
Molecular Simulation and Design of High-χ Low-N Block
Oligomers for Control of Self-Assembly Behavior

A DISSERTATION

SUBMITTED TO THE FACULTY OF THE GRADUATE SCHOOL

OF THE UNIVERSITY OF MINNESOTA

BY

Zhengyuan (Don) Shen

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

Advisors: J. Ilja Siepmann, Timothy P. Lodge

Feb, 2022



© Zhengyuan (Don) Shen 2022

ALL RIGHTS RESERVED



Acknowledgements

First and foremost, I would like to give my great appreciation to both my PhD advisors,

Prof. Ilja Siepmann and Prof. Tim Lodge for their continuous support and guidance

throughout my PhD career. Their advanced advising philosophy and professional in-

sights allowed me to have plenty of freedom in choosing interesting research topics, to

acquire detail-oriented independent thinking and problem solving skills, which will be

pivotal to success in my future career. I am also grateful for all the opportunities to

participate in state-of-the-art research topics and collaborations, as well as industrial

internships, which broadened my horizon and made me think about the big picture.

Without their support, these will be impossible.

Second, I also want to thank Prof. Mahesh Mahanthappa, Prof. David Morse, Prof.

Kevin Dorfman, Prof. Stefano Martiniani, Prof. Ju Sun, for providing lots of important

suggestions on my research projects. In addition, I want to express my gratitude towards

who have spent time and efforts in helping and discussing with my projects, as well as

improving my technical skills. I would like to specifically thank Dr. Qile (Paul) Chen for

the hands-on guidance on my research projects during the early phases of my graduate

research and the insightful career advice along the journey. I want to thank Dr. Shuyi

Xie for collaborations on the oligomer/electrolyte mixture project; Dr. Ke (Lucas) Luo,

Daoyuan Li, Dr. Sojung Park, Viktoriia Vernadskaia, Dr. Jingyi Chen, Dr. Piril Ertem,

and Dr. Leonel Barreda for collaboration on the block oligomer self-assembly projects;

i



Yangzesheng (Andrew) Sun for collaboration on the PointNet project and his efforts to

accelerate many of the analysis programs; Ramanish Singh, Dr. Tyler Josephson, Dr.

Robert DeJaco, Dr. Aaron Lindsay, Dr. En Wang, Dr. Jesse Prelesnik, Bo Zhang,

Joseph Hassler, Dr. Tao Yang, and Sanshui Pan for plenty of helpful discussions about

my projects. I also feel lucky for being in the Siepmann and Lodge groups with the help

and support from both former and current group members.

I want to thank the funding for my projects from National Science Foundation

through the University of Minnesota MRSEC, the computational resources from Min-

nesota Supercomputing Insitute at the University of Minnesota. In addition, I want to

thank Seagate and Experian Datalabs for kindly offering internship opportunities.

To my family, thank you for always supporting my decisions and forgiving me for

not being around for so many years, I miss you. To my girlfriend, Maggie, thank you

for always lifting my spirits when I was down. You are everything that I ever imagined

in life, I love you. To my friends at University of Minnesota, thank you for bringing

so much happiness and turning the simplest days into extraordinary ones, I will cherish

these moments.

ii



Dedication

To those who held me up over the years.

iii



Abstract

Multi-component oligomer systems are exciting candidates for nanostructured func-

tional materials, due to the wide variety of their self-assembled morphologies with ex-

tremely small feature size. However, experimentally screening through the vast design

space of molecular architectures can be extremely laborious. Therefore, guidance from

predictive modeling is essential to reduce the synthetic effort. This dissertation dis-

cusses the predictive design of self-assembling block oligomer systems using molecular

simulations, and the development of computer vision models for automated morphology

detection for simulation trajectories. Work presented in this thesis creates a roadmap for

efficient computational screening of shape-filling molecules, thus accelerating the design

and discovery of nanostructured functional materials.

First, with the aid of experimentally-validated force fields, molecular dynamics simu-

lations were exploited to design: 1) a series of symmetric triblock oligomers that can self-

assemble into ordered nanostructures with sub-1 nm domains and full domain pitches as

small as 1.2 nm, 2) Blends of a lamellar-forming diblock oligomer and a cylinder-forming

miktoarm star triblock oligomer leading to stable gyroid networks over a large composi-

tion window. Similarities and distinctions between the self-assembly phase behavior of

these block oligomers and block polymers are discussed.

Second, existing simulation data were used to train deep learning models based on

three-dimensional point clouds and voxel grids. The pretrained neural networks can

readily detect equilibrium morphologies, and also give rich insights of emerging patterns

throughout new simulations with different system sizes and molecular dimensions.
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Chapter 1

Introduction

1.1 Motivation

Homopolymers (e.g., polyethylene, polypropylene, and polystyrene, etc.) occupy a large

share of the global commodity plastic market, with strong demands in packaging, con-

sumer goods, and pharmaceutical industries [1]. However, there is a growing interest in

multi-component polymeric materials such as polymer blends and block polymers due

to their enhanced material properties including mechanical, optical, electrical, trans-

port, and catalytical properties. [2, 3, 4, 5, 6, 7, 8, 9, 10] These desired properties are

often unattainable by homopolymers, but can be achieved by tuning the chemical struc-

tures of individual components of the multi-component systems. For example, block

polymers containing immiscible blocks can spontaneously self-assemble into a variety of

nanostructures including lamellae (LAM), hexagonally-packed cylinders (HPC), body-

centered cubic (BCC), and bicontinuous network phases (NET) [11] with dimensions

ranging from tens to hundreds of nanometers. Among these structures, lamellae and

cylinders are great candidates for templating microelectronic devices targeting higher

data storage density, higher computational e�ciency and reduced energy consumption.

1
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[12, 13, 14, 15, 16] Numerous three-dimensional network structures based on multiply

periodic surfaces (e.g., Schoen-Luzatti gyroid (G), Schwarz diamond (D), Schwarz prim-

itive (P)) [17] allow independent tuning of orthogonal properties in a single material

due to their bicontinuous nature. [18] For instance, block polymers and polymer blends

containing one ion-compatible component with high charge mobility and another com-

ponent with mechanical robustness are promising for structured ion transport media in

lithium ion battery applications. [19, 20, 4, 5, 6]

With the exciting opportunities o�ered by nanoscale self-assembly, rational bottom-

up design of nanostructured functional materials from the molecular level is essential.

