
Theoretical Modeling of Polymeric and Biological Nanostructured
Materials

Hadi Rahmaninejad

Dissertation submitted to the Faculty of the

Virginia Polytechnic Institute and State University

in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

in

Physics

Rana Ashkar, Chair

Shengfeng Cheng

Jean Heremans

Sanket Deshmukh

December 7, 2022

Blacksburg, Virginia

Keywords: Neutron and X-ray scattering, dynamical theory, periodic nanostructures,

nano-fluidics, polymer brushes, polymer coatings, supported lipid membranes

Copyright 2023, Hadi Rahmaninejad



Theoretical Modeling of Polymeric and Biological Nanostructured
Materials

Hadi Rahmaninejad

(ABSTRACT)

Polymer coatings on periodic nanostructures have facilitated advanced applications in various

fields. The performance of these structures is intimately linked to their nanoscale charac-

teristics. Smart polymer coatings responsive to environmental stimuli such as temperature,

pH level, and ionic strength have found important uses in these applications. Therefore,

to optimize their performance and improve their design, precise characterization techniques

are essential for understanding the nanoscale properties of polymer coating, especially in

response to stimuli and interactions with the surrounding medium. Due to their layered

compositions, applying non-destructive measurement methods by X-ray/neutron scattering

is optimal. These approaches offer unique insights into the structure, dynamics, and kinetics

of polymeric coatings and interfaces. The caveat is that scattering methods require non-

trivial data modeling, particularly in the case of periodic structures, which result in strong

correlations between scattered beams. The dynamical theory (DT) model offers an exact

model for interpreting off-specular signals from periodically structured surfaces and has been

validated on substrates measured by neutron scattering. In this dissertation, we improved the

model using a computational optimization approach that simultaneously fits specular and

off-specular scattering signals and efficiently retrieves the three-dimensional sample profile

with high precision. In addition, we extended this to the case of X-ray scattering. We ap-

plied this approach to characterize polymer brushes for nanofluidic applications and protein

binding to modulated lipid membranes. This approach opens new possibilities in developing

soft matter nanostructured substrates with desired properties for various applications.



Theoretical Modeling of Polymeric and Biological Nanostructured
Materials

Hadi Rahmaninejad

(GENERAL AUDIENCE ABSTRACT)

Polymer coatings on nanopatterned surfaces have recently facilitated advanced applications

in various fields, particularly biotechnology. For example, multichannel surfaces coated with

polymer can serve as nanofluidic devices for precise control of fluid flow in drug screening and

detection of specific biomolecules. Moreover, polymer-coated nanopatterned surfaces, which

possess similar properties to the extracellular matrix, provide excellent substrates for biolo-

gical studies. The performance of these systems is closely tied to their nanoscale features,

such as the thickness and conformation of the polymer layers. Therefore, high-resolution

non-invasive nanoscale characterization techniques are essential for investigating these coat-

ings to optimize their performance and enhance their design. X-ray/neutron scattering offers

a non-destructive measurement method with unique capabilities in the nanoscale character-

ization of polymer coatings. However, scattering methods require non-trivial data modeling,

particularly in the case of layered coatings on patterned surfaces. To tackle this challenge, we

improved a dynamical theory (DT) model that allows for precise modeling of neutron and X-

ray scattering signals from such systems. Using a computational optimization approach, the

model enables efficient retrieval of the three-dimensional sample profile with high accuracy.

We applied this approach to characterize polymer brushes for nanofluidic applications and

protein binding to modulated lipid membranes. This methodology opens up new avenues for

developing customizable, nanostructured substrates made from soft materials that possess

tailored properties for a wide range of uses.
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Chapter 1

Introduction and overview

Self-assembly, responsiveness, and tailorability are attractive features of soft materials that

open new possibilities for designing smart devices with diverse applications [1, 2, 3, 4, 5].

Constructed from polymers, foams, gels, colloids, or biological entities with energies usu-

ally in the thermal range (1 kT-36 kT), soft materials are very deformable with thermal

fluctuations, and external forces [6]. This feature allows novel control of the components’

size, ordering, and orientation and offers the formation of systems with desired properties.

The key idea is to program individual blocks and their interactions to design more com-

plex structures with functional properties, usually inspired by similar systems in nature.

For instance, smart soft-matter nanotubes made of organic molecular building blocks of-

fer a controlled and tunable channel size and diameter, which can accommodate substrates

ranging from molecules to viruses for nanobiotechnological uses [7]. Another example is in

DNA nanotechnology, where self-assembly-based approaches allow the design of complex

geometries incorporating inorganic materials such as metals and semiconductors to fabricate

nanoelectronic and nanooptic devices [8]. Furthermore, inspired by nature, novel preparation

routes (biomimetic approaches) can be developed for designing complicated materials with

applications such as biocompatible batteries, tissue engineering scaffolds, and controllable

nanofluidic channels. In addition, many types of soft materials, such as hydrogels, are highly

responsive to external stimuli, which offers potential applications in growing fields of soft

robotics, tissue engineering, nanofluidic, biosensing, biomimetic machines, soft bioelectron-

1



2 CHAPTER 1. INTRODUCTION AND OVERVIEW

ics, and on-demand drug delivery.

Among various soft-matter-based nanostructured materials, polymer coatings onto surfaces

have essential applications in numerous fields, ranging from biological and biomedical pur-

poses for antifouling, bio-separation, and tissue engineering, to novel interfaces in optics,

electronics, and fuel cells with exceptional mechanical, optical, or thermal properties [9,

10, 11, 12, 13]. The properties of the polymer coating are critical factors in these applica-

tions, particularly its interactions with the surrounding medium and in response to stimuli.

Polymer coatings can be obtained by simple adsorption of polymer chains onto surfaces and

interfaces or by controlled chemical functionalization. The latter approach has attracted sig-

nificant attention over the past few decades, leading to novel methods for grafting polymer

chains to or from surfaces and interfaces [14]. Recently, polymer coating on nano-patterned

surfaces such as gratings has had significant academic and industrial implications in various

fields such as optics [15], electronics[16], and biotechnology[17]. In addition, they have also

been playing a central role in biological studies by providing frameworks and environments

analogous to the cellular milieus.

Despite recent progress in soft matter technology, we are still in the infant stages of designing

complex soft nanostructures with specific properties found in natural structures. With the

constantly increasing demand for such materials’ performance and complex functionalities,

understanding their properties and interactions with the dispersing medium is requisite for

material design and function. In particular, understanding the underlying self-assembly

process during their fabrication and ensuring their desired performance is vital in the further

development of soft nanoscale structures. Precise and effective characterization of critical

feature dimensions in a wide range of the length scale is indispensable for unraveling the

complex physical and chemical phenomena in these processes. This inevitably necessitates

using characterization methods to adequately detect soft matter nanostructures and resolve
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their structural, dynamic, and kinetic properties over the relevant length and time scales.

On the nanoscopic scale, the so-called direct detection techniques, comprising mainly micro-

scopic methods, such as scanning electron microscopy (SEM) and atomic force microscopy

(AFM), have played a central role in material characterization [18, 19, 20, 21, 22]. They usu-

ally provide adequate top and cross-sectional views of nanopatterns on substrates. However,

providing in-depth information such as layered structures requires a cross-sectional view of

the sample, which can be obtained by cutting through the sample’s surface. In addition, ow-

ing to the localized nature of the microscopy techniques, they mostly provide limited sample

statistics. Moreover, for soft-matter-based nanostructures, which are usually sensitive to

external stimuli, there usually is the risk of altering the structure of soft nano-objects and

damaging the sample.

On the other hand, indirect measurements by scattering techniques, mainly with neutron/X-

ray, such as crystallography, small-angle scattering, diffraction, and reflectometry, offer non-

destructive tools for the metrology of soft nanoscale structures with high statistical sampling.

The relatively high penetration depth and submicron wavelength range (0.1Å to 100Å for

X-rays and 1Å-10Å for neutrons) provide unique insights that complement conventional

characterization methods for high-resolution studies of layered soft-matter-based nanostruc-

tures with novel molecular architectures. This is aided by the inherent capacity of neutrons

and X-rays to detect structures and dynamics on length and time scales that are relevant to

the performance of polymeric materials. Neutron scattering has a desirable property for the

detection of soft materials, mainly polymeric and biological structures, and that has to do

with its isotope sensitivity. In particular, the sensitivity to hydrogen (H), the most abund-

ant element in these systems, is considerably large, enabling studies of different components

of the studied structure. Neutrons are charge neutral; thus, they do not interact with the

electronic clouds of atoms and only interact with atomic nuclei. Thus, neutron scattering
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Figure 1.1: X-ray vs. neutron scattering cross-sections for some of the most abundant ele-
ments. While X-ray scattering cross-section follows a monotonic increase with charge num-
ber, neutron scattering cross-section is not proportional to the charge number but depends
on neutron interactions with atomic nuclei. Red and gray spheres represent select atoms’
coherent and incoherent scattering cross-sections. For hydrogen, the coherent cross-section
is represented by purple to indicate its negative scattering length. The figure is reproduced
with permission from Ashkar, J. Appl. Phys., 2020, 127, 151101 [23]

cross-section is not proportional to the atomic number but depends on the nuclear structure

(see Figure 1.1.) This phenomenon results in applicable properties for material characteriz-

ation. An immediate consequence is that neutrons have an even higher penetration length

than X-rays. Moreover, they have considerably lower degrading effects on soft materials

such as polymer and biological membranes due to their low energy. A more important con-

sequence is the large neutron scattering cross-section for lighter elements, mainly hydrogen

(σH = 80.27 barns [24] ) and carbon, while for X-rays, the scattering signal is more domin-

ated by heavier elements and leaves light atoms almost invisible. This property of neutron

scattering makes it well-suited for studies of the hydrogen-rich constituents, e.g., biological

structures and polymers, within samples with compositional complexity [25]. Another con-

sequence of neutron interactions with atomic nuclei is its isotope sensitivity, meaning that

neutron scattering cross-sections from different elemental isotopes can be noticeably differ-

ent [26]. A well-known example is a difference in neutron scattering cross-sections between
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protium (H) and deuterium (D). The neutron scattering lengths, b, for H and D, are re-

spectively given by bH = −3.74 fm and bD = 3.99 fm. Given the abundance of H in biological

and polymeric materials and the relatively convenient procedure of substituting H for D,

neutron isotope sensitivity offers a unique method for probing molecular arrangements and

submolecular structures [27, 28, 29]. Using an approach referred to as contrast variation,

isotope substitution schemes can be designed to modify specific moieties’ scattering poten-

tial, thereby tuning how strongly or weakly ”visible” they are to neutrons. Notably, due

to the sensitivity of X-rays and neutrons to different elements, they are frequently used as

complementary techniques for adequately characterizing polymer samples, significantly im-

proving our understanding of soft-matter-based nanostructures.

