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1 Introduction

Coarse-grained molecular dynamics simulations of
mixtures of polysulfamidesf

xa,b,c

Jay Shah (2 and Arthi Jayaraman
Polysulfamides are a new class of polymers that exhibit favorable chemical and physical properties,
making them a sustainable alternative to commodity polymers like polyurea. To advance the fundamental
understanding of this new class of polymers, Wu et al. [Z. Wu, J. W. Wu, Q. Michaudel and A. Jayaraman,
Macromolecules, 2023, 56, 5033-5049]conducted experiments and coarse-grained (CG) molecular
dynamics (MD) simulations to connect the polysulfamide backbone design to the assembled structure of
polysulfamides due to hydrogen bonding between sulfamides. Their CG MD simulations qualitatively
reproduced experimentally observed trends in crystallinity for analogous variations in polysulfamide back-
bone designs. To bring chemical specificity to this generic CG model of Wu et al. and to facilitate quanti-
tative agreement with experiments in the future, in this work, we modify this older CG model of Wu et al.
using structural information from atomistic simulations. Atomistic angle and dihedral distributions invol-
ving the sulfamide functional groups are used to modify the donor and acceptor bead positions in the
new CG model. Using MD simulations with this new atomistically informed CG model, we confirm that
we obtained the structural trends with varying polysulfamide backbone length, bulkiness, and non-uni-
formity of the segments in repeat units as seen in the previous work by Wu et al. These key structural
trends are as follows: (a) shorter contour lengths of segments between sulfamide groups enhance
H-bonding between sulfamides, (b) increased bulkiness in the segment hinders sulfamide—sulfamide
H-bonding and reduces orientational order among chains in the assembled structure, and (c) non-uni-
formity in the segments along the backbone does not affect orientational order in the assembled struc-
ture. While the trends qualitatively matched between the two models, we observe quantitatively higher
positional order and lower orientational order among the assembled chains in the new CG model as
compared to the older CG model. This difference in local chain packing arises from a change in the
donor—acceptor H-bonding pattern between the two models. In this work, we also use the new CG
model to study mixing and demixing in two types of mixtures of polysulfamides: one mixture has chains
with varying segment lengths between sulfamide groups and another mixture has chains with different
degrees of bulkiness in the backbone. We find that increasing dissimilarity (bulkiness or length) between
the two types of chains promotes demixing despite the presence of sulfamide—-sulfamide H-bonding
interactions.

thermal stability, adjustable glass transition temperatures
(with changing polymer backbone structure), and degradability

Polysulfamides are a new class of polymers synthesized by
Michaudel and coworkers using sulfur(vi)-fluoride exchange
(SuFEx) click chemistry." Polysulfamides demonstrate high
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under environmentally friendly aqueous conditions."? These
attractive properties and the similarity between sulfamide’
and urea (Fig. 1) make polysulfamides a potential sustainable
alternative to the widely used commodity plastic, polyurea. To
demonstrate the suitability of polysulfamides in various appli-
cations where polyurea is used," ™ we will first need to
improve our fundamental understanding of these polymers, in
particular how the chains organize into multi-scale (A to hun-
dreds of nm) structures that give rise to the favorable macro-
scale properties desired for different applications. Specifically,
we need a better understanding of how the hydrogen bonding
(H-bonding) interactions between the sulfamide groups, along
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Fig. 1 Schematics of the (A) two potential H-bonding patterns in polyurea according to Mattia et al.* and (B) two hypothesized H-bonding patterns

in polysulfamide.

with other interactions due to the various chemical species
along the polymer backbone, will affect the local packing of
chains and their hierarchical structures.

Structural arrangements within polysulfamide chains are
characterized via Fourier-transform infrared (FTIR) spec-
troscopy and powder X-ray diffraction (PXRD).>'* For example,
Wau et al. used FTIR to estimate qualitatively the extent of crys-
tallinity, complementing it with PXRD analysis.'* Just as FTIR
has been used to study H-bonding in polyurea,®” "™ wu
et al. used FTIR to characterize the H-bonding interactions
between N-H (donor) and -SO,- (acceptor) groups in polysulfa-
mides. Their FTIR and PXRD data together showed that the
choice of polysulfamide backbone chemistry affects the crystal-
linity’* which in turn can affect the thermomechanical and
other macroscopic properties of polymer materials.>*"
However, the lack of purely crystalline and purely amorphous
samples of polysulfamides that are required to quantify the
extent of semi-crystallinity in various samples makes it
difficult to use these experimental techniques alone to quan-
tify the extent of semi-crystallinity for various designs of poly-
sulfamides. Therefore, to supplement experimental obser-
vations, we use molecular simulations to predict how the
choice of polysulfamide design impacts the simulated pos-
itional and orientational order among the chains.

In previous work, Wu et al. developed a generic coarse-
grained (CG) model to study polysulfamides."* This generic CG
model of polysulfamide was developed using ideas from prior
CG models from Jayaraman and coworkers which captured the
directional interactions, like H-bonding, in other polymers.
The generic CG model captures the directional nature of
H-bonding interaction®® using a combination of small and
large size CG beads, with the smaller “sticky” bead being par-
tially embedded in the larger CG beads; by tuning bonded
potentials and the non-bonded isotropic attraction between
the sticky beads, the directional H-bonding interaction driving
polysulfamide assembly is captured."* These types of “sticky”
site CG models capture directional interactions while main-
taining the computational efficiency needed to simulate the
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larger time and length scales of macromolecular assembly and
disassembly. Jayaraman and co-workers have widely used the
“sticky” bead model to simulate H-bonding in polymer melts/
solutions/mixtures."****** Such “sticky” bead models have also
been demonstrated to be successful in simulating DNA
dendrimers,**** DNA-linked nanoparticle crystals,*> water-
soluble supramolecular polymers,*>*” and nanocomposite
tectons.*87°