The design requires particular understanding of the structure-property relationship,

which can be considered as the relevance between chemical structures and the result-

ing physical and thermodynamic properties. However, experimentally screening multi-

component polymer systems with tailored functionalities from a enormously large design

space is a daunting task. Thus, computational materials design through predictive mod-

eling is often considered as a pioneering strategy to help narrow down candidates in

the design space. [16, 21, 22, 23, 24] Molecular simulation has been one of the most

prominent discovery tools in the �eld of science and engineering. [25] Monte Carlo

(MC) and molecular dynamics (MD) simulations are the mainstream simulation tech-

niques in modeling the polymer phase behavior that target thermodynamic, transport,

and structural properties. [26] In molecular simulation, each molecule is modeled as a

collection of �pseudo-atoms�, where �pseudo-atom� is a representation of one or several

atoms. �Force �elds� are mathematical formulae along with associated parameters to

describe the interactions as a function of simulation coordinates, which are commonly

calibrated to experimental or quantum mechanical data. Properly �tted force �elds

that are transferable to a large variety of di�erent systems can be e�ectively used for

predictive modeling and materials discovery. In addition, molecular simulations o�er
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microscopic details (e.g., clustering, hydrogen-bonding, polymer chain conformation, in-

terfacial curvature) that are often hard to access by experimental measurements, which

can bring tremendous bene�t in understanding the structure-property relationship.

Miniaturization of self-assembled feature dimensions has attracted a great deal of

interest targeting applications including nano�ltration membranes and nanopatterning.

[14, 27, 28, 29] In block polymer systems, the most important driving factors that govern

the microphase separation are: the volume fraction for one blockf , the degree of poly-

merization N , and the Flory-Huggins interaction parameter � . [30, 31] For a diblock

polymer, the chain length (� N ) can a�ect the translational and con�gurational entropy,

while the magnitude of � indicates the strength of interactions between the two blocks,

which contributes to the enthalpic part of free energy (� is inversely correlated with

temperature). Since forming discrete microdomains requires reducing contacts between

distinct blocks, segregation can occur either by having su�ciently largeN which leads

to local compositional ordering at the loss of combinatorial entropy, or by introducing

chemically-distinct segments or decreasing temperature to increase� . In contrast, when

either � or N is too small, a compositionally disordered phase should be expected due

to the entropy penalty and therefore the reduced incompatibility between the distinct

blocks. In fact, �N can be viewed as a joint incompatibility factor. Mean-�eld theory

[32, 31] predicts that for volumetrically-symmetric diblock copolymers, microphase sepa-

ration occurs when�N is greater than 10.5, as shown in Figure 1.1. Because the feature

dimensions of the self-assembled structures scale withN 2=3, [33] designing �high-� -low-

N � materials has been demonstrated as an e�ective strategy to further push the feature

dimensions to � 5 nm. [34, 35, 36, 37, 38, 39, 40, 41, 42, 43] In even more extreme

scenarios, the limit can be pushed under 3 nm by self-assembly of thermotropic liquid

crystals such as glycolipids, [44] T-shaped amphiphiles, [45, 46, 47] and block oligomers.

[16, 48] However, further shrinking the feature size becomes harder as it is approaching
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the fundamental physical barrier of the size of a few atoms.

Figure 1.1: Stable morphologies in AB diblock copolymer melts as a function of volume
fraction of block A ( f ), including L (lamellae), H (hexagonally-packed cylinders),Q230

(gyroid), Q229 (body-centered cubic spheres), and CPS (close-packed face-centered cubic
or hexagonal spheres). From Cochran [49], Copyright 2006. Reproduced with permission
from American Chemical Society.

Among all the self-assembled morphologies, network structures (NET) are without

doubt the most intriguing considering the widest application scope. However, the acces-

sibility of the network is limited for linear block polymers due to the narrow composition

windows. In these networks, the interface of the nodes/connectors of the minority com-

ponent exhibit negative Gaussian curvature, which results in a large deviation from the

constant mean curvature (CMC). [50] As a consequence, NET stability is constrained by

the packing frustration induced by the non-uniform curvature. To design NET-forming

molecules in a bottom-up fashion, identifying the �shape-�lling� motifs is pivotal while

tuning the molecular architecture of self-assembling amphiphiles. Since NETs such as

gyroids often lie between LAM and HPC in composition space, a promising strategy is
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to search for amphiphiles with �shape-�lling� motifs that break CMC by destabilizing

the LAM and HPC structures.

In molecular simulations of self-assembling amphiphiles, due to the �nite size of

the simulation box, results can di�er from the equilibrium behavior of an in�nite sys-

tem in the thermodynamic limit. [51] Therefore, incommensurability can exist be-

tween the domain spacing of the ordered structure and the periodicity of the simulation

box. [52] With the current computational power, atomistic simulations of block poly-

mers/oligomers will be prohibitively ine�cient when the number of molecules exceed

the order of 103, thus the incommensurability e�ect can be an issue since the size of the

simulated amphiphiles is non-trivial in comparison to the dimensions of the simulation

box. For structures like LAM or HPC that are periodic in one or two dimensions, incom-

mensurability can be accommodated by using orthorhombic simulation boxes that allow

independent �uctuations in x� , y� , and z� directions. [52, 53] Therefore, preferred

domain spacing can be reached through rotations, lateral expansions or contractions in

the perpendicular direction to the lamellar planes or the cylinder axis. However, for

three-dimensionally periodic structures such as body-centered cubic (BCC) or NETs,

tackling the commensurability issue becomes much more challenging, since the simula-

tion box must contain exactly integer multiples of the translational unit cell. Therefore,

the unit cell lattice parameter and the number of molecules per unit cell must be known

a priori . Meanwhile, the possibility of di�erent types of NET structures adds another

level of complexity. Even with the correct system size for the correct morphology, the

structure must align to proper orientations, otherwise the equilibrated system is often

distorted and metastable, which is in fact unstable in the thermodynamic limit. As

also mentioned in previous simulation studies, [54, 55, 56, 57], �ne-tuning system size in

simulation is critically important for accessing NET structures. One idea is to incorpo-

rate �eld-based thermodynamic integration methods to compare stabilities of possible
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candidate structures. [58, 59]