Scattering methods are grounded in tracking the change in the energy and momentum of

the beam shining through the sample and predicting various features of its structure and dy-

namics. In physical terminology, scattering techniques provide information in the reciprocal

space. They require decoding the scattered pattern to reconstruct the sample profile in real

space, which is challenging. Due to the intrinsic interaction between the beam and the mat-

ter, quantum mechanical modeling is usually needed. Furthermore, scattering data modeling

is more difficult when applied to regularly patterned profiles in periodic nanostructures, such

as gratings, due to the high correlation between reflected and transmitted beams. Among

different theoretical models, the dynamical theory (DT) exhibits high potential for predict-

ing scattering phenomena from periodic patterns by considering the correlation between

scattered beams and providing an exact solution [30]. This model has been validated on

neutron scattering measurements of periodic structures for studies with applications such as

tissue engineering for cell alignment and release [31].

In this dissertation, we will develop a computational framework based on DT model. We

will advance it by including an optimization protocol using the covariance matrix adaptation
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evolution strategy (CMA-es)[32]. We will show how this approach yields high efficiency and

precision in predicting complicated profiles by adopting a Parratt thin-slicing formalism.

Mainly, we will apply it to study soft-matter-based nanofluidic channels with controllable

gating properties and membrane curvature effect on protein binding. We will also extend

the theoretical bases of DT for the case of X-ray scattering by applying it to grazing incident

small angle X-ray scattering data to characterize polymer coated grating structures.

The layout of the thesis is as follows. Chapter 1 presents an overview of the dissertation, its

importance, and its application. In chapter 2 we will review various scattering techniques and

their applications, with an emphasis on neutron scattering. We will highlight the impact

of neutron scattering and spectroscopy methods in the characterization of polymer-based

coatings, including thin films, polymer interfaces, polymer brushes, and particle coatings. In

chapter 3 we will focus on the theoretical basis of reflectometry, particularly from periodic

structures. We will discuss the dynamical theory model in detail and how it can be extended

for the case of X-rays. We will elaborate on the modeling framework that we developed based

on DT model for layered soft-matter coatings on periodic scaffolds. Chapter 4 applies the

DT model and our computational framework to characterizing periodic nanostructures with

X-ray. In chapter 5, we will focus on the characterization of polymer brush conformation in

nanofluidic channels with similar methods. Finally, in chapter 6, our developed model is used

for studying the effect of membrane curvature on protein binding using a topographically

tunable scaffold.



Chapter 2

Scattering techniques

This chapter briefly reviews various scattering techniques and critical applications in char-

acterizing soft-matter-based nanostructures, particularly for polymeric coatings. While the

chapter primarily focuses on neutron scattering, most techniques have been equivalently

applied to X-ray scattering. This is followed by select examples emphasizing their effect-

ive utilization in revealing the structure, dynamics, and kinetics of polymer coatings and

polymeric interfaces. Mainly, some key examples of the synergic use of X-rays and neutron

scattering will be pointed out. While the studies presented in this dissertation mainly focus

on elastic scattering techniques, a brief discussion of inelastic and quasi-elastic scattering

techniques is meant to provide a full picture of scattering capabilities in the characterization

of soft materials. This chapter closely follows content from Chapter 19, ”Neutron scatter-

ing studies of nanoscale polymer-based coatings”, Hadi Rahmaninejad and Rana Ashkar,

accepted for publication in the book titled ”Polymer Based Nanoscale Materials For Surface

Coating”, edited by Sabu Thomas and Susan George (Elsevier).

2.1 Elastic scattering techniques

When X-ray or neutron beams scatter from materials, their wavevector generally changes

in direction and magnitude. However, in the special case of elastic scattering, the beam’s

energy is conserved, i.e., the beam’s energy before and after scattering remains unchanged.

7
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Figure 2.1: Schematic illustration of the scattering geometry for a) Small-angle neutron scat-
tering (SANS), b) reflectometry and c) grazing-incidence SANS (GISANS). The figure shows
the incident and scattered wavevectors k⃗i and k⃗s, respectively, along with the wavevector
transfer Q⃗ = k⃗s − k⃗i in each scenario. This figure is reproduced with permission from Rah-
maninejad and Ashkar, chapter 19, ”Neutron scattering studies of nanoscale polymer-based
coatings”, accepted for publication (Elsevier). Panel c is adapted with permission from Wolff
et al., Euro. Phys. J. E, 2005, 16, 141-145 [38].

Given the energy dependence on the momentum, this implies that in elastic scattering, the

magnitude of the momentum remains constant; i.e., |k⃗s| = |k⃗i| = |k⃗0| where k⃗s and k⃗i are

the scattered and incident beam wavevectors and k0 = 2π
λ

with λ being the wavelength.

Under these conditions, the momentum transfer, Q⃗ = k⃗s − k⃗i, has a well-defined magnitude

given by Q = 2k0 sin θ where 2θ is the angle between the incident and scattered beam, as

shown in Figure 2.1 . On the other hand, when the beam exchanges energy with the sample

during scattering events, the energy of the scattered beam is inevitably different from that

of the incident beam – a phenomenon referred to as inelastic scattering. Elastic scattering is

utilized for obtaining structural properties of materials, whereas inelastic scattering reveals

information about sample dynamics. In this chapter, we will discuss two primary elastic

scattering methods utilized in structural studies, such as for polymer coatings and thin

films, namely small-angle X-ray/neutron scattering (SAXS/SANS) and reflectometry [33,

34, 35, 36, 37].
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Small-angle Neutron/X-ray scattering (SANS/SAXS).

Small-angle scattering is a widely applied technique for structural studies of soft-matter

systems, including biological structures and polymer coatings. Small-angle scattering tech-

niques are based on a pin-hole geometry where the beam incident on a sample scatters

forward on a 2D position sensitive detector (Figure 2.1a). To resolve the small scattering

angles typical of these measurements, instruments are built with very long sample-to-detector

distances (on the order of several meters). For instance, a typical Q-range accessed by SANS

is ∼ (0.02 − 0.5) nm−1 corresponding to spatial distances of ∼ (1–300) nm. Accessing this

extended Q range often requires variations in the two key parameters defining Q, i.e., the

accessible range of scattering angles and the neutron wavelength. The former can be done

by changing the sample-to-detector distance (i.e., by changing the angular acceptance or

the solid angle intercepted by the detector). On the other hand, variations in the neutron

wavelength can be inherent to the neutron spectrum (e.g., pulsed sources) or can be obtained

by using neutron velocity selectors. Scattering signals in SANS experiments are detected as

2D intensity maps. For isotropic scattering, i.e., scattering from isotropic samples, the de-

tected intensity maps are characterized by circular symmetry (around the beam stop). In

this case, the 2D signals are usually circularly averaged and plotted as 1-dimensional I vs.

Q plots, allowing subsequent analysis of the data using adequate models. However, in the

case of structural directionality, e.g., structural alignment along a given direction, the de-

tected signals become asymmetric and analysis of the angular dependence of I(Q) becomes

necessary to assess the degree of alignment. In either case, structural SANS models can be

used to fit the data. These models are developed using form factor, F(Q), calculations based

on the structure’s shape and size [39]. Form factor models are adequately applicable to di-

lute samples where structural correlations are absent or undetectable. However, for samples

characterized by structural correlations, form factor models should be convoluted with the



10 CHAPTER 2. SCATTERING TECHNIQUES

structure factor, S(Q), for appropriate data fitting. In other words, I(Q) = F (Q) × S(Q),

where S(Q)=1 in the absence of correlations.

In SANS experiments, selective deuteration is commonly utilized to highlight a specific

sample feature or to suppress scattering from other structures within the sample. An excit-

ing example is studying polymer-coated nanoparticle suspensions in which contrast matching

the solvent and particle core results in selective scattering from the polymer coating, enabling

reliable characterization of the coating structure. Indeed, this approach was effectively used

to investigate the influence of pH and ionic strength on coatings of polythymidylic acid

(dT35) adsorbed and grafted to latex nanoparticles [40]. In this study, the layer thickness

was determined by varying the solvent SLD using mixtures of D2O and H2O with differ-

ent D2O : H2O ratios. The SANS measurements showed that the thickness of the adsorbed

layers did not depend on the pH and ionic strength of the solvent, contrary to the highly

grafted dT35 chains, which exhibited a more extended structure in a basic pH and mod-

erate ionic strength. However, even when contrast matching is not possible, innate SLD

differences between the coating, particle core, and suspending medium can be sufficient for

determining the coating structure using adequate models. An example of this approach was

used in early SANS studies investigating the conformations of gelatin in solution and its

adsorption onto the surfaces of colloidal latex particles [41]. Modeling the obtained SANS

signals with spherical core-shell structures provided estimates of the radius of particle cores

and subsequent calculations of the gelatin corona thickness. A similar method was utilized

in other studies [42, 43, 44]. Notably, in an interesting study by Li et al. [45], they employed

neutron isotope sensitivity to observe “stealth” polymeric coatings in the form of an ultrathin

poly(acrylic acid) shell on iron-oxide superparamagnetic nanoparticles. They demonstrated

that dynamic light scattering measurements overestimated the hydrodynamic radius of the

particles, resulting in exaggerated estimates of the shell thickness. On the other hand, SAXS
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and SANS were applied in a complementary way to characterize heavy iron-oxide cores of

the nanoparticles and lighter polymer coating, respectively. Besides structural information

of polymer coatings in the form of coating thickness and composition, neutron scattering

can be effectively used in the studies of polymer chain conformations. In an early study, Ho

et al. [46] used SANS to investigate chain conformations in polymer thin films composed

of protiated and deuterated polystyrene on a flat silicon substrate. The measurements were

done on film thicknesses that are 10-fold the unperturbed radius of gyration. Their res-

ults showed no dependence of the scattering signals on the film thickness. However, their

experiment demonstrated the possibility of quantitative SANS studies on single thin films.

In a later SANS experiment, the same group investigated chain structure in ultra-thin poly-

styrene films [47]. They stacked several wafers of identically prepared samples to improve

the signal-to-noise ratio. Their measurements revealed Gaussian conformation in the direc-

tion parallel to the substrate. However, thinner films showed systematic trends indicative of

chain swelling. The combination of SAXS and SANS is also a powerful approach to study-

ing polymer-grafted nanoparticles, enabling complementary characterization of the particle

and polymer properties. For example, combined SANS and SAXS measurements have been

utilized in studies of nanocomposites with polymer grafted nanoparticles [48]. These studies

often take advantage of the unique isotope sensitivity of neutrons by selective deuteration

of the brush or polymer matrix. For instance, selective deuteration of the polymer brush

amplifies the brush scattering signal used in determining the brush structure, e.g., brush

thickness and chain conformations[49]. In comparison, SAXS measurements are generally

more sensitive to the particle cores (typically made of heavier elements), resulting in signals

that describe the core shape and dispersion. The synergistic combination of SANS and SAXS

thus provides a practical approach for elucidating the dependence of particle dispersion on

brush structure and wetting state.
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Reflectometry and Grazing Incidence Scattering. Despite the high penetration power

of neutrons, they can be made to reflect off surfaces through grazing incidence. At such

low incident angles, the energy carried by the normal component of the neutron scattering

wavevector (Fig. 2.1 b,c) becomes comparable to, or smaller than, the scattering potential of

the substrate, resulting in scattering back into the incident medium. Thus, grazing incidence

scattering techniques are convenient for measuring variations in the scattering potential (or

SLD) normal or lateral to the probed surface. This is more effective for characterizing the

structure and thickness of flat surfaces or substrates coated with polymer [50]. Two scat-

tering techniques that are commonly applied in probing surface structures, in-depth struc-

tural features, and near-surface effects are reflectometry and grazing-incidence SAXS/SANS

(GISAXS and GISANS) [51]. Variations of these techniques have been utilized in studies of

polymer films, coatings, and surface patterns, including spin-echo resolved grazing incidence

scattering (SERGIS) [52, 53], and off-specular reflection [31, 54, 55], but the most common

approaches are standard reflectometry and GISAS techniques. In ”specular” reflectometry

experiments, neutrons impinging on a substrate get reflected with the same incident angle

onto a detector (Fig. 2.1b ) where variations of the reflected intensity are measured as a func-

tion of the momentum transfer Q. This technique utilizes a sheet geometry of the incident

beam with tight collimation along the scattering direction (i.e., incident angle) and relaxed

collimation in the perpendicular direction (i.e., parallel to the substrate surface) (Fig.2.1b ).