Wu et al.’s generic CG model for polysulfamides was purely
intuitively parameterized to mimic the sulfamide chemical
structure as well as the groups (alkyl, aromatic) on either side
of the sulfamide CG bead. Using this generic CG model and
molecular dynamics (MD) simulations, they studied the effects
of polysulfamide backbone design parameters like bulkiness
of groups (e.g., aromatic rings versus aliphatic linear chains),
length (e.g., number of alkyl carbons), and uniformity of
segment lengths on either side of the sulfamide group on the
H-bonding-induced self-assembly of polysulfamide chains.'*
The computational results were validated through compari-
sons with experimental data, specifically the FTIR and PXRD
data from analogous synthesized polysulfamide structures.
The orientational and positional order of the chains in the
simulated structures served as a proxy for crystallinity in the
synthesized polysulfamides. Both simulations and experi-
ments found that one can increase orientational and pos-
itional order by using less bulky segments between sulfamide
groups. They also found that non-uniform segments on either
side of the sulfamide do not impact the orientational align-
ment of the chains but increase the short-range positional
order among chains.™*

While the simulations using the generic CG model effec-
tively capture the relevant length and timescales for polysulfa-
mide assembly and the experimentally observed trends in
increasing/decreasing orientational order for varying design
choices, the agreement with experiments is at best qualitative.
To enable guantitative comparison with experiments in the
future, we need a CG model that is not generic but rather
mapped to specifically represent the sulfamide chemical struc-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ture; e.g., the CG model should have the correct relative
locations of the acceptor and donor “sticky” sites and the
appropriate stiffness or flexibility of the bonds between the
sulfamide groups and the neighboring aliphatic or aromatic
segments. Such mapping can be done using information from
atomistically detailed configurations sampled with atomistic
MD simulations. Atomistic configurations can then be used to
refine the placement of beads and bonded and non-bonded
potentials in the CG model.>"** In this paper, we accomplish
this refinement of the CG model for polysulfamides and use
that new atomistically informed CG model in MD simulations
to connect polysulfamide designs and mixtures of designs to
the resulting H-bonding-driven spatial arrangements of the
segments and chains in the assembled structure. The rationale
for exploring polysulfamide mixtures is based on previous
observations that polysulfamide backbone design influences
the degree of crystallinity and established knowledge that
mixing polymers with different native degrees of crystallinity
can result in a semi-crystalline structure. The mixing or demix-
ing of the two types of polymers in the mixture (termed misci-
bility) will also play a role in semi-crystallinity which is crucial
for designing materials tailored for specific uses.>

Blend/mixture miscibility is the result of the energetic and
entropic driving forces which depend on several factors such
as polymer chemistry, sequence, architecture, and mixture
composition. The Flory-Huggins®* equation below quantifies
the change in free energy upon mixing using a mean-field
lattice approach:

AF = Nk T [§210 ¢y + §210 by + 15 (1)

In eqn (1), y is the Flory-Huggins interaction parameter and
determines the energetic contribution to the free energy of
mixing. The Flory-Huggins equation does not take into
account the statistical segment size differences in the mixture,
directional interactions (e.g., H-bonds), or volume changes
upon mixing.>*® To consider realistic scenarios, numerous
experiments®® and simulations®*******”7% have been con-
ducted to show how such factors influence the miscibility,
structure, and properties of these materials. For example,
Nierzwicki et al. studied the morphology of polyurethane mix-
tures containing symmetric 2,6-toluene diisocyanate (TDI) and
asymmetric 2,4-TDI. The pure symmetric 2,6-TDI exhibits
superior mechanical properties compared to asymmetric 2,4-
TDI; however, due to the high cost of synthesizing symmetric
2,6-TDI, it becomes necessary to mix it with the asymmetric
analog. Their study shows that increasing the proportion of
symmetric 2,6-TDI in the mixture gradually improves the
modulus and decreases the glass transition temperature due
to enhanced miscibility of the two polymers.”® Aneja et al. also
investigated mixtures of 2,6- and 2,4-TDI and showed using
differential scanning calorimetry and FTIR that the micro-
phase separation was enhanced and the level of H-bonding
increased with increasing content of symmetric 2,6-TDL
Transmission electron microscopy images demonstrated that
urea-rich regions increased with increasing symmetric TDI

© 2025 The Author(s). Published by the Royal Society of Chemistry
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content.®® Luo et al. conducted multiscale simulations to
investigate the miscibility of poly(ethylene oxide) and poly
(vinyl chloride) mixtures, highlighting the importance of
hydrogen bonds in understanding the miscibility across
different polymer compositions.’’ These previous studies
justify our interest in mixing different designs of polysulfa-
mides with varying H-bonding group densities (placement of
sulfamide groups along the backbone) and sizes of segments
on either side of sulfamide groups; such backbone design vari-
ations can be achieved via the tunable synthesis of polysulfa-
mides as demonstrated by Michaudel and coworkers.">'*%2
We expect that these factors will also influence the inter-chain
H-bonding in the mixture of polysulfamides. In this paper, we
explore how mixing different polysulfamide chain designs
affects the miscibility and the resulting orientational and pos-
itional order among the chains in the mixture.

This article is organized as follows: In Section 2, we
describe the polysulfamide atomistic model, simulation
protocol and conformation analysis. In Section 3, we describe
the previous generic CG model briefly before presenting
the details of our new CG model informed by atomistic simu-
lations. In Section 4, we discuss the morphologies observed
in MD simulations using the generic CG model versus our
new atomistically informed CG model. We also present
results describing the morphology of mixtures with different
polysulfamide designs. In Section 5, we conclude with a dis-
cussion on design rules based on the key results from this
work.

2 Atomistic simulations
2.1 Systems studied

For atomistic simulations, we consider a single polysulfamide
chain consisting of five repeat units with each repeat unit com-
prised of 12 CH, groups and 2 sulfamide groups. We consider
three different backbone designs (Fig. 2) with segments made
of varying numbers of CH, groups between the sulfamide
functional groups. We adopt a naming convention [L,R;],
where L; and R; represent the number of CH, beads on the left
and right sides of the sulfamide group in the repeat unit,
respectively. We have 12 CH, groups in every repeat unit so L; +
R; = 12. The three polymers we study include the following:

i. [6,6] Polysulfamide where sulfamide groups are separated
by 6 CH, on either side, indicating uniform spacing between
the sulfamide groups (Fig. 2A).

ii. [4,8] Polysulfamide where sulfamide groups are separated
by 4 CH, on the left side and 8 CH, on the right side (Fig. 2B).

iii. [2,10] Polysulfamide where sulfamide groups are separ-
ated by 2 CH, on the left side and 10 CH, on the right side
(Fig. 2C).