Fast and accurate structure characterization methods are indispensable in compu-

tational design of self-assembly systems. In molecular simulations, spatial information

including atomic coordinates and identities enables quantitative structural analysis that

connects with macroscopic observations. Computing the structure factor is most fre-

quently used for morphology characterization during molecular simulations, where the

speci�c geometry and symmetry can be inferred from the positions and relative inten-

sities of characteristic peaks. [60, 61, 62] Most importantly, it allows direct comparison

with x-ray scattering patterns from experiments. As an example, in our joint experimen-

tal and simulation study of a model amphiphile with a sorbitol-like head and a linear

alkyl tail (LAM-forming), the structure factor computed from MD simulation showed

excellent agreement with the pattern from medium-angle x-ray scattering (MAXS). [48]

Despite the e�ectiveness of structure factor for simulated systems, useful information

can only be extracted when the system reaches, or close to an equilibrium. For com-

putational design and screening process, system sizes large enough to cover su�cient

number of periodic unit cells are necessary to ameliorate the �nite system size e�ect in

simulations. The cost associated with computing structure factor scales withO(N 2) (N

denotes the number of interaction sites), and recent advances in parallel CPU and GPU

computing has enabled ultra-fast large matrix multiplication. [63, 64, 65]. However, the

prolonged simulation trajectory can still bottleneck the screening process and reduce the

throughput.

Recently, deep learning techniques based on neural networks have started to make im-

pacts on chemical science such as targeted generation of molecules, machine learning ac-

celeratedab initio simulation, and guided exploration of chemical space. [66, 67, 68, 69]

Simulation structure detection could be considered as 3-D computer vision, where fea-

tures such as atomic positions and identities can be utilized as inputs for neural networks
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Figure 1.2: Proposed roadmap for computational materials design and discovery aided
by machine learning

to achieve structure prediction as output for a classi�cation task. By leveraging archi-

tectures of computer vision models like PointNet [70, 71] and VoxNet, [72] automated

morphology detection tool can be developed to analyze the simulation trajectory on

the �y. Most importantly, the neural networks are good at learning discriminative fea-

tures, and therefore giving probabilistic insights for di�erent morphologies. This allows

possible discovery of non-equilibrium, emerging structures in molecular simulations and

may guide the design of shape-�lling amphiphiles with ordered NET morphologies. Ac-

celerated by neural-based structure detection models that are pretrained using existing

simulation data and data augmentation strategies, a roadmap for e�cient computational

screening of nanostructured functional materials could be established as shown in Figure

1.2. In the long run, as increasingly large numbers of self-assembling molecules being

discovered and stored in the database, graph neural networks (GNNs) can be trained

to encode the molecular architecture and the resulting shape-�lling motifs. This could
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be an exciting solution to the ultimate goal of predicting self-assembled morphologies

directly from molecular structure at di�erent conditions.

Based on the aforementioned challenges, the goals of this thesis are: 1) designing

special molecular architectures to push the lower extreme of self-assembled feature size

to sub-2 nm, 2) achieving stable NET nanostructures in simulation by destabilizing

LAM and HPC with special attention to system size optimization, and 3) developing

e�ective and e�cient neural network models for phase detection during simulation. Such

advances can be applied to facilitate the understanding of structure-property relationship

and therefore high throughput design and discovery process of nanostructured functional

materials.

1.2 Thesis Overview

Chapter 2 discusses the computational design of a series of symmetric triblock am-

phiphiles (or high-� block oligomers) comprising incompatible sugar-based (A) and hy-

drocarbon (B) blocks that can self-assemble into ordered nanostructures with sub-1 nm

domains and full domain pitches as small as 1.2 nm. The ordered morphologies include

lamellae, perforated lamellae, and hexagonally perforated lamellae, depending on the

chain length and block sequence. The self-assembly of these amphiphiles bears some

similarities, but also some di�erences, to those formed by symmetric triblock polymers.

In lamellae formed by ABA amphiphiles, the fraction of B blocks �bridging� adjacent

polar domains is nearly unity, much higher than that found for symmetric triblock poly-

mers, and the bridging molecules adopt elongated conformations. In contrast, �looping�

conformations are prevalent for A blocks of BAB amphiphiles. Above the order�disorder

transition temperature, the disordered states are locally well-segregated yet the B blocks

of ABA amphiphiles are signi�cantly less stretched than in the lamellar phases. Analysis

of both hydrogen-bonded and nonpolar clusters reveals the bicontinuous nature of these
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network phases. The results from this chapter furnishes detailed insights into struc-

ture�property relationships for mesophase formation on the 1 nm length scale that will

aid further miniaturization for numerous applications.

Chapter 3 presents results from MD simulations of blend systems of a AB-type di-

block and a AB2-type miktoarm triblock amphiphiles (high- � block oligomers) with

chemically-distinct sugar-based (A) and hydrocarbon (B) blocks. The AB diblock and

AB2 triblock amphiphiles can self assemble into ordered lamellar (LAM) and cylindrical

(CYL) structures individually. The results in this chapter show the formation of double

gyroid (DG) networks and perforated lamellae (PL) at intermediate mixture composi-

tions. All the self-assembled nanostructures present domain pitches under 3 nm, with 1

nm feature size for the polar domains. Structural analysis reveals that the non-uniform

interfacial curvature of DG and PL structures is induced by variation in shape-�lling

motif by mixing LAM and CYL forming amphiphiles. Self-consistent mean-�eld the-

ory (SCFT) calculations for blends of AB and AB2 block polymers also showed DG

formation at intermediate compositions when A is the minority block. The results in

this chapter provide molecular-level insights on how blending of shape-�lling molecular

architectures enables the formation of network phases with extremely small feature sizes

over a wide composition range.

Chapter 4 documents the development of a PointNet for detection of nonlocal ordered

morphologies of complex block oligomers using simulation point clouds. The PointNet

was trained using atomic coordinates from molecular dynamics simulation trajectories

and synthetic point clouds for ordered network morphologies that were absent from

previous simulations. In contrast to prior work on simple molecules by DeFever et al.