Models to analyze reflection data are based on analytical solutions of reflection and trans-

mission coefficients of the neutron wavefunction in the vicinity of the probed surface. The

calculations are based on solutions of the neutron wavefunction in the different potential

regions and applying boundary conditions, in the form of continuity of the wavefunction and

its derivative, at the interfaces. In the simple case of a single homogenous film on top of a

substrate, the width of these fringes determines the film thickness (inversely proportional),

and their depth is correlated with the SLD difference between the substrate and the film.
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For samples with in-depth structural variations, the scattering potential is modeled as a thin

layer parallel to the surface, each with a scattering length density representing the average

SLD of that layer. This thin-slicing approach is referred to as the Parratt formalism [56], and

is frequently used in reflectometry models. In such cases, the calculation of the reflection

coefficients requires the application of the boundary conditions at all interfaces between the

assumed layers, taking into account the Fresnel reflection and transmission coefficients in

each layer [36]. The signal often shows a superposition of multiple fringes with different

widths and features for multiple coatings on a substrate. In such a case, a Parratt recursion

algorithm [56] is typically used to provide information on layer thicknesses and in-depth

variables. The high resolution of NR enables structural studies of interfaces and layers to

within a few Å, enabling detailed measurements of the layer structure, composition, and

interfacial roughness [36]. NR signals are typically characterized by a series of fringes called

Kiessig fringes. Fitting of NR signals with sliced models is available in several dedicated

data-fitting software packages, such as MOTOFIT [57].

On the other hand, GISANS, much like grazing incidence X-ray scattering (GISAXS), is

used for studying lateral structures in thin films and near the free surface of substrates. This

concept was elegantly illustrated by Levine et al. [58], who demonstrated the effective use

of grazing incidence scattering in detecting nanoscale ”islands” or clusters of gold formed

at the initial stages of thin film growth. The technique is based on a grazing-incidence

geometry in which the momentum transfer, Q �, is not constrained to the direction normal

to the substrate surface but is also resolvable in the lateral direction, i.e., parallel to the

substrate surface (Fig.2.1c). In other words, GISANS is a hybrid of reflectometry and SANS

techniques. This enables measurements of the thickness, lateral size, and spatial correlations

of structures’ patterning films and surfaces. Notably, time-of-flight GISANS (TOF-GISANS)

enables the use of the entire wavelength spectrum generated by pulsed neutron sources to
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access a wider Q range, allowing measurements of structures over extended length scales in a

single exposure [59]. A detailed description of the fundamental principles and experimental

details of GISANS applications to polymer films can be found in a recent review by Müller-

Buschbaum [51].

GISANS can be effectively used in investigating layered structures of copolymer films. For

example, GISANS has been implemented in studies of bulk and near-surface assemblies in

triblock copolymers films [60] of the ABA-type, made of polyparamethylstyrene (A) and

polystyrene (B). The experiment was performed such that the beam was incident from the

substrate. Increasing the incident angle enabled measurements of lateral polymer structures

at various depths, i.e., close to the interface and away from the interface (bulk-like prop-

erties). Analysis of the scattering intensity component parallel to the surface showed an

increase in the lamellar spacing of the copolymer close to the substrate interface compared

to the bulk spacing. The measurements also revealed that the copolymer spacing near the

substrate is affected by surface treatment and converges to the bulk value away from the

interface.

NR measurements have been successfully utilized in numerous studies on polymer coatings

[61, 62, 63, 64, 65]. For instance, early studies by Siqueira et al. [61] showed the importance

of NR in understanding the interactions between immiscible polymer layers. Access to the

width of the interface between polystyrene and poly (n-butyl methacrylate) (PnBMA) layers

enabled calculations of the Flory-Huggins interaction parameter, an important thermody-

namic descriptor of polymer blends and mixtures. Similarly, Torikai et al. [66] used NR

to report early observations of molecular ordering in block copolymers of polystyrene (PS)

and poly(2-vinylpyridine) (P2VP). These experiments utilized full and partial deuteration of

the PS block. The results indicated preferential segregation of the P2VP blockchains to the

silicon surface and PS blockchains to the air surface. The data also suggested that an error
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function well described the segment distribution PS-P2VP interfaces and that the blocks

were intensely segregated. Another advantage of NR is the accuracy in measuring the mass

density of polymer thin films. This capability was utilized by Wallace et al. [67] in calculating

the mass density of polystyrene thin films coated on a silicon substrate. Using an approach

named twin reflectometry, i.e., reflectometry from both sides of the film (free surface and

substrate side), they showed that the mass density of thin films is close to its bulk value

and is not a function of the film thickness. However, these conclusions were contradicted by

X-ray reflectivity measurements reporting variations in the electron density across the depth

of PS thin films [68]. More recent observations support the concept of density variations

in polymer thin films away from interfaces [69], pointing to the importance of synergistic

integration of complementary characterization methods. Indeed, complementary techniques

are common in studies of polymer coatings and their applications. For example, Kirschner et

al. used a suite of characterization methods, including neutron/X-ray reflectivity and AFM,

to study the electronic properties of polymer blends of phenyl-C61-butyric acid methyl es-

ter (PCBM) and poly(bromo)styrene and bilayers with poly(3-hexylthiophene) (P3HT) [70].

They found that the addition of small concentrations of styrene polymers facilitated the

processing of the films while maintaining the required electron mobility. Their reflectivity

results show that PCBM is partially mixed with P3HT in films prepared by spin-coating

PCBM from a solution with poly(bromostyrene) to form an overlying film. Interestingly,

introducing the bromo moiety in PS increased the X-ray scattering length density of the

upper layer and showed increased film smoothness.

Another attractive application of polymer coatings is their use as scaffolds for cell growth and

as cushions for studies of cell membranes. For example, in an experiment to model cellular

cytoskeleton interactions, El-Khoury et al. deposited lipid bilayers, with ion channels, on

pH-responsive poly(acrylic acid) cushions [71]. Neutron and X-ray reflectivity studies showed
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that the activation of the ion channels resulted in swelling of the polymer cushion due to ion

transfer through the lipid membrane.

In another study, Jablin and co-workers employed specular NR to understand the effect of

deposited lipid membranes on the swelling of thermoresponsive poly(n-isopropylacrylamide)

(PNIPAM) cushions [54]. Their studies showed that the fluidity state of the supported lipid

bilayers significantly impacted the hydration profile and thickness of the PNIPAM cushion,

with gel lipid membranes effectively restricting water permeation and cushion swelling. These

studies also utilized off-specular neutron scattering to probe interfacial fluctuations and in-

plane height-height correlations in the studied lipid bilayer. A later study by Zhernenkov,

Ashkar, et al. [31] utilized PNIPAM coating on lithographically patterned silicon substrates

to demonstrate the effective use of tunable, structured polymeric surfaces as scaffolds for cell

alignment and release in tissue growth applications. To characterize the PNIPAM coating,

they conducted their NR measurements on the scaffolds in D2O instead of H2O to amplify

the neutron scattering contrast between the solution and the polymer coating. Given the

periodic nature of the substrates, the neutron scattering experiments resulted in strong

off-specular scattering signals in the form of Bragg rods, which were interpreted using a

dynamical theory model developed earlier by Ashkar et al. [30]. Analysis of the intensity

variations along the Bragg rods above and below the lower critical transition temperature

(LCST) of PNIPAM, i.e., in the collapsed and swollen states of the polymer coating, enabled

calculations of the polymer thickness and hydration levels in each state. They found that the

polymer coating conformed to the underlying substrate lithography in the collapsed state,

providing the necessary directionality for cell alignment. However, in the swollen state,

the coating expanded significantly – filling the underlying substrate features and resulting

in a pseudo-flat surface. This characterization was key to understanding the alignment

of fibroblast cells grown onto the scaffolds above LCST and the effective cell release with
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decreasing temperature.

Neutron reflectometry (NR) has also been utilized in other studies for probing lateral struc-

tures of polymer thin films while simultaneously measuring in-depth variables. For instance,

Aoki et al. [65] applied a novel neutron reflectometry tomography technique to generate real-

space images of in-plane structures of polymer thin films. They used a sheet-shaped neutron

beam using a pair of slits and a two-dimensional position-sensitive neutron detector. Their

method enabled direct measurements of the structure of inhomogeneous interfaces in poly-

meric films formed of protiated and deuterated poly(methyl methacrylate) (PMMA). The

SLD depth profiles of the films and their lateral features were measured by rotating the

sample and performing time-of-flight NR measurements. Analysis of the NR data from the

local area that was probed enabled a 3D reconstruction of the chemical components of thin

films characterized by in-plane inhomogeneity.

2.2 Inelastic and quasi-elastic scattering

Contrary to structural characterization methods, studying sample dynamics requires know-

ledge of the energy exchange during scattering events. This can be done using inelastic or

quasi-elastic scattering techniques which are designed to resolve small changes in the neutron

energy incurred during scattering [72, 73]. A distinguishing feature between inelastic and

quasi-elastic scattering is the relation of detected neutron energy differences to excitation

energies within the sample. If the neutron energy exchange is comparable to excitation ener-

gies, the scattering is referred to as inelastic and is characterized by significant energy shifts

that manifest as distinct signals in the scattered energy spectrum. In contrast, quasi-elastic

scattering is characterized by small changes in the neutron energy and manifests as broaden-

ing around elastic lines or as a change in dynamic relaxations. Among neutron spectroscopy
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techniques commonly used in probing polymer dynamics are neutron spin-echo spectroscopy

(NSE), neutron backscattering spectroscopy (BSS), and neutron time-of-flight spectroscopy

[23, 74]. These techniques enable studies of nanoscale processes (∼0.1-100 nm) on very fast

timescales (∼ ps to ns). Considering the analogous timescale of motions in polymeric mater-

ials [75], neutron spectroscopy methods serve as a unique probe for molecular and collective

polymer dynamics. Interestingly, comparable length and time scales are typically probed by

molecular dynamics simulations, positioning neutron spectroscopy methods as cutting-edge

tools in the advanced characterization of polymeric materials [76, 77]– especially when com-

bined with complementary approaches for a fuller dynamic characterization of polymeric

systems [78]. Accordingly, neutron spectroscopy techniques have been utilized in numer-

ous studies to probe molecular mobility, dynamics, and glass transitions in polymeric thin

films [79, 80, 81, 82]. In some cases, combinations of these techniques such as time-of-flight

and backscattering is effectively used to investigate other dynamical properties, such as the

vibrational density of states and mean square displacement of molecules in nanoconfined

polymer systems[83].