While the [6,6] chain has uniform segment lengths on
either side of the sulfamide group, the [4,8] and [2,10] designs
capture increasing non-uniformity in segment lengths on
either side of the sulfamide groups.

RSC Appl. Polym., 2025, 3, 453-468 | 455
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Fig. 2 Atomistic representations of (A) [6,6], (B) [4,8], and (C) [2,10] polysulfamides.

2.2 Atomistic model and simulation

We perform atomistic simulations of a single polysulfamide
chain in an explicit water environment using GROMACS.** We
choose the OPLS-AA force field parameters to model both
intra- and inter-chain interactions within the polysulfamide
chain.®* We choose OPLS-AA because it is a widely used force
field for atomistic polymer simulations® " and has been pre-
viously applied to simulate polyurea,”®* which is chemically
analogous to polysulfamide. Water molecules are represented
using the Simple Point Charge (SPC) model. Short-range elec-
trostatics and van der Waals interactions are cut off at 1.0 nm,
and long-range electrostatics are included using the particle
mesh Ewald method.”® Additional details including any modi-
fications made to the force field, such as components of the
polymer (Fig. S1-S3t), angle, and dihedral specifications
(Fig. S47), are provided in ESI Section 1.}

The initial configuration of the single polysulfamide chain
in explicit water molecules is relaxed using the steepest
descent minimization algorithm to remove overlaps. After the
energy minimization step, we equilibrate the system in the
NVT (constant number of particles, volume, and temperature)
ensemble for 2 ns with a timestep (7) of 2 fs at a temperature
of 350 K. This temperature is chosen as it is above the glass
transition temperature of [6,6] polysulfamide (7 = 345 K)."'*
We use the velocity-rescaling thermostat for this step because
it produces the correct NVT ensemble while still having the
advantages of first-order decay of temperature deviations.’
After the system achieves the desired temperature in the NVT
ensemble, an isothermal-isobaric (NPT) ensemble is run for 4
ns. We maintain a constant pressure of 1.0 bar using the
Parrinello-Rahman®® barostat. The production simulation is

456 | RSC Appl. Polym., 2025, 3, 453-468

then conducted in the NPT ensemble for 40 ns (r =2 fs), at T =
350 K, P = 1 bar, using the same thermostat and barostat as
above. The higher-frequency bonds containing hydrogen
atoms are constrained using the LINCS®® method.

2.3 Analysis of atomistic configurations

For data analysis, we use configurations obtained from the 40
ns production trajectory, with coordinates saved every 200 ps.

To use the angles and dihedrals sampled in atomistic con-
figurations to inform the relative positions of the donor and
acceptor beads in the CG model, we first identify the “Center
of Mass (COM)” location for each sulfamide group by calculat-
ing the weighted average position of the oxygen, nitrogen, and
sulfur atoms; this COM corresponds to the center of the sulfa-
mide CG bead. We then identify the “D1” and “D2” locations
as the centers of mass of the -NH groups, respectively; these
correspond to the two donor “sticky” beads in the CG model.
The centers of the oxygen atoms that correspond to the centers
of the “A1” and “A2” acceptor “sticky” beads in the CG model.
We then use MDTraj*” to analyze the dihedral distributions of
the two -NH groups in the sulfamide functional group and the
angle distribution between the donor group - COM - acceptor
group to quantify the positions of the acceptor and donor
“sticky” beads in the CG model.

3 Coarse-grained (CG) model
3.1 Previously published generic CG model by Wu et al.

Wu et al. developed a generic CG model (Fig. 3) to understand
how the polysulfamide design affects H-bonding between sul-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 CG representation of the repeat unit in the [6,6] polysulfamide chain with six —CH, on the left and right sides of the sulfamide group in the

repeat unit.

famides and the resulting positional and orientational
order in assembled polysulfamides."* We describe the
salient features of this model here and direct the reader to the
original manuscript for the remaining details of the CG
model."

The sulfamide group is represented by 1 CG bead of
diameter 1d (~0.3 nm) and two H-bonding donors and
two H-bonding acceptor “sticky” beads of diameter 0.2d,
which are partially embedded in the sulfamide CG bead. In
this generic CG model, the placement of the donor and accep-
tor beads on the sulfamide bead is fixed but their relative
locations are not mapped to the atomistically observed spatial
arrangement; in the new CG model described in the next
section, we alter these locations to map to atomistic
arrangements.

To capture varying aliphatic and aromatic groups on
either side of the sulfamide group, Wu et al. defined other
CG beads to represent aliphatic groups (-CH,- with a CG bead
of size 0.6d) and aromatic groups (with a CG bead of size
1.5d).

Except for the donor and acceptor beads, every pair of
bonded CG beads along the chain is connected by a harmonic
bond potential as

Ubond(r) :kr(r_ro)z (2)

where k, = 50 KT/d” and r, = (o; + 6;)/2, where o; and o; are the
Lennard-Jones diameters of the two connecting beads. The

A Angle potential
Uangle(e) =ky 6 - 90)2

Acceptor — sulfamide bead —
neighboring repeating unit

(semi) flexibility in the polymer backbone is represented by a
harmonic angle potential between bonded beads (with the
exception of donor and acceptor beads):

Uangle(a) = ke(9 - 00)2 (3)

where ko = 10 kT/rad? and 6, = nrad.

To ensure that the relative locations of the donor and accep-
tor beads are fixed on the sulfamide bead, Wu et al. incorpor-
ated two constraints — an angle constraint between the accep-
tor, the sulfamide, and the bead adjacent to the sulfamide and
another dihedral constraint between the acceptor, the sulfa-
mide, the bead adjacent to the sulfamide, and the donor.
These angles are shown in Fig. 4.

To capture an effectively directional H-bonding interaction
between the donor and acceptor groups on the sulfamide
bead, an isotropic 12-6 Lennard-Jones (LJ) potential®® (eqn
(4)) is used between the partially embedded donor and accep-
tor beads on different sulfamide beads. The partial embedding
of the “sticky” beads in the sulfamide bead ensures that the
interaction between the donor and acceptor is not isotropic
despite using an isotropic L] potential.

i (1) = e[ (%) "= (%)), r<r (@

In the above equation, oy = 0.2d. The value of ey is between
6 and 12 KT.