[73], large point clouds with 1000 or more points are needed for the more complex block

oligomers. The trained PointNet model achieves an accuracy as high as 0.99 for globally

ordered morphologies formed by linear diblock, linear triblock, and 3-arm and 4-arm
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star-block oligomers, and it also allows for the discovery of emerging ordered patterns

from nonequilibrium systems.

Chapter 5 describes FTCNN, a three-dimensional convolutional neural network for

global morphology detection using the Fourier-transformed occupancy grids of simula-

tion frames. The FTCNN was trained using the same raw data as the PointNet in

Chapter 4 and is e�ective in extracting global �ngerprints of self-assembled structures

and more advantageous than PointNet for systems with larger system sizes or oligomers

containing more repeat units. The FTCNN presented in this chapter can be used along

with the PointNet for e�ective and automated morphology detection during molecular

simulations.

Chapter 6 investigates the thermodynamic and structural e�ect of electrolytes on

oligomers and oligomer blends. Gibbs ensemble Monte Carlo simulations for salt-doped

oligo(ethylene oxide) solutions indicate that the presence of ions leads to signi�cant

increases in the cohesive energy density (� CED ) and the enthalpy of vaporization for OEO

chains but that compensation by entropic contributions leads to only small changes in the

Gibbs free energy of transfer and vapor pressure. At the same relative ion concentration

(r ) and temperature, di�erent types of salt lead to di�erences in � CED values of the

salt-doped systems. Structural analysis indicates signi�cant ion clustering in addition to

coordination of cations by OEO chains. After accounting for ion clustering via the van't

Ho� factor, the solvent vapor pressures are well described by Raoult's law. Experiments

and simulations for a squalane/tetraethylene glycol dimethyl ether blend show that the

addition of salt signi�cantly alter the miscibility gaps in the mixture phase diagram.

These results illustrated increased e�ective interaction parameters (� e� ) between the

two components with the addition of salts.



Chapter 2

From order to disorder:

Computational design of triblock

amphiphiles with 1-nm domains

2.1 Introduction

Block polymers and oligomers, composed of two or more chemically disparate segments,

are a class of versatile self-assembling soft materials, [74] which form a variety of exquisite

nanostructures for applications including ion transport membranes for batteries and

fuel cells, [4, 5, 6, 7] and templates for inorganic oxide catalysts and nanophotonics.

[8, 9, 10] Reducing their self-assembled feature size (sub-5 nm) has long been a focus

of research to ameliorate challenges associated with further miniaturization of existing

technologies. Lamellar (LAM) and hexagonally-packed cylinder (HPC) morphologies

This chapter is reproduced in part with permission from (Z. Shen, J. L. Chen, V. Vernadskaia, S. P.
Ertem, M. K. Mahanthappa, M. A. Hillmyer, T. M. Reineke, T. P. Lodge, J. I. Siepmann, �From Order
to Disorder: Computational Design of Triblock Amphiphiles with 1 nm Domains�, J. Am. Chem. Soc.
2020 , 142, 9352�9362)
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with smaller periodicities present routes to enhanced feature densities in microelectronic

devices. Smaller-scale interpenetrating and percolating morphologies, such as ordered

networks (e.g., gyroid) [75, 27] and bicontinuous phases without long-range order, [76,

77, 78, 79] are excellent candidates for next-generation nano�ltration membranes with

extremely small pore sizes. [80, 81] The domain-size limit of block polymer self-assembly

has been pushed to sub-10 nm using low molar mass (N ) and incompatible blocks with

high Flory-Huggins-like interaction parameter (� ), by introducing silicon-containing, [34,

35, 36, 37, 38, 39] �uorine-containing, [40] packing-frustrated, [82] or hydroxylated [42,

83, 84] segments. Although AB diblock polymers have been emphasized in these studies,

symmetric ABA triblock polymers have also received some attention. They exhibit very

similar phase behavior in the strong segregation regime, [33, 85, 86, 87, 88] where ABA

triblocks can assemble into much smaller dimensions than their diblock counterparts

for NABA = NAB but with a lower order-disorder transition temperature, TODT . [89]

Conversely, the dimensions are similar forNABA = 2 NAB but here TODT is higher for the

triblock. Another important distinction is the �bridging� conformation in ABA triblocks,

in which the middle B blocks connect the otherwise separated A domains. [90, 91]

For block polymers, the presence of molecules in bridging conformations signi�cantly

enhances the mechanical properties of the ordered phases. [92, 86] With other features

including their smaller interfacial width and line-edge roughness, [86, 93] ABA triblock

polymers stand out for a variety of applications.

Further reduction of the segregated domain size using block polymers is challenging,

yet it could be achieved by amphiphilic liquid-crystalline materials in the absence or

presence of water. [94, 95, 96, 28, 29] Liquid crystals form ordered mesophases analo-

gous to those observed in block polymer self-assembly, albeit by di�erent mechanisms.

Self-assembly in block polymers is usually guided by minimizing the interfacial free
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energy and polymer chain stretching entropy penalty, while for liquid crystals, short-

ranged intermolecular interactions [97] or shape anisotropy [36, 98] often play a more

important role. From a synthesis-based perspective, there is a clear distinction whether

a block is synthesized by coupling of monomers or consists of a molecular precursor

(e.g., glucose and 1-dodecene [48]). However, from a physical-property perspective,

there is no clear borderline between the self-assembly behavior of block pol-mers, block

oligomers, and liquid crystals (or �block molecules� [99, 100]). In fact, many e�orts

have been devoted to bridging the phase behaviors of diblock polymers and liquid crys-

tals, [101, 102, 103, 104] including studies on solvent-free thermotropic liquid crystals.

[105, 106, 107] Amphiphilic, liquid-crystalline molecules with structures akin to ABA

triblock polymers are sometimes referred as bolaamphiphiles, [108, 109] where two hy-

drophilic headgroups (A) are attached to a hydrophobic core (B). Synthetic strategies

targeting such structures have been developed. For example, Meijer and co-workers

reported the self-assembly of discrete oligo(dimethylsiloxane) triblock co-oligomers that

adopt sub-10 nm HPC and LAM morphologies. [89, 100] However, similarities and di�er-

ences between scale-invariant self-assembly behaviors of triblock polymers and triblock

amphiphiles in the low-N extreme remains unrecognized.