For instance, neutron spin-echo (NSE) studies on polymer nanocomposites have provided

unique and quantitative measurements of polymer dynamics in various nanocomposites. For

example, Poling-Skutvik et al. [84] used NSE to investigate the dynamics of high molecu-

lar weight polystyrene chains grafted onto silica nanoparticles under osmotic compression

in a solution of chemically similar linear polymer with partial deuterium labeling of the

linear chains. They analyzed the structure and dispersion of these nanocomposites using

SANS and SAXS. They observed a dispersed state in the relatively low polymer concentra-

tion and aggregated structures at high concentrations. Furthermore, the aggregation of the

polymer-grafted nanoparticles was correlated with the impenetrability of the brush, lead-

ing to the compression of the chains. Their NSE results revealed Zimm-like dynamics at
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short timescales, indicating that the solvent viscosity and hydrodynamic interactions control

the polymer relaxations, like free polymer chains. However, observations at long timescales

showed emergent confinement effects, suggesting that grafted polymers relax more slowly

than free chains. They explained this behavior by comparing the confinement length in the

presence of free linear polymer and the confinement length scale in the case of grafted chains.

They concluded that the confinement length decreases with the increase in the local effective

grafting density.

2.3 Coherent and incoherent neutron scattering

Another unique feature of neutron scattering is that it has two components: a coherent

and an incoherent scattering component [85, 86, 87]. The coherent component results from

the interaction of the neutron wave with all nuclei with well-defined relative phases. In

other words, coherent scattering depends on the relative distances of the nuclei or atomic

ensembles. If these scattering events do not involve energy exchange, i.e., elastic coherent

scattering, then the scattering signal yields information about the equilibrium structures and

enables structural characterization of the sample. However, in the case of energy exchange,

i.e., inelastic coherent scattering, the obtained signal encodes information about relative

motions of atoms or atomic ensembles and are thus suited to studies of collective dynam-

ics. In contrast, incoherent scattering resembles the case where the neutron wave interacts

independently with nuclei, resulting in random relative phases of the scattered waves. For

example, the interaction of a neutron wave with the same nucleus at different positions or

times results in incoherent scattering signals that can inform about self-diffusive motions

within the sample. As seen in Fig. 1.1, different chemical elements and elemental isotopes

can result in dramatically different contributions to the coherent and incoherent neutron
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scattering signals. For example, hydrogen (H) – an abundant element in polymer materials

– exhibits an incoherent scattering cross-section that is 40 times larger than its coherent

cross-section. In structural measurements, this often results in a rather undesirable inco-

herent background signal that obscures weaker coherent scattering signals. However, this

large incoherent scattering cross-section is an advantage in studies of self-dynamics of H-rich

moieties.



Chapter 3

Dynamical Theory analysis of

reflection from periodic structures

Overview

This chapter elaborates on the theoretical bases for the modeling framework we developed

for optimizing the fits of scattering measurements to the theoretical predictions based on

the dynamical theory. The model will be used in the following chapters of this dissertation

for application in nanofluidics, polymer-coated patterned substrates, and membrane-protein

interactions. First, we will review the bases of the specular reflectivity from flat unstructured

substrates and thin films. Then we will discuss the dynamical theory, which was previously

developed and validated for neutron scattering characterization of periodic nanostructures

[30]. We will discuss how it can be expanded for the case of electromagnetic waves with

the X-ray wavelength range. Lastly, we will discuss how this method can be applied to

more complicated cases, such as in-depth varying profiles and layered surfaces, including

soft material coatings on patterned substrates.

21
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3.1 Neutron interaction with matter

Consider a monoenergetic neutron beam with a wave function of

Ψ(r) = eik.r (3.1)

with k as the free space wave number,

k =

√
2mE

h̄2
(3.2)

where h̄ is Planck’s constant, and m is the mass of the neutron. When interacting with

matter, it experiences an interaction potential V(r),

V (r) = 2πh̄2

m
ρ(r) (3.3)

in which ρ(r) is the coherent scattering length density of the medium and is determined by

the composition of the matter

ρ(r) =
∑
n

bnNn(r) (3.4)

Here bn and Nn represent the number density and scattering length of nth isotope [36].

Considering that the Schrodinger equation describes the wavefunction of the neutron beam,

[− h̄2

2m
∇2 + V (r)]Ψ(r) = EΨ(r) (3.5)

As a result:

∇2Ψ(r) + [k2 − 4πρ(r)]Ψ(r) = 0 (3.6)

Interestingly, this equation can be expressed in the form of a standard Helmholtz equation;
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∇2Ψ(r) + ξ2(r) = 0 (3.7)

where

ξ =

√
2m[E − V (r)]

h̄2
=

√
k2 − 4πρ(r) (3.8)

and is equivalent to the wave number inside matter. Due to the similarity of equation 3.7

with that of light, a refractive index for neutron in the matter can be defined as:

n =
ξ

k
=

√
1− λ2

π
ρ(r) (3.9)

where λ = 2π
q

. For thermal neutrons with energy of about 25meV and wavelength of few Å,

the neutron refractive index can be approximated to

n ≈ 1− λ2ρ

2π
(3.10)

Notably, at an interface between various media (represented by indices of a and b) with

different SLDs, the boundary conditions necessitate the continuity of the wavefunction and

its first derivative:
ψa = ψb

∂ψ

∂n

a

=
∂ψ

∂n

b (3.11)

where n⃗ is the normal to the interface.

3.1.1 X-ray interaction with matter

The equations governing the behavior of electromagnetic waves in the wavelength range of

X-rays can be obtained from Maxwell’s equations. In media with bound electrons, these
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equations are:
∇× E = −∂B

∂t

∇× H =
∂D
∂t

∇ · D = 0

∇ · B = 0

(3.12)

where E is the electric intensity, B is the magnetic flux density, H is the magnetic intensity,

and D is the electric flux density. In a linear medium,

D = ϵE

B = µH
(3.13)

Here, ϵ and µ are dielectric permittivity and magnetic permeability, respectively. After

taking the curl of the first two terms of equation 3.12, and using the following terms, for

harmonic waves ( ∂
∂t

→ −ω2) in homogeneous and isotropic media, we can obtain

∇2E + ξ2E = 0

∇2H + ξ2H = 0

(3.14)

with ξ = ω2µϵ. Equations 3.14 are also approximately valid for inhomogeneous media where

ϵ and µ change along one direction (assumed to be the z-axis) in the wavelength range of

X-rays [36]. In this case, the wave can be considered as the combination of an s-wave where

the electric field points to an axis normal to the z-axis (here considered to be the x-axis)

and a p-wave where the magnetic field is directed into the x-axis.

The boundary condition for a wave propagating into an interface at z = Z between two dif-

ferent mediums (a and b) can be obtained by taking the flux integrals of Maxwell’s equations



3.1. NEUTRON INTERACTION WITH MATTER 25

(equations 3.12) over an element of a surface, and it can be shown that:

U(Za) = U(Zb)

∂U(Za)

∂z
=
∂U(Zb)

∂z

(3.15)

where U represents the electric field in s-waves and the magnetic field in p-waves. Further-

more, it can be shown that

ϵ = ϵ0(1−
λ2ρ(r)
π

) (3.16)

where ρ is the scattering length density of the medium for electromagnetic waves and is a

function of electron density, Ne(r) and the classical radius of the electron, r0,

ρ(r) = r0Ne(r) (3.17)

Therefore, the refractive index is derived as

n =
ξ

k
=
ω

k

√
ϵµ =

√
1− λ2ρ(r)

π
(3.18)

For X-rays, it can be approximated as

n ≈ 1− λ2
ρ(r)
2π

(3.19)

Interestingly, equations 3.14 are in the format of the Helmholtz equation obtained for neut-

rons (equation 3.7), with similar boundary conditions, equations 3.15, resembling those for

neutrons ( 3.11). This motivates the application of scattering theories derived from neutrons

to the case of X-rays scattering. As a result, the theoretical models in the following sections
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of this chapter are equivalently applicable to X-rays and neutrons.

3.1.2 Reflection at an interface

In the simplest case of specular reflection, a beam incident from the air incident reflects

from a substrate. Figure 3.1 depicts the case in which a plane wave with a wavenumber k0

interacts with a scattering potential at z = 0, which is proportional to the scattering length

density of the substrate, ρs.

Figure 3.1: Incidence of a plane wave with wave number of k0 from air to the surface of a
substrate at z = 0, resulting in reflected and transmitted waves, with amplitudes of R and
T, respectively. The wave number in the substrate is k.

As the potential depends only on the z-direction, the wavefunction can be considered the

product of eigenstates in each direction. We can simply solve the Schrodinger equation in

the z-direction,
∂2ψz(z)

∂z2
+ k20,zψz(z) = 0, z ≥ 0

∂2ψz(z)

∂z2
+ k2s,zψz(z) = 0, z ≤ 0

(3.20)

where k0,z is the wavevector along z in the air, k0,z = 2π
λ

sin θ with θ as the incident angle,
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and ks,z is the z-component of the wavevector the substrate, ks:

ks =

√
2m(E − V )

h̄2
=

√
k20 − 4πρs (3.21)

The solutions to these equations are simply

ψz(z) = e−ik0,zz +Reik0,zz, z ≥ 0

ψz(z) = Te−iks,zz, z ≤ 0

(3.22)

As a result, the beam is partially reflected with a reflection coefficient of R and partly

transmitted with a transmission coefficient of T. The reflection and transmission coefficient

in these equations can be obtained by applying boundary conditions (equations 3.11), which

gives
R =

k0,z − ks,z
k0,z + ks,z

T =
2k0,z

k0,z + ks,z

(3.23)

3.1.3 Reflection from a uniform thin film

For the more complex case of a uniform film with a thickness of t and SLD of ρf on top of

the substrate, reflection, and transmission in the film also should be accounted for. In this

case, the Schrodinger equations in three different regions in the z direction are

∂2ψz(z)

∂z2
+ k20,zψz(z) = 0, z ≥ t

∂2ψz(z)

∂z2
+ k2f,zψz(z) = 0, 0 ≤ z ≤ t

∂2ψz(z)

∂z2
+ k2s,zψz(z) = 0, z ≤ 0

(3.24)
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Where kf,z is the z-component of the wavenumber in the film with kf =
√
k20 − 4πρf . Sim-

ilarly, the solution to these equations are

ψz(z) = e−ik0,zz +Reik0,zz, z ≥ 0

ψz(z) = Ae−ikf,zz +Beikf,zz, 0 ≤ z ≤ t

ψz(z) = Te−iks,zz, z ≤ 0

(3.25)

The continuity relations at the film’s two interfaces with air and substrate result in the

reflection and transmission coefficient calculations.