B Dihedral potential
Uginedaral(®) = k¢ (¢ — ¢0)2

Donor — neighboring repeating unit

— sulfamide bead — Acceptor

Fig. 4 Angle and dihedral potentials restricting the rotation of the sulfamide bead with respect to neighboring species. (A) An angle constraint
between the acceptor, the sulfamide, and the bead adjacent to the sulfamide. (B) A dihedral constraint between the acceptor, the sulfamide, the

bead adjacent to the sulfamide, and the donor.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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purely repulsive Weeks-Chandler-Andersen (WCA) potential:*°
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Uwea ( r) _ HB { - r WCA WCA

0, r> Z%UWCA
(5)

where ewca = 1 KT and owca = (0; + 6;)/2 with ¢; and o; being
the diameters of 7 and j beads.

3.2 New atomistically informed CG model

As in the generic CG model, the mapping of the donor and
acceptor beads in the new CG model is defined as follows: (1)
the donor beads (D1 and D2) are modeled using the center of
mass of the N-H group and (2) the acceptor beads (A1 and A2)
are positioned at the oxygen (O) atoms. To modify the relative
locations of the donor and acceptor beads in the new CG model,
we plot the probability distribution of the NH1-N1-N2-NH2 di-
hedral angle (Fig. 5A). The distribution shows two distinct
peaks, corresponding to the two most favorable configurations
of the NH (i.e., H-bonding donor) in the sulfamide functional
group; in contrast, the generic CG model assumed a dihedral
angle of 90° (denoted by the red arrow in Fig. 5A). For all three
polysulfamides - [6,6], [4,8], and [2,10] — we observe two peaks at
the same angles, highlighting similar structural preferences
across the polysulfamide backbone designs. In Fig. 5B, we show
the chemical structure of the gauche-like configuration that
corresponds to the first peak at a smaller angle (Fig. 5A), and the
trans-like configuration corresponding to the second peak at a
larger angle (Fig. 5A). Fig. 5C presents the distributions of D1-
COM-A1, D1-COM-A2, D2-COM-A1, and D2-COM-A2 angles
for all sulfamide groups in the chain observed from two
hundred configurations across three independent trials of ato-
mistic simulations of the [6,6] polysulfamide chain (Fig. S5 in
the ESI presents the corresponding distributions for the [4,8]
and [2,10] polysulfamidest). These distributions exhibit two
peaks corresponding to the two configurations that the donors
and acceptors adopt in the sulfamide group. Fig. 5D illustrates
these two configurations: Configuration-1 (gauche-like) and
Configuration-2 (trans-like). We update the bead positions of the
H-donor and H-acceptor in the new CG model (Fig. 5E) based on
these atomistically observed angle distributions between the
donor and acceptor beads. Fig. 5F specifies the exact positions
of the donor and acceptor beads within the sulfamide bead.
Now that we have defined the new atomistically informed
CG model, moving forward, we will refer to the generic CG
model as the “older CG model”. The new CG model that incor-
porates the H-donor and H-acceptor positions from
Configuration-1 will be referred to as “Config-1”, and the new
CG model using the positions from Configuration-2 will be
termed “Config-2”. These distinctions will help clarify how
each configuration influences the structural behavior of the
polysulfamide chains in the subsequent analyses. In this work,
we examine these two configurations to address the role of
donor-acceptor positions and understand the H-bonding pre-
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ferences in each case. Changes in the donor-acceptor posi-
tions result in changes in the equilibrium angle (6,) between
adjacent repeating units (Fig. 4). Table 1 highlights the key
differences between the older CG model and the updated
“Config-1” and “Config-2” CG models.

The other bonded and non-bonded potentials remain
unchanged from the older CG model.

3.3 CG molecular dynamics (MD) simulation protocol

We follow the same simulation protocol as reported by Wu
et al."* Briefly, we perform CG MD simulations in an NVT ensem-
ble using the LAMMPS package.'® Each polymer chain is initially
in an extended conformation. The total number of chains in the
simulation box is 100 in all cases. The chains are relaxed from
their initial extended state by compressing the cubic simulation
box to a size of 80d; this box size is chosen to avoid self-inter-
action of chains across the periodic boundaries of the simulation
box. We relax the polymer chains using the NVT ensemble with
T* = 1 using the Nosé-Hoover thermostat. We set all pairwise
non-bonded interactions to the WCA potential. We run the simu-
lation for 12.5 million timesteps, slowly compressing the box to
the desired size. This allows the chains to mix properly and relax
away from their initial extended form. Additionally, a completely
random well-mixed initial configuration state gives us confidence
that we do not have an initial configuration bias when we see seg-
regation as the simulation progresses.

After this initial relaxation of the polymer chains, we set the
non-bonded pairwise interaction between the donor and accep-
tor beads to the model-stipulated attractive L] potential. We
conduct a simulated annealing procedure where eyp, the LJ
interaction strength between donor and acceptor beads (D-A
attraction), is increased from 6.0 KT to 12.0 KT in increments of
0.2 KT every 10 million timesteps in the NVT ensemble with 7* =
1. This gradual increase in exg prevents the formation of kineti-
cally trapped assembled polymer structures at high H-bonding
strengths. By doing this equilibration and the production stage
for the system at each value of eyp before increasing it to the
next value of eyg, we avoid kinetic trapping while simultaneously
obtaining structural information at different H-bonding
strengths that can be replicated in experiments by tuning the
solvent quality and/or temperature. For example, increasing the
temperature is effectively the same as decreasing the value of
enp. Lastly, for each case, we run three independent trials to
account for statistical variability from trial to trial and to
confirm that we have avoided kinetically trapped morphologies.