Motivated by a previous simulation study screening the self-assembly and phase be-

havior of block oligomers with an alkane-1,2-3,4-tetraol (A4) headgroup attached to 1,

2, or 3 alkyl tails where a LAM morphology was found for A4B12, [16] we recently re-

ported the simulation and synthesis of one amphiphilic diblock oligomer (A6B13) with

a sorbitol-like headgroup and a single alkyl tail. [48] Simulations for A6B13 predicted a

LAM morphology with a 3.2 nm domain pitch, that matches remarkably well with X-ray

scattering measurements on solid-state samples. [48] This agreement strongly supports
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the computational soft materials design of related amphiphiles with the aim of signi�-

cantly reducing synthetic e�orts to access new morphologies with yet smaller periodic-

ities. While highlighting caveats concerning the comparison of high-� block oligomers

with signi�cant chain sti�ness and directional hydrogen bonding to more conventional

block polymers, our prior simulations indicated� MF � 3 for linear A4Bn oligomers atT

= 490 K. [16] Given this extremely high � MF value, there is the opportunity for triblock

sequences to further reduce the domain dimensions. Here, we present thein silico design

of a series of symmetric triblock amphiphiles that undergo thermotropic self-assembly

into various complex mesophases, with unprecedented domain spacings of 1-2 nm. These

discrete, low-molecular-weight species contain oligo-ol blocks (Ax with 2 � x � 6) and

linear alkyl blocks (By). Assembly of these molecules is probed through molecular dy-

namics (MD) simulations with transferable force �elds. Both block length and block

arrangement (ABA or BAB) are explored. In the 1990s, Hentrich et al. [110, 111]

reported synthetic routes toward a sub-class of discrete ABA-type triblock oligomers,

and observed layered liquid crystalline phases. With the molecular-level insights from

simulations, we re�ne the packing model proposed by Hentrich et al.. [111] The current

simulations produce bridges and loops in LAM phases, but with much higher fraction

of bridges for ABA amphiphiles and of loops for BAB amphiphiles compared to high-

molecular-weight, symmetric triblock polymers. Notably, above the order-disorder tran-

sition temperatures, TODT , these amphiphiles are also found to form hydrogen-bonded

networks that lead to co-continuous structures with sub-1 nm features. These ordered

and disordered nanostructures formed by ABA amphiphiles could function as bottom-up

precursors for nanopatterning templates and selective separation membranes, but these

applications would require additional processing, such as cross-linking, selective removal

of one block, or alignment of discontinuous phases.
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2.2 MODELS AND SIMULATION DETAILS

2.2.1 Molecular Models.

The amphiphiles presented in this study are modeledvia the transferable potentials for

phase equilibria united-atom (TraPPE-UA) force �eld. [112, 113, 114] The nonbonded

interactions are described by pairwise-additive Lennard-Jones (LJ) and Coulomb po-

tentials. Force �eld parameters for unlike interaction sites are determined using the

Lorentz-Berthelot combining rules. [115] The standard TraPPE-UA force �eld includes

angle bending and dihedral potentials, but uses �xed bond lengths. For the MD sim-

ulations, bond length constraints are only applied for O-H bonds, while the harmonic

stretching constants from the OPLS-AA force �eld [116] and equilibrium distances from

the TraPPE-UA force �eld are used for the C-C and C-O bonds. To control the strength

of intramolecular hydrogen bonds, a short-range repulsive potential is applied toward

any pair of hydroxyl oxygen and hydrogen atoms that are separated by four bonds. [114]

2.2.2 Simulation Details.

MD simulations were performed in the isobaric-isothermal (NpT ) ensemble using GRO-

MACS 5.0.0 and GROMACS 2019 with GPU acceleration [117, 118] using system sizes

of 1000-2000 molecules. Orthorhombic simulation boxes were used with allowance for

independent �uctuations in the three dimensions to reduce incommensurability e�ects.

[16, 52, 53] This procedure is su�cient for phases with preferred spacing in only one di-

mension because the domains can rotate with respect to the periodic simulation cell and

also expand/contract laterally in the dimensions perpendicular to the ordered dimen-

sion as assessed here through comparison of 1000- and 2000-molecule for select systems.

However, hexagonally perforated lamellae (HPL) are ordered in all three dimensions

with a speci�c preferred unit cell size. Here initial simulations for smaller systems with
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N = 200 + 4� n were used to �nd a suitable system size commensurate with the HPL

unit cell that was then replicated eight times for the production simulation (N = 1504).

A time step of 2 fs, a Nosé-Hoover thermostat [119, 120] with a time constant of 0.4

ps, and a Parrinello-Rahman barostat [121] with a time constant of 2 ps were used.

A spherical cuto� with radius of 14 Å and analytical tail corrections were applied for

LJ interactions. [122] The electrostatic interactions were computed using the particle

mesh Ewald method. [123] The p-LINCS algorithm was used to constrain the O-H bond

length, which allowed for the use of the larger time step. The initial highly-disordered

con�gurations were prepared by con�gurational-bias Monte Carlo (MC) simulations in

the NV T ensemble atTSIM = 3000 K with a trajectory of 2000 MC cycles (one MC cycle

consists ofN moves) using the MCCCS-MN software package.[124] This initial structure

contains a random mixture of stereoisomers for each amphiphile. The MD simulations

were started from these disordered states and consisted of trajectories spanning at least

1000 ns atp = 1 bar and various TSIM (see Tables A.6). It is worth noting that the un-

like interactions between alkanes and alcohols are underestimated in the non-polarizable

TraPPE-UA force �eld, [114, 125] and, hence,TSIM should be reduced by a factor of

1.3 when comparing to experimental measurements.[48, 16] The structural analysis was

limited to the last 100 ns; simulation snapshots from these periods are visualized via

VMD and Tachyon.[126, 127]

2.2.3 Amphiphiles Studied.

In seeking even smaller nanostructures than the A4B12 and A6B13 diblock amphiphiles

reported in our previous work [48, 16] without compromising on the long range order,

our design selected symmetric A3B12A3, B6A6B6, A2B12A2, and B6A4B6 triblock am-

phiphiles as the initial target compounds; i.e., maintaining molecular weight and volume

fraction as for the diblocks. We name these linear molecules AxByAx , ByAxBy , or AxBy
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according to the number of -CHpOH- units (with p = 1 or 2) in the polyalcohol-like A

blocks and of CHq units (with q = 2 or 3) in the alkyl B blocks. For comparison, we also

performed simulations on related diblocks: A3B6 and A2B6 (half chain lengths, HCL)

and A6B12 and A4B12 (full chain lengths, FCL). Once we found ordered morphologies for