R =
−(kf − k0)(kf + ks) + (kf − ks)(kf + k0)e

2ikf t

(kf + ks)(kf + k0)− (kf − k0)(kf − ks)e2ikf t
e−2ik0t

T =
4k0kfe

i(kf−k0)t

(kf + ks)(kf + k0)− (kf − k0)(kf − ks)e2ikf t

(3.26)

The film’s thickness and SLD can be obtained by fitting the experimental reflection intensity

Figure 3.2: Reflected intensity as a function of the momentum transfer, Q, for a uniform
thin film on top of a substrate for various thicknesses of 50 nm, 100 nm, and 150 nm.

to this theoretical prediction. Notably, it can be shown that the Kiessig fringes distance at

relatively high wavenumbers in the reflected intensity plot is inversely proportional to the
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thickness of the film. Figure 3.2 illustrates the reflected intensity for different thicknesses

of the uniform film coated on flat substrates, showing that the distances between successive

fringes increase by decreasing the thickness of the film.

Figure 3.3: Reflected intensity as a function of the momentum transfer, Q, for a uniform
thin film on top of a substrate for various scattering length densities of the film (ρf ) in
comparison with the substrate (ρs).

The reflected intensity also depends on the SLD of the film in comparison with the SLD of

the substrate itself. If the SLD of the film is higher than that of the substrate, the fringes

in the reflected intensity graph are on the top of the substrate reflectivity, as in this case,

the beam experiences the higher potential of the film. On the other hand, the opposite

trend occurs when the SLD of the film is lower than that of the substrate (see figure 3.2.).

Moreover, as the SLD approaches its substrate value, the fringes fade, and the reflected

intensity approaches that of the substrate case.

3.1.4 Interfacial roughness

The interface between different media usually has a roughness, resulting in the reflection

in many directions and, more importantly, a statistically averaged effect on the specular
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reflection of the beam impinging on the interface. The effect of the surface roughness on the

reflected intensity depends on the beam’s wavelength and incident angle [88]. Theoretically,

it is shown that roughness causes an exponential decay in reflected intensity for a single

interface as [89, 90]:

Rr = Re−qzqz,tσ2/2 (3.27)

where Rr and R are the reflection coefficient of the rough and smooth surface, qz and qz,t are

Figure 3.4: Reflected intensity as a function of the momentum transfer, Q, for an interface
with various degrees of interfacial roughness.

the wave vector transfer in different media, and σ represents the roughness which is defined

as the root square of the variance of height distribution of the surface. Interfacial roughness

can be computationally modeled by considering several sub-layers at adjacent interfaces and

gradually changing SLD between layers. A larger number of sublayers results in a function

of the interfacial roughness function. However, increasing the number of sub-layers comes

at the expense of computational time.
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3.1.5 Reflection from laterally structured thin films, Dynamical

Theory

So far, we observed how specular reflection could be adequately used to determine in-depth

variables or average parameters along the direction normal to the surface. However, for the

lateral structure of the substrate or thin films, the off-specular scattering patterns should

be decoded to retrieve the profile of the sample. In such a case, the scattering potential

also varies in the lateral direction, which should be simultaneously solved to fit with the

experimental signal and reconstruct the substrate profile. Among various patterned thin

films, periodic nanostructures have significant implications in various fields, particularly

biotechnology. In the following section of this chapter, we briefly explain dynamical theory

(DT), which was previously proposed by Ashkar et al.[30] to interpret the scattering pattern

of periodic thin films. Dynamical theory (DT) is an exact theoretical model to interpret

reciprocal patterns of strong off-specular scattering from periodic structures and to retrieve

the profile of the sample with high precision[30, 31, 91].

DT is based on a description of the Bloch waves due to a periodic potential. Similar to

previous sections, the Hamiltonian is separable, and we can solve the Schrodinger equation

independently. The neutron wavefunctions are 3-dimensional plane waves in the air and

the substrate, similar to the previous cases. However, in this case, the intermediate layer

has a laterally periodic SLD (here we consider it in the y-direction), resulting in a periodic

potential that can be expressed as a Fourier expansion:

ρ(z) =



0; z > 0∑
l

ρl e
i 2πly

d ; 0 > z > −t

ρs; z < −t

(3.28)
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Figure 3.5: A rectangular pattern that is periodic along the y direction, with a thickness
of t and a period of d. These structures are typically divided into three layers: air, the
modulated layer, and a substrate.

where d and t are the period and depth of the periodic layer. The coefficient ρl can be

determined based on the filling factors and the period of the layer [30]. According to the

Bloch theorem, the solution to the Schrodinger equation of the eigenstates along y direction

in the modulated layer, in general, are given by one-dimensional Bloch waves:

ψy,n = eik0,yy
∑
m

bn,me
im2πy

d (3.29)

in which bn,m are the Bloch coefficient required to be determined. Hence, due to the periodic

potential along y, the wave number in that direction is quantized, with quantization inversely

proportional to the period:

ky,m = k0,y +
2πm

d
(3.30)

This quantization of the momentum along y can be graphically expressed in truncation rods

or Bragg rods separated by spacings of 2π/d. Putting the general Bloch eigenstates of equa-

tion 3.29 and scattering length density expansion from equation 3.28 into the Schrodinger
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equation along y direction, a set of equations are obtained:

[(k0,y +
2πm

d
)2 + 4πρ0 −

2m

h̄2
En,y]bn,m + 4π

∑
p ̸=m

ρm−pbn,m = 0 (3.31)

where En,y are the associated eigenvalues. As a result, the general wavefunctions in the y-z

plane in different regions are:



ψair = ei(k0,yy−k0,zz) +
∑
m

Rme
ip0,mzei(k0,y+

2πm
d

)y

ψlayer =
∑
n,m

[R1,ne
ip1,n(z+t) + T1,ne

−ip1,nz]bn,me
i(k0,y+

2πm
d

)y

ψsubstrate =
∑
m

Tme
−ip2,m(z+t)ei(k0,y+

2πm
d

)y

(3.32)

The conservation of energy determines the wave numbers p0,m, p1,m, and p2,m. The conserva-

tion of energy condition is graphically expressed by an Ewald sphere, where the initial energy

of the beam determines the radius of the Ewald sphere. Notably, the coefficients Rm, Tm

are determined by applying boundary conditions at the interfaces between the modulated

layer with air and with the substrate, which leads to the calculation of reflectivities and

transmissivities [92]
|R2| =

∑
m

p0,m
k0,z

|Rm|2

|T 2| =
∑
m

p2,m
k0,z

|Tm|2
(3.33)

The calculated reflected intensity can then be compared to the experimentally obtained scat-

tering intensities, from which profile parameters of the sample are predicted. This approach

can be extended to more complicated profiles, such as non-rectangular gratings and layered

profiles. A thin-slicing approach known as Parratt formalism is required to account for in-

depth variation [56] (See Figure 3.6.) In this case, the scattering length density is expanded



34 CHAPTER 3. DYNAMICAL THEORY ANALYSIS OF REFLECTION FROM PERIODIC STRUCTURES

Figure 3.6: A trapezoidal periodic pattern. Thin slicing strategy can be used for non-
rectangular and layered profiles for dynamical theory analysis.

with Fourier components:

ρ(z) =
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.

.

.

ρs; −t > z

(3.34)

where n is the number of the sub-layers. These periodic scattering length densities result

in a periodic potential in each sub-layer, so the subsequent Schrodinger equation should be

solved based on them, leading to the subsequent eigenfunctions. The general wavefunction



3.1. NEUTRON INTERACTION WITH MATTER 35

of these equations in each sub-layer are:
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The boundary conditions must be applied at every interface between sub-layers, resulting

in the calculation of the total reflected intensity necessary for retrieving the profile of the

measured sample.

This theoretical model has been validated in previous studies of neutron reflectometry meas-

urement. For example, in a recent study, the dynamical theory was used to retrieve the

lateral profile of an in-depth varying periodic diffraction grating for both bare cases and

when it is buried beneath a deuterated polymer [55]. In another study, thermorespons-

ive polymer film was coated on a rectangular grating to allow cell release by changing the

temperature [31]. In the latter, the deuterated solution was used to enhance the neutron

scattering contrast between silica with polymer film and subphase. These studies show the

precision and high potential of the Dynamical Theory model and motivate its application in

more complicated cases.



Chapter 4

Characterization of periodic

nanostructures with X-ray scattering

Overview

Periodic structures such as grating surfaces are broadly applicable across different fields such

as in optics [15, 93, 94], electronics [16, 95], and in biotechnology[96, 97]. For instance, in

solar energy applications, they are applied to trap light and increase efficiency by increasing

optical absorption and decreasing integrated reflection loss [98, 99]. In the field of plasmon-

ics, triangular-shaped channels are used as optical waveguides for the realization of compact

photonic components [100]. In astronomical applications, they are applied to increase the

precision of spectroscopy in space telescopes [101]. In chemistry, gratings on silica surfaces

are utilized as optical sensors to monitor chemical and biological species [17]. In biotechno-

logy, optical grating coupler biosensors are used to improve the design of novel biomaterials,

which is a critical step in developing new drugs [102]. They are also used as scaffolds in tissue

engineering to control cell growth and release [31, 103]. The performance of such applications

highly depends on profile precision which necessitates accurate characterization. Among

different scattering characterization techniques, grazing-incidence small-angle x-ray scatter-

ing GISAXS has been widely used to characterize grating structures [104, 105, 106, 107].

GISAXS was initially proposed by Cohen et al. [58] as a “method of studying discontinuous

36
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thin films.”. In this technique, the sample is aligned near the substrate’s critical angle to

probe a large surface area with high-resolution sensitivity to in-depth and lateral structures.

This geometry circumvents the high energy typically incurred in transmission mode tech-

niques. This property of GISAXS is very applicable for characterizing soft matter coatings

on substrates, such as polymer line grating, which otherwise is challenging with transmission

modes [108]. Here in this chapter, we applied our developed modeling approach based on

Dynamical Theory to a GISAXS experiment by simultaneously optimizing the fits of the

reflected intensity along different Bragg’s rods to retrieve the sample profiles. Our model

includes thin-slicing the structure into sub-layers and using the Parratt formalism to obtain

a more detailed profile of the sample by solving for the reflected and transmitted intensities

in each slice.

4.1 Method

Grazing-incidence small-angle X-ray scattering (GISAXS) experiments were conducted by

Prof. Ashkar at the soft matter interfaces beamline at Brookhaven National Lab. These

experiments were conducted in a GISAXS mode and the scattering data were collected in

the form of 2D detector images that were reduced and analyzed as described later in this

chapter. In general, the energy is conserved when a beam is an incident on a sample in an

elastic collision. As the energy is proportional to the wavenumber squared, any scattered

beam has the same magnitude as the initial wave number, which constructs the Ewald

sphere. As a result, the wavelength of the incident beam can be determined by calculating

the radius of the detected Ewald sphere (see Figure 4.1.) For a grating surface, in chapter

3 we showed that the periodic potential leads to the quantization of the wave number along

the grating direction, which is inversely proportional to the period (equation 3.30.) This
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Figure 4.1: Ewald sphere provides a graphic representation of elastic scattering, where the
energy is conserved, and the magnitude of the momentum of the scattered beam, ksc, is equal
to that of the incident beam, kin. The dashed lines represent Bragg rods, resulting from the
periodicity of the sample profile along the y-direction.

quantization of momentum can be graphically expressed in terms of Bragg rods (truncation

rods) that are separated by spacings of 2π
d

, with d as the period of the surface patterns. On

the other hand, the conservation of energy condition is graphically expressed by an Ewald

sphere. Since both conditions have to be simultaneously satisfied, scattering is only possible

for scattered wavevectors determined by the intersection of the Ewald sphere and the Bragg

rods. The higher energy of the beam leads to a larger Ewald radius, so cross-sections with

higher rod orders are possible. Moreover, if the initial momentum along y changes with

changing azimuthal angle (e.g., by rotating the sample), the Ewald circle shifts across the

truncation rods.