In terms of analyses, similar to Wu et al, we quantify
H-bonding propensity, orientational, and positional order
among chains in the assembled structures at different eyp as a
proxy to relate with experimentally observed semi-crystallinity.
Hydrogen-bonding propensity ( fip) is calculated as

(total number of hydrogen bonds observed)
total number of donor or acceptor beads

fuw = (6)

We consider an H-bond to be formed when the distance
between the donor and acceptor of different sulfamide beads

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Probability distribution of the NH1-N1-N2-NH2 dihedral angle for three distinct polysulfamide designs, i.e., [6,6], [4,8] and [2,10]. The
first peak at a smaller angle corresponds to Configuration-1 (“gauche-like”), while the second peak at a larger angle represents Configuration-2
(“trans-like"). (B) Schematics of the two observed configurations of the N—H groups in the sulfamide group from atomistic simulations for the [6,6]
polysulfamide. (C) Distributions of D1-COM-A1, D1-COM-A2, D2-COM-AL, and D2-COM-A2 angles for all sulfamide groups in the chain derived
from two hundred configurations across three independent trials. (D) Two distinct configurations of the sulfamide group: Configuration-1 (gauche-
like) and Configuration-2 (trans-like). D1 and D2 denote the centers of mass of the N1-NH1 and N2—-NH2 groups, respectively, while COM rep-
resents the center of mass of the entire sulfamide functional group. Al and A2 indicate the two oxygen atoms within the sulfamide group. (E) CG
mapping shows the updated donor—acceptor bead positions in the CG model. The cyan bead highlights the acceptor bead, the yellow bead rep-
resents the donor bead, and the black bead (shown in transparency) indicates the sulfamide bead. (F) Tables of the updated donor—acceptor bead
positions in the CG model for both the configurations — Configuration-1 and Configuration-2.
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Table 1 Bonded potential values in the older CG model and our newly
updated CG model for the two configurations

Equilibrium Older CG Updated model Updated model
value model (“Config-17) (“Config-2”)

o 90° 81° 81°

bo 45° 131° 89.3°

is less than 0.35d. We quantify orientational order (i.e., align-
ment) among neighboring chains by plotting the probability of
the intersegment angle between H-bonded segments (ag)-
Lower values of ayp indicate higher orientational alignment of
chain segments within the polysulfamide assembly. This angle
is calculated for each pair of sulfamide beads that have at least
one hydrogen bond formed between them. For a given sulfa-
mide bead, we define its corresponding sulfamide “segment”
as the vector connecting the center of that sulfamide bead to
its adjacent bonded bead on the right. We also quantify pos-
itional order among chains using the radial distribution func-
tion (RDF) between sulfamide beads of different chains, to
understand local structural ordering within the assembled
polysulfamide structure.

We calculate fyg, agg and RDF for 10 configurations for
each simulation step at each eyp in each trial, starting at ¢ =
5000 000 timesteps and spaced out every 500 000 timesteps at
each eyg. We find that the variation between trials is greater
than the variation between the timesteps of an individual trial,
so we compute the mean across 10 configurations for each
trial and report the average and standard deviation of the
three trials’ means.

4 Results

4.1. Comparing structural trends observed using the new CG
model against those observed by Wu et al.

Before we present previously unreported results with the new
and improved polysulfamide CG model, we want to compare
the trends previously observed for different groups of polysul-
famides studied by Wu et al'* using both their older CG
model and our new atomistically informed “Config-1” and
“Config-2” CG models. Below is a brief summary of the groups
of polysulfamide designs that were studied by Wu et al
(Fig. S6 in the ESI presents the corresponding groupst):

e Group 1: This group examines polysulfamides with
varying lengths of the aliphatic repeating unit in the
backbone.

» Group 2: This group explores variations in non-uniformity
of alkyl segments on either side of the sulfamide within the
repeat unit.

« Group 3: This group explores variations in bulkiness
along the backbone, featuring polymers with aromatic groups
of varied sizes separated by a small methylene group.

As done in the work of Wu et al, we also calculate the
H-bonding propensity (fip) and the distribution of the inter-
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segment angle between H-bonded segments (ayp) for systems
of polysulfamides in the three groups. In Section 3 in the ESIL,{
we present a detailed comparison of these results from Wu
et al’s older CG model and our new atomistically informed CG
model. To keep this discussion brief, we present the key differ-
ences between the two models across all three groups.

1. The exp value at which the chains assemble is higher for
the two atomistically informed models as compared to the
older model. This means that for the atomistically informed
model of polysulfamide, the system of polysulfamide chains
needs a larger enthalpic gain (from favorable H-bonding con-
tacts) to overcome the entropic loss the chains undergo going
from a disordered unassembled state to assembled chains.

2. At the highest H-bonding strength (eyg = 12 KT), the
observed value of fip remains the same for all three models.
The distribution of intersegment angles between H-bonded
segments (ayp) for the atomistically informed model shifts to
higher values and exhibits a broader distribution compared to
the older model. This suggests that the chains are less orienta-
tionally ordered in the morphologies observed in the MD
simulations using the atomistically informed CG model than
they were in the older CG model.

To understand the model-induced differences in fyp and
orientational order, and to explore the factors contributing to
variations in the morphology, we analyze the manner of
H-bonding between sulfamides in the configurations sampled
with the older CG model and the two atomistically informed
CG models (“Config-1” and “Config-2”) at various eyg. In the
older CG model, we observe that a pair of sulfamide beads
could make two H-bonds with each other — D1 of the first bead
with A1 of the second bead and D2 of the first bead with A2 of
the second bead; for brevity we call this a “specific” H-bonding
pair. Such “specific” H-bonding configurations are not poss-
ible with the atomistically informed model of sulfamide. In
Fig. 6, we can see that in the older model, “specific”
H-bonding is prominent; in contrast, the atomistically
informed models show an insignificant number of “specific”
pairs, indicating a more extensive network of non-“specific”
H-bonding. This lack of “specific” H-bonding between a pair
of sulfamide groups broadens the range of intersegmental
angles and reduces the orientational order. We think that the
loss of entropy that chains undergo upon the formation of
such a network of H-bonds is likely more than the loss of
entropy that chains undergo when their sulfamide beads are
“specifically” H-bonded with each other. As a result, the value
of the H-bonding strength (eyp) at which the chains start to
assemble is higher for the two atomistically informed models
as compared to the older CG model; in other words, with ato-
mistically informed CG models, the energetic gain upon chain
assembly has to be higher to compensate for the larger entro-
pic loss than in the case of the older CG model. Lastly, the
number of H-bonds vs. H-bonding donor-acceptor strength
has a sharper transition for “Config-1” and “Config-2” than for
the older CG model, suggesting that the form of the transition
also changes from 2"%-order-like in the case of the older model
to 1°%-order-like in the atomistically informed model.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The number of H-bonds in [6,6] polysulfamide for (A) the older CG model and (B) one of the atomistically informed CG models (Config-1
and Config-2). The purple diamond indicates the total number of hydrogen bonds, and the indigo cross represents the number of “specific” hydro-
gen bonds as defined in the text. For each simulation, we compute the number of H-bonds from ten configurations collected. Error bars represent

the standard deviation of these means across the three independent trials.

