300K) (300K)
Surface tension y (mN/m) 32+1 39+] 37.13 (293.15 K)®
Diffusion coefficient D (10” cm”/s) 0.8 1.8
Isothermal compressibility K (Gpa™) 0.53+£0.01 | 0.61+0.01 | 0.63 (298.15 K)**
Solvation free energy AGs,;,, (kcal/mol) -7.5+0.2 -7.7£0.1 -8.5 (298.15 K)*
Enthalpy of vaporization AH,g, (kcal/mol) 12.40+0.01 | 13.4+0.2 12.01 (298.15 K)*
Table 4. Comparison of DMA models and Experiment.
AA CG Experiment64
p. (kg/m?) pv (kg/m?) pi (kg/m?) pv (kg/m?) pr (kg/m?)
907.33 0.19 905.21 0.82 937

Table 5. The liquid density (pL) and vapor density (pV) for DMA at 300K together with

experiment data for the liquid at 298.15K.
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CPUS (cores) 2560 DMAs 12800 DMAs 64000 DMAs
AA CG CG/AA | AA CG CG/AA | AA | CG | CG/AA
ns/day ratio ns/day ratio ns/day ratio
20 4.44 | 118.38 27 0.89 | 25.80 29 0.17 | 5.72 34
40 8.14 | 218.61 27 1.71 | 47.39 28 0.33 | 10.88 33
60 10.80 | 304.60 28 2.44 | 69.26 28 0.50 | 14.89 30
80 11.94 | 361.60 30 3.16 | 89.54 28 0.67 | 19.58 29
100 15.05 | 437.72 29 4.04 | 109.30 27 0.82 | 24.20 30

Table 6. Computational efficiency for three different systems including 2560, 12800 and 64000

DMAs using 20, 40, 60, 80 and 100 CPU cores. All benchmark simulations were performed on

the QB2 computational nodes of Louisiana Optical Network Infrastructure (LONI), each with 2.8

GHz E5-2680v2 Xeon processors and 64 GB memory using the LAMMPS software.
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