This phenomenon is beautifully illustrated in grazing incident small-angle neutron scattering

measurements that are shown in figure 4.2. In these experiments, the sample is aligned such

that the beam is incident at shallow angles along the lines of the grating. If the beam is along

the grating lines, scattering spots are obtained at equal spacings along the Ewald sphere (See
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Figure 4.2a). However, if one rotates the grating in the horizontal plane, this changes the

angle between the incident beam and the grating lines, and it causes the Ewald circle to

move across the rods (See Figure 4.2b,c). In a sweeping measurement, scattering data are

collected as the sample is rotated between -10 and +10 degrees by accumulating spots along

the Bragg rods, resulting in an intensity variation along each Bragg rod (See Figure 4.2d).

The intensity variation can be modeled by dynamical theory which allows retrieving the

profile of the measured sample.

Figure 4.2: Different patterns obtained by azimuthal rotation of the sample. a) When the
beam is along the grating lines, scattering spots are obtained on the edge of a symmetric
Ewald circle. b) and c) When the grating is rotated in the horizontal plane, this changes
the angle between the incident beam and the grating lines, and it causes the Ewald circle
to move across the rods full stop d) In a sweeping measurement, data is collected as the
sample is rotated between -10 and +10 degrees by accumulating spots along the Bragg rods,
resulting in an intensity variation along each of the Bragg rods. This intensity variation
can be modeled by DT and allows us to extract the profile of the measured sample. Upper
panels are detector images collected at Beamline 12-ID, Soft Matter Interfaces (SMI) at the
National Synchrotron Light Source II (NSLSII) at Brookhaven National Lab (unpublished
data, courtesy of R. Ashkar and M. Zhernenkov).
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4.1.1 Experiment

Linear silicon nanostamp with a size of 25×25mm2 with a grating periodicity of d = 140 nm,

and thickness of t = 50 nm were purchased from “LightSmyth technology” (See Figure 4.3

for the scanning electron microscopy (SEM) image). Full stop scattering measurements were

Figure 4.3: Scanning electron microscopy (SEM) images of the top and cross-sectional view
of the silicon grating sample studied in this chapter. Images are provided by LightSmyth
Technologies.

performed at Beamline 12-ID, Soft Matter Interfaces (SMI) at the National Synchrotron

Light Source II (NSLSII) at Brookhaven National Lab. In these experiments, an X-ray

wavelength of λ = 0.77012 nm were used. The distance of the detector from grating surface

to the detector was set to D = 8.3 m, with a pixel size of (ps)= 172 µm. Single snap shots

were taken at an exposure of 1s each with the grating aligned along the beam direction.

Sweep measurements were done between +10 and -10 degrees around the alignment angle.

The total exposure time was set to 5.6s, which is roughly the time that it takes the stage to

rotate by 20 degrees. Measurements were performed in air. Measurements were taken at 3

incident angles (0.35, 0.25, and 0.2) for modeling purposes both single shots and sweeps.



4.1. METHOD 41

4.1.2 Data Analysis

Detector images in ”.tif” format were provided by the CCD camera and can be visualized by

”Albula” package; a package designed for the X-ray scattering measurements [109]. Library

of ”dectris.albula” in python were used to convert .tif images to .dat format which is readable

and can be processed in python modulus. This processes digital images as matrices with

elements representing the intensity. Analytical fits require intensity variation along Bragg’s

Figure 4.4: a) Ewald circle. b) A sample of image from a GISAXS experiment in an sweeping
mode. The depicted detector images were collected at Beamline 12-ID, Soft Matter Interfaces
(SMI) at the National Synchrotron Light Source II (NSLSII) at Brookhaven National Lab
(unpublished data, courtesy of R. Ashkar and M. Zhernenkov).

rods, which were obtained by determining peaks of intensity along horizontal axis, using

Python function ”find-peaks” from ”scipy.signal”. As there was multiple images, an average

were used for the analysis, to minimize the uncertainty.

For the theoretical analysis, we performed the fits to the intensity variation along multiple

Bragg rods, simultaneously. Computational analysis was performed using an optimization

protocol to improve the fitting process based on dynamical theory. The optimization protocol
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applies the covariance matrix adaptation evolution strategy (CMA-ES) package in python

[32]. CMA-ES is a stochastic numerical optimization algorithm for non-linear optimization

problems in Python. We used a Python-based execution script to extract DT calculations

programmed in Mathematica and employed the CMA-ES package for the fitting process.

The computational protocol requires approximate initial inputs for those variables, along

with their range as the upper and lower bounds. These inputs can be approximated based

on the manufacture values. However, in the absence of initial parameters, we required a

wider range of variable bounds. In our study, the fitting time was not substantially affected,

and the computational algorithm was able to predict the structural parameters efficiently.

Other measurements such as specular fits can be used to approximate the initial value of the

parameter and its range as the upper and a lower bound on the fit values. The CMA-ES

package generates a set of n random parameters within the specified range as training sets

of variables. Based on the fit residuals (value of the fitness function) of each parameter set,

the CMA-ES algorithm predicts a new set of parameters to be calculated for a new value

of f . This procedure is repeated until f reaches a preset threshold. In comparing the DT

calculations and the scattering data, we defined a fitness function to describe the degree of

convergence:

f =

∫ qf
qi
[Ptheory(q)− Pexperiment(q)]

2dq∫ qf
qi
[Pexperiment(q)]2dq

(4.1)

where Ptheory and Pexperiment are the theoretical and experimental quantities, which in this

case, represent the reflected intensities. Also, q is the wavevector transfer. We then defined a

weighted total χ2 from fitness values to the Bragg rods (f) to determine its total convergence

to the theoretical prediction. Further, for simulating the intensity variation along Bragg

rods, we performed the DT calculations with 10 Bragg orders to ensure convergence. While

a higher number of Bragg orders results a higher resolution of the SLD profile, it extensively

increases the computational cost.
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4.2 Results

We predicted structural variables with high precision by fitting the theoretical prediction to

the experimental data based on dynamical theory model. We applied simultaneous fits to

the intensity variation of the first three Bragg rods to reconstruct the periodic surface. The

dynamical theory applies boundary conditions on the wave function and its first derivative

obtained by solving Schrodinger equations for the incident and scattered waves in different

regions [30] (see chapter 3.) The measured sample is a grating layer on a silicon substrate

with constant SLD. We considered a thin-slicing approach with three sub-layers, with various

thicknesses and filling factor to account for in-depth variation in the grating profile. The

filling factor is defined as a parameter representing the fraction of silicon width to the channel

width in each period. This scenario leads to a total number of six variables. These variables

Figure 4.5: Fits to the normalized intensity variation along the first three Bragg rods,
corresponding to m=1,3,5. Blue circles are experimental data obtained from processing
detector images, and the red lines represent fits to them, analogous to the scattering intensity
computed based on the DT model. Data are shifted vertically for easier visualization.

are updated by the covariance matrix adaptation evolution strategy (CMA-ES) during each

iteration of the fitting analysis. Although a higher number of thinner sub-layers represent a

more accurate grating profile model, it comes at the expense of higher computational time to

converge to a preset parameter with increasing the number of variables. The fixed parameters

in the calculation were the X-ray SLDs of the grating material is set to ρSi = 19.3×10−4 nm−2,
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and ρair = 0.0 × 10−4 nm−2. The normalized fits to the intensity variations along the three

odd rods are shown in Fig. 4.5 for the three-slicing scenario. The fits indicate precise

prediction, particularly for the first Bragg rod, where the data incorporates wider range

of qz, with high-resolution features. For the third and fifth Brag rods, the data contains

fringes in higher values of qz, the domain equivalent to the smaller structural details. The

reconstructed profile is shown in Fig. 4.6, illustrating the thicknesses and filling factors for

each sub-layer. As can be seen, the profile shows wider filling factors at the bottom of the

layer, leading to a trapezoidal profile. Also, our results indicates a total thickness of ≈ 45 nm,

which is close to the value presented by the SEM image in Figure 4.3.

Figure 4.6: Profile of the measured sample obtained from the DT fits using the CMA-ES
optimization approach, indicating the total thickness, period, and the structure’s shape.

4.3 Conclusion

In summary, this chapter presents a modeling approach for reconstructing the profile of a

silicon grating layer using grazing incident small-angle X-ray scattering (GISAXS) and a

dynamical theory (DT) model. In this model, we applied a thin-slicing strategy for the

fitting process by dividing the periodic layer into three slices. This model can be improved

by dividing the profile into more layers or slices will further increase the accuracy of the

fitted profiles. Using the the proposed optimization algorithm based on CMA-ES, which
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automatically adjusting the structural parameters of the modeled profiles, we achieved the

fit between the experimental results and DT calculations, allowing the profile reconstruction

of a layered nanostructured grating. The proposed approach designated in this study can

be utilized to other periodic structures such as layered surfaces, by considering an adequate

thin slicing approach to describe the details of the measured profile. For instance, it can

also be used for the characterization of soft matter-based structures within the confinement

of the grating channels or for the study of membrane-protein interaction where a periodic

patterned surface is used as a scaffold for lipid deposition (See following chapters).



Chapter 5

Polymer brush conformations in

nanofluidic channels

This chapter contains material from a manuscript in preparation. Title: ”Characterization

of Stimuli-Responsive Polymer Brushes in Nanofluidic Channels”. Authors: Hadi Rahman-

inejad, Andrew J. Parnell, Thomas Sexton, Gary Dunderdale, Wei-Liang Chen, John F.

Ankner, Wim Bras, Christopher K. Ober, Anthony J. Ryan, and Rana Ashkar.

5.1 Overview

Nanofluidics with controllable gating properties have promising and exciting uses in many

research areas requiring regulated fluid flow and particle selectivity, such as fluidic diodes

[110], drug delivery [111], cell identification [112], DNA analysis [113, 114, 115, 116], water

purification [117], and molecular sorting [118]. Various designs have been proposed and ex-

amined for the controlled gating behavior in nanochannels, such as the use of surface charge

or using a field-effect to enable direct ionic manipulation in nanochannels that are dimen-

sionally comparable to the Debye length [119, 120, 121]. However, physical manipulation of

nanochannels poses a difficult challenge for easy control over nanofluidic devices with tun-

able or responsive properties. Fortunately, advances in nanochannel functionalization with

stimuli-responsive polymers adequately address these challenges and enable new opportun-

46



5.1. OVERVIEW 47

ities for advanced applications requiring flow regulation on the nanocale[122, 123, 124].