As both Config-1 and Config-2 exhibit the same structural
organization (Fig. S7 in the ESIt) and H-bonding transition be-
havior (Fig. 6), with neither showing a “specific” H-bonding
pattern, for brevity, we use only Config-1 as the representative
atomistically informed model for the remainder of the paper.

The qualitative trends in the effect of polysulfamide design
on the structure of assembled chains remain consistent
between the atomistically informed CG model and the older
CG model (Section 3 in the ESI{). We see the same trends
observed by Wu et al. wherein increasing bulkiness (aliphatic
to aromatic) in the segments between the sulfamide group
reduces crystallinity in experiments and orientational and pos-
itional order in simulations. Secondly, for alkyl groups
between sulfamide beads, the shorter the length of alkyl
segment the larger the extent of positional and orientational
order. Thirdly, increasing non-uniformity between the seg-
ments on either side of the sulfamide increases the local pos-
itional order but does not impact the orientational alignment
of the self-assembled polysulfamide.'* Having compared the
systems of polysulfamides with one type of design, we now
shift our focus towards mixtures of different polysulfamide
designs.

4.2. Mixture of polysulfamides

4.2.1 Parameters varied. In this section we explore how the
miscibility of chains in a binary mixture is influenced by the
choice of segment length and chemistry in the two types of
polysulfamide chains in the mixture. We consider two types of
mixtures:

1. Binary mixtures of polysulfamides where the two types of
chains differ in the choice of segment length (Fig. 7A) between
the sulfamide beads in the repeating unit. In all chains, the
repeat unit contains 12 CH, groups and 2 sulfamide groups;
the chains differ in how these groups are distributed in the

© 2025 The Author(s). Published by the Royal Society of Chemistry

backbone. Fig. 2 presents the schematics of [6,6], [4,8], and
[2,10] repeat units in polysulfamides. We consider three cases:
(i) a mixture of [6,6] and [4,8] chains; (ii) a mixture of [6,6] and
[2,10] chains; and (iii) a mixture of [4,8] and [2,10] chains.

2. Binary mixtures of polysulfamides where the two types of
chains differ in the bulkiness of the segments next to the sul-
famide (Fig. 7B); in experiments, the bulkiness can be
increased through branching in the aliphatic segments or by
using aromatic groups along the backbone. Here, the bulki-
ness in the polysulfamides is denoted by [x;d], where x; indi-
cates the size of the bulky bead; for example, in the case of
[0.6d], the size of the bulky group bead is 0.6d. We study two
cases: (i) a mixture of [0.6d] and [0.8d] polysulfamides and (ii)
a mixture of [0.6d] and [1.5d] polysulfamides.

In both cases described above, the mixture composition is
denoted by the volume percent of the two chains ¢;:¢, =
25:75, 50:50 and 75 :25. In all mixtures, the total number of
chains is 100; this keeps the same number density of sulfa-
mides which is defined as the ratio of the total number of sul-
famide beads to the volume of the simulation box.

4.2.3 Varying segment length. To understand the miscibil-
ity within the mixtures (simulation snapshots in ESI
Fig. S15%), we calculate the inter-chain RDF (¢™*(r)) at the
highest H-bonding strength (eyp = 12 kT). We calculate the
cross-radial distribution function (g™*"(r)) between sulfamide
beads of chain A and sulfamide beads of chain B as follows:

Na» Ng

1
ZWZZ‘S(“ |Rai — Rg,j|)

=1 j—1

g (r)

7)

In eqn (7), A and B are sulfamide beads from two different
chain types. Ny is the number of sulfamide beads in chain type
X (x can be A or B). pg is the number density of sulfamide in
chain type B. R, is the coordinate of the /™ sulfamide bead in

RSC Appl. Polym., 2025, 3, 453-468 | 461
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Inter-chain sulfamide—sulfamide RDFs (g™*®'(r)) using the “Config-1" model for mixtures of (A) [6,6] and [4,8], (B) [6,6] and [2,10], and (C) [4,8]

and [2,10] for mixture compositions of 25 :75, 50:50 and 75: 25 at epg = 12 kT. The inset displays g"™®"(r) (on the y-axis) for r > 20d (on the x-axis),
highlighting the long-range spatial organization. For each simulation trial, we compute the mean RDF from ten configurations collected. Error bars
represent the standard deviation of these means from the three independent trials.

chain type x. A higher first peak in g% (r) indicates higher
mixing between the two types of chains in the mixture.

At all mixture compositions, the first peak for the [6,6] and
[2,10] mixture (Fig. 8B) is lower than that for the other mix-
tures (Fig. 8A and C), indicating a higher degree of demixing
for this mixture than for the others. In the RDFs of the sulfa-
mide beads within the same polymer type chains (not shown
here), i.e., g**(r) and g®®(r), a higher peak suggests that the
sulfamide groups of the same chain type are more clustered
together, indicating less mixing of the two types of chains. For
all compositions, we find that the extent of chain mixing
follows the following order at the highest H-bonding strength
(e = 12 KT) (Fig. S161): mixtures of [6,6] and [4,8] > mixtures
of [4,8] and [2,10] > mixtures of [6,6] and [2,10].

462 | RSC Appl. Polym., 2025, 3, 453-468

Despite distinct differences in mixture miscibility, as shown
in Fig. S17,} the propensity for H-bonding (fug) and the prob-
ability of the intersegment angle between hydrogen-bonded
segments (ayp) for all three mixtures are the same regardless
of the specific polysulfamide combinations or mixture compo-
sitions. Perhaps, this is expected based on our observation in
the homopolymer systems, where there was little to no vari-
ation in the propensity for H-bonding (fig) and the probability
of the intersegment angle between hydrogen-bonded segments
(oyp) for the [6,6], [4,8], and [2,10] chains despite having
different self-assembled morphologies (Fig. S117).