A3B12A3, B6A6B6, A2B12A2, and B6A4B6 triblock amphiphiles, the next phase of our

design considered reduction in the number of segments to explore the lower limits of chain

length for forming ordered structures and for domain size. We focused on the AxByAx

bolaamphiphiles (x = 2 coupled with y = 2, 4, 5, 6, 7, 8 and 10 andx = 1 coupled with

y = 2, 4, 6, 8, 10, and 12). Finally, we investigated A3B10A3/A 3B12A3/A 3B14A3 and

B5A6B5/B 6A6B6/B 7A6B7 mixtures with a designed range of dispersity and the addition

of the A2B12A4B12A2 pentablock to the A2B12A2 amphiphile.

2.2.4 Analysis of Hydrogen-bonded and Non-polar Aggregates.

To investigate the aggregation of polar and of non-polar groups, criteria need to be

selected that determine whether a pair of molecules belong to the same aggregate. Given

the strength of hydrogen bonds, a single hydrogen bond is su�cient to connect the polar

groups of two amphiphiles. Wernet et al. [128] introduced a coupled hydrogen-bond

de�nition, where the O-O distance and the donor-hydrogen-acceptor angle are required

to fall within an elliptical boundary. This coupled criterion has been demonstrated to

more adequately capture diverse sets of hydrogen bonds. [129] Based on radial-angular

distribution functions for the di�erent systems (see Figure 2.1a and A.5-A.6), the ellipse

is centered at 3.0 Å and 180� , with half width of 0.5 Å and 50 � . The CHx -CHx LJ

interactions are much weaker, and a single pair of interaction sites is not su�cient to

signal aggregation. Thus, we use an energetic cut-o� for the sum of B-B site-site LJ

interactions between two molecules. Since the energy histograms do not show bimodal

distributions (see Figure 2.1b and A.7), we use the negative of the thermal energy (i.e.,
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Figure 2.1: (a) Radial-angular distribution functions (RADFs) for hydroxy groups of
A2B10A2 bola-amphiphile at their lowest TSIM aboveTSIM ;ODT . The radial and angular
distributions are shown as 2-D projections of the RADF surfaces on vertical panes.
The resulting RADF is normalized by a random distribution, with the Jacobian matrix
corrected in the angular direction. (b) Histograms of the sum of intermolecular CHq-
CHq Lennard-Jones interaction energies between the nonpolar parts (B blocks) for a
pair of molecules in the DIS state obtained for A2B10A2. In this case, the sum consists
of 100 site-site energies with A2B10A2 containing each 10 CHq units and accounts for
the di�erence in the well depths of CH3 and CH2 units. The peak at Upair =kB � 0 K
corresponds to spatially well separated molecules. The small fraction of molecules with
Upair =kB0 K corresponds to molecules in close contact. The slope in these histograms is
relatively small at Upair =kB = � T.

� kBTSIM ) as a cut-o� to de�ne whether two molecules belong to the same aggregate as

was done previously for the vapor-to-liquid nucleation ofn-alkanes. [130]

2.3 Results and Discussion

2.3.1 Phase Behavior of A 2B 12A 2, B 6A 4B 6, A 3B 12A 3, and B 6A 6B 6 Tri-

block Amphiphiles.

The morphologies of the neat block amphiphiles found at variousTSIM are summarized

in Table A.6, and representative snapshots and structure factors are shown in Figure

2.2. Ordered structures are identi�ed based on peak patterns in their structure factors,
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Figure 2.2: (Left) Simulation snapshots of the ordered phases formed by A2B12A2,
B6A4B6, A3B12A3, and B6A6B6, and B3A6 and of the disordered phase form by A2B6.
For A2B12A2 and A3B12A3, �loops� are highlighted in green and �bridges� are shown
with transparent alkyl chains. For B 6A6B6, alkyl chains connected by polar �bridges�
are highlighted in yellow and those connected by polar �loops� are shown as transparent.
(Right) Structure factors with characteristic peaks denoted by arrows and the domain
spacing deduced from the �rst peak. Perpendicular views of the perforated lamellae are
also shown for the BAB-type triblock amphiphiles.

whereas the distinction between glassy (GL) and disordered (DIS) mesophases that both

show a broad peak in their structure factors, is based on whether di�usive motion is ob-

served over a 100 ns trajectory (see Figure A.8). All triblock amphiphiles A3B12A3,

B6A6B6, A2B12A2, and B6A4B6 are observed to become trapped in a GL state at the

lowest TSIM investigated here, undergo self-assembly into ordered mesophases at inter-

mediate TSIM , followed by DIS mesophases whenTSIM > TODT . It should be noted

that the ordered morphologies observed in our MD simulations started from a highly
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disordered state may be kinetically trapped with respect to other more stable ordered

phases that are only accessiblevia a higher free energy pathway.

The DIS mesophases are locally segregated into polar and non-polar regions, but do

not exhibit long-range positional or orientational order as determined by their structure

factors and values for the nematic order parameter being less than 0.2. TheTODT is

not determined precisely here because a 30 K temperature increment is used for most

systems. The A3B12A3 and A2B12A2 bolaamphiphiles form LAM domains, while BAB-

type triblocks are observed to form perforated lamellae (PL) with di�erent degrees of

perforation. Speci�cally, B6A4B6 containing a smaller volume fraction of the polar

domain forms more ordered, hexagonally-perforated lamellae (HPL). We �nd that the

temperature interval for ordered phases (above the glassy state and belowTODT ) is

highest for the A6B12 amphiphiles, followed by the B6A6B6, A3B12A3, and �nally the

A3B6 amphiphiles, in that order. This trend is also observed for block polymers and

is consistent with the self-consistent mean-�eld theory prediction that �N at TODT

increases by a factor of 1.7 from symmetric diblock to triblock polymer.[86] It should be

noted that A 2B6 does not form any ordered phases, whereas the corresponding A2B12A2

and B6A4B6 triblock amphiphiles form LAM and HPL phases. Since these compounds

constitute the low-N limit for formation of ordered morphologies, increasing the total

number of polar A segments from 4 to 6 results in a signi�cant upward shift for theTODT

of the triblock amphiphiles. The shift is more pronounced for the BAB amphiphiles

for which the number of intermolecular hydrogen bonds per hydroxyl group is similar

for B6A4B6 and B6A6B6 triblocks, whereas it is slightly smaller for A3B12A3 than for

A2B12A2 (see Table A.5).