Due to their conformational response to thermal, chemical, or optical variations in their

immediate environment, stimuli responsive polymers have emerged as a versatile means for

designing smart, functional surfaces. The ability to tune surface properties such as adhesion,

roughness, wettability[125], reactivity, and selectivity has facilitated novel designs of mass

transport-controlled devices[126, 127, 128] as well as sensing and actuation [129, 130]. Re-

cently, they have also attracted significant attention due to their potential in biotechnology

and biomedical applications. Although the most well-studied and easily triggered stimulus is

temperature[131], polymers respond to other stimuli. This is particularly true for polyelec-

trolyte polymers where pH and ionic strength, are used for different applications such as;

drug delivery [132, 133, 134, 135], separation processes[136], tissue engineering [137], and

biosensors or actuators [125]. Poly (dimethyl aminoethyl methacrylate) (PDMAEMA) is

a pH-responsive polymer whose conformation changes with the degree of protonation. Its

amine pendant groups (basic groups)[138] are protonated in acidic environments, resulting

in a swelling of the polymer due to the osmotic effect of counterions. They are highly pro-

tonated in an acidic medium such as endosomal environments, which make them widely

applicable in gene delivery [139, 140, 141]. More importantly, PDMAEMA brushes show

sharp and reversible switching behavior between the swollen and collapsed state [142], which

is pertinent for nanofluidic purposes [143]. To examine this possibility, we employed selective

functionalization on the sidewalls of sub-micron silicon channels with PDMAEMA brushes

and tested the resultant channel geometry under different solution conditions.

Synthesis of the samples was performed in Prof. Chris Ober’s Lab at Cornell University

and in Prof. Anthony Ryan’s Lab at the University of Sheffield. Specifically, we explored

the degree of brush swelling and collapse in response to variations in the solution pH and

salt concentration. The effect of brush conformation change on the effective width of the
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channels has significant implications in controlled gating behavior and nanoparticle sort-

ing applications. A full 3D characterization of the brush-decorated channels was obtained

using specular and off-specular neutron reflectometry (NR). The measurements were per-

formed on a series of periodic linear channels. This multi-channel geometry is necessary for

signal amplification and subsequent data analysis. All measurements were performed in a

fluid cell that was custom-designed for neutron reflectometry studies [144]. Taking advant-

age of neutron isotope sensitivity and corresponding differences in the scattering potential

between hydrogen-rich and deuterium rich moieties, all measurements were performed in

D2O solutions with the desired pH level or salt content. This solvent deuteration scheme

yielded the highest achievable contrast between the polymer brushes and their aqueous en-

vironment. Notably, the scattering geometry and collected data in our NR measurements

significantly differ from specular reflectometry studies on polymer brushes grafted onto flat

surfaces [142, 145, 146].

In this chapter, we will use the developed DT model proposed in previous chapters to extract

information on the response of the brushes to changes in solution pH and charge. Here, we

performed simultaneous fitting of specular and off-specular signals, yielding unique fits of

the 3D structure of the polymer brushes within the channels. The data fits, performed using

similar computational optimization protocol in chapter 4, indicate that the polymer chains

assume a collapsed state under basic pH conditions, resulting in an open gate structure.

However, upon decreasing the solution pH, the brushes swell and decrease the gate width

to 100 nm. With increasing salt concentration, the brushes swell further and yield a gate

width of sub-100 nm. Interestingly, in the swollen brush state, our model indicates a dense

polymer brush region near the channel walls and a less dense region toward the middle of the

channels, in agreement with studies of polymer brushes on flat substrates [138, 142, 147, 148].
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Figure 5.1: Various steps in preparation procedure, including photolithography patterns,
reactive-ion etching (RIE), deep reactive-ion etching (DRIE), initiator depositing, Si poly-
merization, and grown along trenches.

5.2 Materials and Methods

5.2.1 Sample preparation

The samples were prepared at Prof. Christopher Ober’s lab at Cornell University using

grafting-from methods, in which polymerization is initiated using initiator on the sidewalls

of sub-micron channels etched into a silicon wafer. By depositing a thin chromium layer on

the top and bottom of the channels, the brush growth was constrained to the sidewalls of

the channels (see Figure 5.1.)

5.2.2 Neutron reflectometry measurements.

Neutron reflectometry experiments were carried out at the liquid reflectometer (BL-4B) at

the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory by Prof. Ashkar,
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Figure 5.2: Neutron reflectometry experimental setup, showing the specular and off-specular
reflection, with the first Bragg rod having the strongest intensity variation. Neutron beam
is incident from silicon, with an angle of θi, equal to the reflected angle of specular signal, θr.
Right panel visualizes real experimental data. The detector image was obtained at the Liquid
Reflectometer beamline (BL-4B) at the Spallation Neutron Source at Oak Ridge National
Laboratory (unpublished data, courtesy of A. Ryan, J. Ankner, and R. Ashkar).

Prof. Anthony Ryan, and two other members of his group. The measurements were done in

two scattering geometries: specular reflection and off-specular reflection. Specular data were

collected using standard beam apertures and slit sizes to cover a specular reflectometry signal

over a Q-range of 2×10−3 nm−1 to 2×10−3 nm−1. In off-specular measurements, the detector

was offset by 4 degrees and the specular beam was masked to enable long acquisition times

of the Bragg rods which are typically several orders of magnitude weaker than the specularly

reflected beam. All measurements were performed in a silicon fluid cell with a quartz window

that was specifically designed for neutron reflectometry measurements. Details of the cell

design can be found in previous literature [144]. All studies were performed in a D2O buffer

with the target pH and salt content.
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5.2.3 Data Analysis

Specular data analysis.

Specular neutron reflectivity data were initially analyzed using Motofit package [57] to de-

termine the thickness, roughness, and average SLD of the different layers within the sample.

The obtained parameters were later used as inputs for the dynamical theory (DT) model

calculations in simultaneous fitting of the specular and off-sepcular signals. Since the meas-

urements were done such that the neutron beam was incident from the silicon substrate, the

data were modeled with a front layer representing the silicon substrate (SLD = 2.07× 10−4

nm−2) and a back layer representing the solvent. To model the channel structure, three or

four additional layers were considered as shown in Figure 5.3.

Figure 5.3: Schematic of the sample with different elements, including periodic channels
etched into a silicon substrate, chromium coatings, solvent, and polymer brushes. Dashed
lines represent layers considered for the specular analysis.

The model comprised of a layer containing silica and chromium at the bottom of the channel,

a layer corresponding to silicon and a mixture of brush and the solvent, and another layer

of trapezoidal silicon with different filling factor and solvent on the top. In the case of four

layers, the additional layer represents a thin layer of solvent and chromium film deposited
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on the sample surface to prevent brush growth from the top surface (see Figure 5.3 for more

details). The data fits showed a better quality fit with the four-layer model, as evident from

the fit residuals (χ2 = 0.0197771 for the 3-layer model vs χ2 = 0.018743 for the 4-layer

model). A comparison of the fits to specular signal between three-layer model and four-layer

model is demonstrated in Figure 5.4 (a) and (b), respectively. This figure also shows the

SLD profile normal to the surface in panel (c). Also, the AFM image of the relevant sample

can be seen in panel (d), approximately showing similar thickness of the sample.

Figure 5.4: Specular reflection fits for pH 10 sample, based on (a) three- and (b) four-layer
model using the Motofit fitting package. c) Averaged neutron SLD profile normal to the
surface based on the fits to the specular data using a 4-layer model. d) AFM image of
the wet sample, showing the total thickness and periodicity of the submicron multi-channel
structure.
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5.2.4 Off-specular data analysis.

The lateral characteristics of the channels and the polymer brush, e.g. channel width and

brush thickness, cannot be resolved from laterally averaged specular reflectometry data but

can be obtained from the off-specular signals. Based on earlier work [31], the intensity

variation of the offspecular signals as a function of neutron wavelength embeds unique in-

formation of the lateral structures and SLD profile of the sample. These signals are analyzed

using the dynamical theory (DT) model that has been effectively utilized in previous studies

[30, 149, 150] of periodic channel structures. The details of the data reduction are described

in the following section and are demonstrated graphically in figure 5.5. The data fitting was

also performed using an optimization protocol described in the previous chapter.

5.2.5 Data reduction for Off-specular signals

The top left panel in Figure 5.5 is an example of a detector image obtained from off-specular

NR measurements. Data reduction of such signals requires background subtractions which

cannot be performed using specular NR protocols available at neutron reflectometers. In-

stead, we performed data reduction of the off-specular signals using image processing of de-

tector images. This entailed choosing a band around the Bragg rod of interest (in this case

the 1st Bragg rod) and finding the background intensity as a function of neutron wavelength

or time-of-flight. This was done by binning the data in neutron wavelength and modeling

the neutron intensity along each bin. Fits of the intensity to a normal distribution (panel

c), enabled calculations of the average background intensity along each wavelength bin. The

off-specular signal was then obtained by subtracting the background intensity from the total

intensity for each wavelength.
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Figure 5.5: Data processing for off-specular signals. (a) A typical image showing the first
few Bragg rods in a time-of-flight experiment. (b) A zoomed-in version of the detector image
shown in panel a. c) Depiction of the band chosen around the first Bragg rod. The inset shows
a fit of the intensity along the highlighted wavelength bin to a normal distribution function,
enabling calculations of the background intensity and subsequent background subtraction.
d) 1D representation of the background-subtracted off-specular signal, depicted as intensity
vs. wavelength.

5.2.6 Optimization protocol.

Simultaneous fits of the DT model to the specular and off-specular neutron data were per-

formed using an optimization protocol that fits key variables of the sample profile, including

brush thicknesses and SLDs. The starting values of certain parameters (e.g. channel depth

and width) and their range were set to their experimentally observed values by other meth-

ods including AFM measurements. Other parameters, such as the interfacial roughness, were

input from analysis of the specular signals by Motofit. In addition, we considered two regions

of the polymer brushes away from the channel sidewalls. This was inspired by earlier studies
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showing different conformational states of polymer brushes away from interfaces [145]. In

such cases, one would expect that two regions would have different brush density and would

subsequently exhibit differences in the SLD of the respective brush brush region. The fit

optimization was done using the the same protocol explained in previous chpater based on

the CMA-ES package in python[32]. We defined a weighted total χ2 from specular and off-

specular data fits as fitness function (f) to show the goodness of the fit to the theoretical

prediction.

5.3 Results and discussion

5.3.1 In-depth channel geometry.

A series of NR measurements were conducted under various solution conditions, including dif-

ferent pH 4 (swollen) and pH 10 (collapsed) and salt concentrations (10, 100 and 1000 mM).

In neutron reflectometry measurements, the scattering power of materials is determined by

their Scattering Length Density (SLD), which is analogous to the optical refractive index

for electromagnetic waves. Fits to the specular NR data enabled sub-nm characterization of

the channel geometry normal to the free surface such as the total channel thickness and the

fraction of polymer brush decorating the channel walls. In these fits, the sample is divided

into contrasting layers and the thickness and neutron contrast or SLD of each layer are used

as fitting parameters. The layer composition is then indirectly inferred from the SLD of the

layer, using the previously known SLD of the individual components. Yet, the exact analysis

of in-depth variables by specular reflectometry requires complementary measurement as the

specular analysis requires phase information, and with the lack of phase information, various

SLD profiles may lead to the same specular reflection pattern [151]. Moreover, to solve for



56 CHAPTER 5. POLYMER BRUSH CONFORMATIONS IN NANOFLUIDIC CHANNELS

the brush structure inside the channel, we require access to the sample’s lateral structure,

which is not provided by specular analysis. In fact, that the laterally averaged SLD is inde-

pendent of the brush thickness and depends on the total volume fraction of the monomers

inside the channel.