To tease out any difference in H-bonding between different
chain types and between the same chain types, we calculate r,
the fraction of H-bonding within the same chains, and nq4, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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fraction of H-bonding between different chains, i.e., a donor/
acceptor from a chain of type A hydrogen bonded with an
acceptor/donor from a chain of type B. Eqn (8) and (9) define
these fractions:

(total number of hydrogen bonds between the same type of chains)

View Article Online

Paper

increases, there is a stronger tendency for preferential
H-bonding between the same chain types, leading to increased
demixing. The mixtures of [6,6] and [4,8], as well as [4,8] and
[2,10], consistently show a low difference between ng and nq,

(8)

ng

~ total number of donor or acceptor beads in chain type A + total number of donor or acceptor beads in chain type B

(total number of hydrogen bonds between the different type of chains)

ng =

9
( total number of donor or acceptor beads in chain type A, ) ®)

total number of donor or acceptor beads in chain type B

In eqn (8), the denominator for ng is the sum of total
number of donors present in the system; in eqn (9), the
denominator for nyq is the maximum number of cross
H-bonding interactions possible which is equal to the number
of donors in the chains that is the minority composition in the
mixture. If ng ~ ng, the mixture is considered well-mixed, indi-
cating that the chains in the mixture do not distinguish
between different polymer designs when forming hydrogen
bonds. If ng > ng, then the mixture is demixed, meaning that
the polymers exhibit a strong preference for forming hydrogen
bonds with chains of the same design (Fig. S147).

In Fig. 9, we present a heat map showing the difference in
H-bonding between the same chain types (1) and between the
different chain types (n4) at each eyp. The heat map for the
[6,6] and [2,10] mixture (Fig. 9B) indicates that demixing (blue)
becomes more pronounced with increasing hydrogen-bonding
strength (eygp). As the content of [2,10] in the mixture

Chain A: [6,6] (¢,)

Chain A: [6,6] (¢,)

indicating that the chains do not distinguish the different
polymer designs and remain mixed across all mixture compo-
sitions. However, we observe some favorable H-bonding
between same-type chains for the 25:75 and 75:25 compo-
sitions for the [6,6] and [4,8] mixture. Similarly, for the [4,8]
and [2,10] mixture, more favorable H-bonding occurs between
same-type chains at a 75: 25 mixture composition. These heat
maps serve as a visual aid into how different combinations of
polysulfamides, and their proportions affect the mixture’s
overall miscibility under various H-bonding conditions.

Simply out of curiosity, we also compared these mixture
results using the older model from Wu et al. and present those
results in Fig. S18-S21.1 For the intermolecular RDF (g™™*'(r)) for
the [6,6] and [2,10] mixture, at the same H-bonding strength and
mixture composition, we observe a larger peak height with the
“Config-1” model, indicating a more mixed mixture than with
the older CG model. As stated before, the chains modeled with

Chain A: [4,8] (¢,)
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Fig. 9 Heat maps showing the difference in H-bonding between identical chain types (ns) and different chain types (ng) using the atomistically
informed CG Config-1 model for the three mixtures — (A) [6,6] and [4,8], (B) [6,6] and [2,10], and (C) [4,8] and [2,10] - at varying H-bonding strengths

(y-axis) and mixture compositions (x-axis).
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the older CG model have more specific H-bonds (where the same
pair of sulfamide beads form two H-bonds) which are maximized
within same type of chains, leading to more demixing than with
the “Config-1” model. Even though the RDFs differ, the general
trend in miscibility across different blend types and compo-
sitions is consistent between the older and the newer models.

To understand how the relative placement of H-bond
donors and acceptors influences the entropy loss upon assem-
bly, we calculate a parameter that can serve as a proxy for the
entropy of mixing, defined as

Smix = —p1 1og p1 — ps log p, (10)

where p,; represents the probability of neighboring contacts
between chains of the same type and p, represents contacts
between distinct types of chains. The probabilities are calcu-
lated as follows:

C G
= ar + CB (11)
Caa + Cpg + Cap
C
P AP (12)

" Can+ Cis + Cas

where Cu, Cgp and Cap represent the number of contacts
between sulfamide beads in chain A, chain B, and between
different chains, respectively, as sampled in our unbiased
simulations. Two sulfamide beads are considered to be in
contact if their distance is less than a cutoff value (1.5d),
which is determined based on the first valley of the RDF.

In Fig. 10, we compare the values of this term S, for the
two models across various H-bonding strengths and mixture
compositions. In each plot, we can see that as the H-bonding
strength (x-axis) increases, the S, value decreases. At low
values of the H-bonding strength, the chains do not assemble
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and remain dispersed in the solution with a high Sy, value. As
the H-bonding strength increases, the chains form H-bonds and
assemble, and the value of Sy,x drops. In the assembled state,
the more demixed the chains are, the lower the value of S,,;.. For
the mixture [6,6] + [2,10] where we observe a demixed state at
high H-bonding strengths, the change in Sy,x values from low to
high H-bonding strengths is smaller for the atomistically
informed CG model configurations than for the older CG model.
4.2.4 Varying bulkiness. In this sub-section, we describe
results analogous to those in Section 4.2.3 for mixtures of poly-
sulfamides that differ in the bulkiness of the segments on either
side of the sulfamide group. In the homopolymer simulations
presented in the work of Wu et al. and our replicated simu-
lations, upon increasing the bulkiness of the segments on either
side of sulfamides, the chains become more disordered (i.e., less
assembled) because the bulky segments hinder the formation of
H-bonds. In the experiments presented in the work of Wu et al,
increasing bulkiness in segments led to decreased crystallinity.
Simulations of mixtures containing two types of chains
with differing bulkiness (simulation snapshots in Fig. S227)
show how mixing two types of chains of varying bulkiness can
affect positional and orientational order. In Fig. 11, we quan-
tify the g"™*"(r) for mixtures at the highest H-bonding strength
(ems = 12 KT) using configurations sampled from the “Config-
1” model. The first peak for the mixture of [0.6d] + [0.8d] is
higher than that for the mixture of [0.6d] + [1.5d], indicating a
greater degree of mixing among chains with similar bulkiness.
In Fig. S23,T we present a heat map showing the difference
in H-bonding between the same chain types (1) and between
different chain types (ng) at each eyp. The heat map for the
[0.6d] + [1.5d] mixture shows demixing with increasing hydro-
gen-bonding strength (eyp). As the volume percent of [0.6d]
chains in the mixture increases, there is a stronger tendency