The domain period d for a lamellar structure refers to the distance between centers

of two neighboring layers of the same kind, which can be determined by the relationship

d = 2 �=q � , where q� is the position of the �rst characteristic peak. Interestingly, both
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A2B12A2 and A3B12A3 exhibit nearly the same domain periods (d = 1.85 and 1.87 nm,

respectively) at TSIM = 460 K despite the di�erence in the number of A segments in

both polar blocks. One common feature in triblock polymer systems is the presence

of two types of middle block conformations: a �bridge� that connects two neighboring

microdomains, and a �loop� that is formed when the two end blocks are anchored in

the same domain. This is also the case in the short triblock amphiphiles (see Figure

2.2). Due to composition �uctuations around the interfaces, the two conformations keep

exchanging as time evolves for the stable ordered phases. With the aid of molecular

simulations, one can also directly distinguish the bridges and loops and precisely quantify

their relative abundance. The fractions of bridges,� bridge (= 1� � loop), are 0.88 and 0.96

for A3B12A3 and A2B12A2, respectively, with A3B12A3 slightly more prone to forming

loops. The� bridge values for all other LAM-forming A xByAx molecules are close to unity

(see Table 2.2). For self-assembled triblock polymers,� bridge � 0.4 has been obtained

from theory, [90, 91, 86] experiment, [131] and MC simulation. [93] In particular, mean-

�eld theory [91] indicates that the value of 0.4 should not be sensitive to variations in� ,

N , and f from medium to strong segregation. In contrast, the bridge fraction is much

larger for the ABA triblock bolaamphiphile systems primarily due to the sti�ness of the

short middle blocks.

Figure 2.3 shows the probability distributions of the end-to-end distances of the

non-polar middle blocks in the A3B12A3 and A2B12A2 systems, and the corresponding

distributions for bridge and loop conformations. For bridges, the overall shapes are

typical for sti� chains, and can be �tted using an inverse log-normal function:

Pbridge (r ) =
� bridge

r
p

2�� 2
exp

�
�

(ln( rmax � r ) � � )2

2� 2

�
(2.1)

where r is the end-to-end length of the B block, andrmax = 14.5 Å. The maximum
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Figure 2.3: Probability distributions of end-to-end lengths of the non-polar middle
blocks in A3B12A3 and A2B12A2 (blue), with individual distributions for bridges and
loops shown in red and green, respectively. Black curves are log-normal �ts for the
bridge populations.

length is directly taken from the simulations and is slightly larger than the length of

14.2 Å for an all-trans conformation of a 12-carbon segment with equilibrium values for

bond length and bend angle, i.e., the strong interactions with the polar regions leads

to some elongational strain on the bridges. The only �tting parameters here are� and

� , the Gaussian mean and standard deviation whose logarithm matches the log-normal

distribution. The average end-to-end distances of the B block can therefore be extracted

from:
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r = rmax � exp
�

� +
� 2

2

�
(2.2)

and r values of 11.9 and 12.4 Å are found for A3B12A3 and A2B12A2, respectively. For

comparison, shorterr values of 11.1 and 11.2 Å are found for A6B12 (LAM, d = 3.0 nm)

and A4B12 (LAM, d = 3.2 nm) systems, respectively.

TSIM [K] A 2B6A2 A2B7A2 A2B8A2 A2B10A2 A2B12A2 A3B12A3

400 11.1 (0.94) 12.0 (0.95) 13.2 (0.94) 15.1 (0.95)

430 11.0 (0.95) 11.9 (0.93) 13.1 (0.98) 15.3 (0.95) 17.3 (0.95)

460 10.3 11.2 12.0 13.5 16.9 (0.96) 17.3 (0.88)

490 14.4 17.2 (0.83)

520 16.8 (0.82)

550 15.3
a The end-to-end distance denotes the separation between two terminal carbons in the A blocks. The

� bridge values are shown in parenthesis only for the LAM phases.

Table 2.2: Mean end-to-end distances in Å and fractions of bridging B groups for ABA
triblock amphiphiles near TODT .a

Composition pro�les along the lamellar normal (see Figure 2.4) indicate a sharper

interface between polar and nonpolar regions for A2B12A2 compared to A3B12A3, where

the smaller width of the polar region for A2B12A2 is compensated by a larger width of

the nonpolar region to yield a similar domain size as for A3B12A3. The molar volume

for the LAM phase of A3B12A3 at 460 K is 17% larger than for A2B12A2, i.e., the

incremental volume of the two additional A segments is accommodated mostly through

lateral swelling which, in turn, reduces the thickness of the non-polar domain and leads

to a slightly higher loop fraction. For these diblock and triblock amphiphiles, the domain

spacing does not simply increase because the number of A segments increases, but re�ects

a complex interplay of chain conformation (fraction of gauche defects along the chain
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Figure 2.4: Composition pro�les along the normal of the lamellar planes for A2B12A2

at TSIM = 460 K, A 3B12A3 at 460 K, B6A4B6 at 440 K, B6A6B6 at 520 K, and A3B6 at
430 K. Polar and nonpolar mass fractions are shown red and blue, respectively.

backbone), chain tilt angle with respect to the surface normal (see Figure A.9), and

in-plane roughness of the lamellar layers (see Figure 2.4).

Comparing the domain size of 1.87 nm for the A3B12A3 triblock amphiphile to the

1.95 nm for the corresponding A3B6 diblock amphiphile, we �nd an increase of 4%.

In contrast, both experiment [87] and theory [86] for block polymers indicate that the

chains in LAM phase formed by triblock polymers are 5-10% more stretched than their

corresponding diblock polymers. The contrasting increase for the diblock amphiphiles

studied here is driven by pronounced chain end e�ects due to the distance for inter-

molecular CH3-CH3 contacts being about three times larger than the C-C bond length,
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but counteracted by less well-aligned non-polar regions (see Figure A.9).