B Atomistically informed CG Model

Pa: Pp
— 2575
====50:50

Chain A + Chain B
[6,6] + [4,8]
[6,6] + [2,10]
[4,8] +[2,10]

enp [KT]

Fig. 10 Values of Sy« for various mixtures as sampled from configurations using (A) the older model and (B) the atomistically informed CG “Config-
1" model. The green color represents the mixture of [6,6] and [4,8], the grey color represents the mixture of [6,6] and [2,10], and the orange color
represents the mixture of [4,8] and [2,10]; the changing mixture composition from 25:75 to 50: 50 to 75: 25 is depicted with increasing intensity of
the lines (lighter to darker). For each simulation trial, we compute the mixing entropy from ten configurations collected. Error bars represent the
standard deviation of the mean mixing entropy values from the three independent trials.
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Fig. 11 Inter-chain sulfamide-sulfamide (g"®'(r)) RDFs using the atomistically informed CG “Config-1" model for (A) the [0.6d] and [0.8d] mixture
and (B) the [0.6d] and [1.5d] mixture at compositions of 25 : 75, 50 : 50 and 75: 25 at ey = 12 kT. The inset displays g"™®'(r) (on the y-axis) for r > 20d
(on the x-axis), highlighting the long-range spatial organization. For each simulation trial, we compute the average RDF from ten configurations col-

lected. Error bars represent the standard deviation of these means from the three independent trials.

for preferential H-bonding between the same chain types, indi- prefer to form H-bonds with [0.6d]; H-bonding between same-
cating that the mixture is evolving towards more demixed type chains increases with increasing volume percent of the
domains. In the mixtures of [0.6d] + [0.8d], the [0.8d] chains [0.6d] chains in the mixture. In Fig. S24, we observe a higher
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Fig. 12 Values of S,ix for various mixtures as sampled from configurations using (A) the older model and (B) the atomistically informed CG “Config-
1" model. The orange shading represents the mixture of [0.6d] and [0.8d] and the red shading represents the mixture of [0.6d] and [1.5d]. Lighter to
darker lines show the changing mixture composition from 25:75 to 50:50 to 75:25. For each simulation, we compute the mean mixing entropy
from ten configurations collected. Error bars represent the standard deviation of these means across the three independent trials.
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peak of g"™ (r) for the mixture of [0.6d] and [1.5d] and a lower
first peak of g®® (r) because the bulkier [1.5d] chains do not
aggregate. As a result, the mixtures of [0.6d] + [1.5d] have
decreasing propensity of H-bonding with increasing volume
percent of the [1.5d] chains (Fig. S25%).

In Fig. S26-S29,f we compare the above results for the
“Config-1” model with those we obtained with the older CG
model. In Fig. 12, we compare the Sy, values between the two
models for varying mixture compositions and H-bonding
strengths. For both models, the mixture with chains of similar
bulkiness, i.e., the [0.6d] + [0.8d] mixture, exhibits more mixed
states and a smaller change in Sy, values with increasing
H-bonding strength. For both models, the mixture with
differing bulkiness demonstrates a non-monotonic trend in
Smix With increasing H-bonding strength; this effect is more
pronounced in the atomistically informed “Config-1” CG
model than in the older CG model.

5 Conclusions

In this work, we modified an older generic polysulfamide CG
model by incorporating atomistically observed angle and di-
hedral distributions to refine the donor and acceptor bead
positions. This modification provides an atomistically
informed representation of the sulfamide functional group,
enabling more accurate simulations of polysulfamide chains
compared to the older generic CG model of Wu et al. In the
first part of this paper, using the new atomistically informed
CG model, we captured structural trends in polysulfamide
chains that align with those reported by Wu et al. in prior
work using the generic CG model. Specifically, we observed
that shorter contour lengths between sulfamide groups
enhance H-bonding, increased segment bulkiness hinders
both H-bonding and orientational order within assembled
chains, and chain non-uniformity does not affect orientational
order within the assembled chains. While the qualitative
trends align with those of the older CG model, the atomisti-
cally informed CG model exhibits a quantitatively higher pos-
itional order and lower orientational order in the assembled
chain structures. This difference in morphology arises from
changes in the H-bonding pattern between the two models. In
the atomistically informed CG model, H-bonding between
donors and acceptors within the same pair of sulfamides is
not possible, which reduces the positional and orientational
order among the assembled chains as compared to the older
CG model.

In the second part of this paper, we simulated mixtures of
polysulfamides using the atomistically informed CG model with
the goal of understanding the factors that influence the mixing
or demixing behavior. We establish design principles involving
variations in segment length and chain bulkiness for controlling
semi-crystallinity (i.e., positional and orientational order) within
polysulfamide materials. Our findings suggest that:

(i) In polysulfamide mixtures with varying segment lengths,
a larger difference in segment lengths between the two types
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of polysulfamides in the mixture leads to the formation of
demixed domains, despite favorable inter-chain H-bonding.
We find the miscibility in mixtures of [6,6] and [4,8] > mixtures
of [4,8] and [2,10] > mixtures of [6,6] and [2,10].

(ii) In polysulfamide mixtures with varying bulkiness, less
bulky chains tend to aggregate due to H-bonding more readily
than bulkier chains. Simulation results show that greater
differences between the backbone groups lead to the for-
mation of separate domains by the less bulky chains, resulting
in demixing within the mixture. Less bulky groups form aggre-
gates, while bulkier groups intermingle with these aggregates,
promoting enhanced mixing. We find that chain mixing
follows the order: mixtures of [0.6d] and [0.8d] > mixtures of
[0.6d] and [1.5d].

These CG MD simulation results clarify how structural
differences influence phase behavior in polysulfamide mix-
tures, contributing to a deeper fundamental understanding of
this new class of polymers - polysulfamides - that have the
potential to serve as a sustainable alternative to the commodity
plastic, polyurea. Our findings may be specific to one class of
polymers but they highlight the role of H-bonding site place-
ment, interaction strength, and side group bulkiness in deter-
mining the morphology of polymer mixtures. For other classes
of polymers, we direct the reader to the review articles by He
et al’® and Kuo et al.'® that summarize experimental and
simulation studies on polymer blends and mixtures and the
role of donor acidity, acceptor basicity, side group bulkiness,
spacer length, chain rigidity, solvent effects, steric hindrance,
and temperature in H-bonding-driven self-assembly.
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