The perforated lamellar phases observed for B6A6B6 (PL, d = 2.20 nm) and B6A4B6

triblock amphiphiles (HPL, d = 1.93 nm) are structurally di�erent from the LAM phases

in ABA systems (see Figure 2.2). When forming the layered structures that somewhat

resemble phospholipid bilayers, most of the BAB triblock amphiphiles form U-shaped

conformations, i.e., loops in the polar region (see Figures 2.2 and 2.5a), with large

degrees of disorder in the alignment of the backbones for neighboring non-polar regions

(see Figure A.9). Such special molecular shapes seem to be relevant to the conformation

of the middle A block. Unlike in aqueous solution, sugar alcohols such as sorbitol usually

adopt bent structures in their crystalline forms, due to the local packing e�ects and the

signi�cantly di�erent intermolecular hydrogen bonding environment. [132, 133] For the

B6A6B6 triblock amphiphile, the fraction of polar regions in bridge conformation is

0.07, where a bridge is identi�ed by the two alkyl tails pointing in opposite directions

with regard to the LAM plane. Due to the large fraction of local regions with negative

Gaussian curvature in the HPL state for the B6A4B6 amphiphile, the distinction between

bridging and looping conformations is less well de�ned, but the angular distributions for

neighboring B blocks is signi�cantly more disordered (see Figure A.9).

From Figure 2.2b, the broad skirt underlying the �rst characteristic lamellar peak

for the BAB triblocks is consistent with the presence of perforations. For B6A4B6,

speci�cally, an additional peak at q0 = 1.09 q� is observed, which corresponds to the

ordered perforations perpendicular to the lamellae. The larger fraction of perforations

for B6A4B6 can be explained by the smaller volume fraction of the A block compared

to B6A6B6. Similar hexatic mesophases with layered hexagonal packed channels and

with q0 = 1.1 q� have also been observed for diblock polymers in composition space

between LAM and HPC morphologies. [134, 135] A snapshot of the hexatic perforations

for the B6A4B6 amphiphile are shown in Figure 2.5. In hexatic phases, the abundance
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Figure 2.5: (a) Representative conformations of B6A6B6 and B6A4B6 amphiphiles in
perforated lamellae. (b) Snapshot of one perforated layer of B6A4B6 at TSIM = 440 K,
with the polar domain in orange and nonpolar domain in white. The parallelogram-
shaped frame contains two repeat units (indicated by the dashed lines) of the largest
perforated layer in the orthorhombic simulation box. The thin gray lines show the
Voronoi tessellation with pentagons and heptagons highlighted by thicker cyan lines.

of disclination defects, usually bounded in pairs, prevents the formation of long-range

positional order, but the quasi-long-range orientational order of the nearest neighbors is

preserved. [136, 137, 138] The HPL morphology observed for the B6A4B6 amphiphile

indeed shows these disclination defects that di�use over long time scales. The lack of

higher order non-lamellar peaks for B6A4B6 also suggests no preference between ABAB...

and ABCABC. . . stacking of the perforations. Energetically, the PL phases are very

similar to network phases, such as the gyroid (G), due to their similar negative Gaussian

interfacial curvatures. Recent studies reported such network phases formed by self-

assembly of bolaamphiphiles with similar architectures, which provides further evidence
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for high-curvature phases from self-assembled rigid molecules with high degrees of shape-

anisotropy. [46, 47, 139]

Figure 2.6: (a) Structure factors and simulation snapshots for A3B12A3 amphiphiles
and A3B10A3/A 3B12A3/A 3B14A3 mixtures at TSIM = 490 K; �loops� are highlighted in
green and �bridges� are shown with transparent alkyl chains. (b) Structure factors and
simulation snapshots for B6A6B6 amphiphiles and B5A6B5/B 6A6B6/B 7A6B7 mixtures
at TSIM = 520 K. For neat B6A6B6 and the 1:2:1 mixture, alkyl chains connected by
polar �bridges� are highlighted in yellow and those connected by polar �loops� are shown
as transparent.

Although the ABA and BAB amphiphiles share some similarities with narrow-

dispersity triblock polymers, [43] there are important di�erences such as the high fraction

of bridging conformations for the ABA amphiphiles. To investigate whether the forma-

tion of lamellar phases and the unusual fraction of bridge/loop conformation is aided by

the lack of dispersity, we carried out additional simulations for A3B10A3/A 3B12A3/A 3B14A3

and B5A6B5/B 6A6B6/B 7A6B7 mixtures with a designed range of dispersity (molar ra-

tios of 1:8:1, 1:2:1, and 1:0:1) for 1000-molecule systems. Analysis of structure factors

demonstrates that these mixtures with the same average molecular weight self-assemble
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into ordered lamellar phases with essentially the same domain spacing as the monodis-

perse samples (see Figures 2.6). However, the fraction of bridging B blocks for the ABA

amphiphiles decreases slightly from 0.88 for the neat system and the 1:8:1 mixture to

values of 0.86 and 0.84 for the 1:2:1 and 1:0:1 mixtures, respectively. In the binary

mixture, the bridge fraction is 0.86 for A3B10A3 and 0.82 for A3B14A3 because the

shorter midsection can stretch to bridge between two adjacent polar domains, whereas

the longer midsection can shrink to accommodate the domain spacing. Furthermore, we

also �nd that assembly of the A2B12A2 amphiphile is not perturbed by addition of a

small fraction (1:49 molar ratio) of its dimer, the A2B12A4B12A2 oligomer; about one

third of these pentablock oligomers double-bridge over two separate non-polar domains

(see Figure 2.7).

Figure 2.7: (Left): structure factors for A2B12A2 amphiphiles (N = 1000) and the
mixture of A 2B12A2 triblock ( N = 980) and A2B12A4B12A2 pentablock (N = 20) at
TSIM = 430 K. (Right): simulation snapshot of the A 2B12A2/A 2B12A4B12A2 mixture,
with all of the pentablocks highlighted. Conformations include �bridge-bridge� in the
same domain (green), �bridge-bridge� spanning two domains (yellow), and �bridge-loop�
(magenta).
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