Figure 5.6: A schematic profile of polymer brushes grafted onto the sidewalls of a nanochan-
nel, with a brush thickness x and an overall channel width L.

This can be shown by calculating the average SLD for a brush region within the channels

as:

ρav = f ∗ ρSi + (1− f) ∗ (x(ϕ ∗ ρpol + (1− ϕ)ρD) + (L− x)ρs)

= f ∗ ρSi + (1− f)(xϕρp + ρs(x(1− ϕ) + (L− x)))

= f ∗ ρSi + (1− f)(cρp + ρD(x− c) + (L− x)ρD)

= f ∗ ρSi + (1− f)(cρp + ρD(L− c))

(5.1)

where f is the filling factor of the gratings, ρSi is the scattering length density of silicon,

x, and ρpol are the average lengths and SLD of brush polymers, respectively (also see figure

5.6.) This relation shows that the average scattering length density is independent of the

length of the polymer brushes.

Hence, off-specular measurements were performed along with specular reflectometry on the

sample to provide precise in-depth measurements in a physically consistent environment. In

Table 5.1, the channel thickness obtained from the fits is ≈ 268 nm, which is in agreement
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Sample Total thickness[nm] ρb[10−4 nm−2] Tkb[nm] fm [%] ρsol[10−4 nm−2]
PH 10 259.79 3.240 219.19 28.6 6.10
PH 4 265.8 3.241 218.83 29.1 6.00

PH 4, 10mM 266.67 3.297 220.50 28.6 5.93
PH 4, 100mM 266.78 3.222 219.72 32.1 5.97

PH 4, 1M 264.71 3.172 218.04 31.95 5.843

Table 5.1: In-depth variables obtained from the specular reflectivity data analysis. Here,
ρb and Tkb respectively indicate the SLD and thickness of the layer describing the brush-
decorated part of the channel. fm is the volume fraction of polymer inside the channel and
ρsol indicates the SLD of the deuterated solvent.

with atomic force microscopy (AFM) measurements (See Figure 5.4.) Furthermore, the

thickness of the layer containing polymer brushes is also obtained, showing a close range of

218-221 nm, indicating the length of grafted area. Another important feature of the specular

signals is the critical edge, indicating a sharp drop of specular intensity (from unity). The

wavevector transfer, Q, of the critical edge is given by the SLD difference between the incident

medium (silicon) and the reflecting medium (deuterated solvent) such that |Q| = 2
√
4π∆ρ.

Knowing the SLD of silicon (ρsi = 2.07 × 10−4 nm−2), the critical edge in individual data

sets was used to calculate the exact SLD of the solution under each of the conditions studied

here. By having the SLD of the bulk solution and the average SLD of the layer containing

brushes, the total volume fraction of the polymer inside the channel is calculated (see the

table 5.1 for the obtained parameters), which confirms a close range, especially for pH10,

pH4, and low salt concentration (≈ 29%). However, the range by adding salt increases to

≈ 31.95% for 1000 mM, which we speculate to be due to the gradient of salt concentration

present inside the brush domain and the bulk due to the absorption of ions by basic groups,

which we did not consider in our calculations. This is also crucial later for the determination

of the brush SLD and subsequent calculation of the brush volume fraction as a function of

distance from the channel walls.
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5.3.2 Brush Conformation.

Simultaneous fits to specular and off-specular signals yielded the 3-dimensional conformation

of brushes inside the channel (See figure 5.7.) These analysis provided a detailed description

of the channel’s lateral scattering length density, or in other words, the Fourier coefficients

of the SLD shown in Figure 5.7(d). The channel’s lateral SLD represents the composition

of each considered layer. In particular, it determines DMAEMA volume fraction in various

brush compartments.

Figure 5.7: Simultaneus fits of the specular and off-specular signals for pH 4, 1M salt concen-
tration (a) Specular, fits (b) Average neutron SLD profile obtained as a function of channel
depth. (c) Off-specular fits, (d) Lateral SLD profile of the channel layer containing the poly-
mer brushes. The middle SLD with the highest value at the center of the channel represents
the gate between the polymer brushes on the opposite sidewalls of the channel. The two
adjacent plateaus represent regions with different volume fractions of the polymer brush,
indicating a dense region near the sidewalls and a dilute region away from that.
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Theoretical studies predicted a Gaussian density profile for the “electrolyte” regime and a

parabolic density profile for the “quasineutral” regime for many monomers in chains grafted

into a solid surface. The former density profile is contributed by a term responsible for

the counterion entropy, while in the latter case, the swelling is contributed by the repulsive

volume interchain interactions [152]. Such behavior of the brushes has been observed in

previous empirical studies [138, 142, 145], indicating nearly constant polymer volume fraction

for thin films but variable distribution for thicker brushes, with a higher density close to the

surface and lower density away from the surface. While such behavior is partially due to

polydispersity, this happens mainly because brush polymers have different conformations in

the outer region of the brush layer. Moreover, the construction of the hydrophobic domain

potentially due to globule formation can result in averagely denser regions close to the

surface [147]. Although for free chains, such formations can be situated anywhere on the

backbone, for grafted brushes, they form favorably close to the solid surface to allow a gain

in the interfacial energy [153]. A thin layer with the thickness of Ts can also be constructed

close to the channels’ side wall surfaces, where the brushes are initiated with a high volume

fraction of the monomers due to the attractive interaction between initiators and DMAEMA

segments [145, 148]. Consequently, we considered the brush as having regions of different

scattering length density, directly relating to the brush polymer volume fraction, to account

for the dense layer and the Gaussian part, which changes from the surface into the liquid

phase. We found the thickness of the dense layer Ts ≈ 9 − 12 nm for all measurements,

suggesting that variation in the solution condition mostly influences the Gaussian part of

the brush. This implies that the attractive interaction between the monomers and the

surface is overwhelming in comparison with the swelling effect due to the osmotic pressure

of the counterions. We approximated the Gaussian part with a lower sld for the region

closer to the surface and a higher sld far from the surface. Considering ρSol ≈ 6.10 ×

10−4 nm−2 and ρDMAEMA = 0.80 × 10−4 nm−2 [145], these measurement shows the higher
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volume fraction of DMAEMA near the sidewalls and a dilute domain for brushes far from the

surface, particularly for less stretched chains. Notably, the computed SLD profile determines

the gate opening width of the channel. This opening width is obtained by determining a

region at the middle of the channel between brush ends from the opposite sides, which has

the highest SLD(≈ 6.10 × 10−4 nm−2) representing the solvent region. This indicates that

our analysis provides a non-invasive method to characterize the gate opening in this model

nanodfluidic channel, which can be measured under various solution conditions to explore

its response to surrounding solvent changes (pH, ionic strength, solvent etc.).

5.3.3 Effect of pH on gate opening.

For pH-variation experiments, measurement were run at basic (pH 10) and acidic (pH 4)

solvents, above and below pka, respectively, to explore the channel gate response to the

solution condition, as a result of conformational change of PDMAEMA brushes. In general,

depending on the grafting densities, the polymer brush chains undergo excluded volume

repulsion and have a strongly stretched conformation in comparison with isolated polymer

chains [154]. The scaling law of neutral brush as a function of their grafting density was

described by Alexander [155] and de Gennes [156] as L ∝ Nσ1/3. When polymer chains con-

tain charged monomers, i.e., polyelectrolytes, the scaling law is fundamentally different; as

in this case electrostatic interactions and their subsequent impact on counterion absorption

should be considered, leading to osmotic pressure of confined counterion within the brush.

As a result, their scaling behavior is determined by the contribution of repulsive interchain

interaction and also the counterion osmotic stretching force. The ”strong” polyelectrolyte

brushes are “quenched,” the charging degree of the grafted chains is fixed, and the solution

condition does not change the number of charges on the chain. On the other hand, for

“weak” polyelectrolytes, the degree of ionization can be adjusted by the variation of the
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solution condition, mainly pH level and ionic strength [157]. The excluded volume contri-

bution increases by grafting density, while the osmotic stretching force due to counterions

is independent of that. As a result, the response of the polyelectrolyte brush to the solution

condition is more prominent in low-density brushes [145].

The swollen thickness of PDMAEMA when they act as polyelectrolyte brush in aqueous

solutions is more significant than the case for when they act as neutral polymer brush in

organic solvents, owing to a higher osmotic pressure of the counterions within the polyelec-

trolyte brush in comparison with the osmotic pressure of monomers [142]. The PDMAEMA

brush contains dimethylamino groups which determine the charge of the grafted chains by

the level of association or dissociation of protons at various pH values [158, 159, 160]. At pH

levels below their pka (≈ 6), they have a swollen conformation, where the amino groups are

protonated, leading to the high osmotic pressure of the counterions entrapped in the brush

domain [138]. However, at a pH amount above their pka, the amino groups are deprotonated,

collapsing the brush. Figure 5.8 shows the simultaneous fits for the system in the solution

with pH 10 and pH 4, along with lateral SLD obtained for the channel layer. Figure 5.9

shows the result of our measurements by presenting the brush height in the dense and dilute

regions and the resultant gate opening. In these measurements, the total brush thickness at

pH 10 was found to be ≈ 151 nm, where the dense brush region was obtained ≈ 111.63 nm

and the low-density region is ≈ 40 nm. In comparison, at pH 4, the total brush thickness

was found to be ≈ 174 nm, as in this case, the amino groups are protonated, and the brush

is swollen because of the osmotic effect of counterions. The dense and dilute brush region

in this case was ≈ 105 nm and ≈ 69 nm, respectively, showing an increase for both regions.

Similar swelling behavior of PDMAEMA brushes on flat substrates was reported by other

studies using neutron reflectivity [142, 145, 147].

Considering this change in their thickness from the opposite sidewalls, this results in ≈ 46 nm
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Figure 5.8: Simultaneous fits of specular and off-specular signals for pH 4 and pH 10, a)
Specular fits, b) Off-specular fits, and c) SLD profile of the channel layer containing the
polymer brushes. The plot shows a single channel (or unit cell) where y = 0 is set in the
middle of the channel. The middle SLD with the highest value at the center of the channel
represents the solvent region (SLD ≈ 6×10−4 nm−2 ) or the gate between the polymer brushes
on the opposite sidewalls of the channel. The two adjacent plateaus represent regions with
different volume fractions of the polymer brush, indicating a dense region near the sidewalls
and a less dense region away from the sidewall.

reduction of the opening width in the channel, which changes it from ≈ 196 nm to ≈ 150 nm;

switching from an open gate to a partially closed state. The dependence of opening width

on the pH level can be modified by controlling grafting density, as the swelling rate highly

depends on the grafting density. Mainly, at high grafting density, the osmotic pressure of

the segments overcomes that of the counterions, and consequently, the swelling rate is less

dependent on the pH variation. The sharp and reversible switching behavior of PDMAEMA

brushes between initial, swollen, and collapsed states are reported by in situ measurements

[138]. Moreover, experiments on the kinetic behavior of a similar weakly polybase poly-

mer brushes, poly(2-(diethylamino)ethyl methacrylate)(PDEA), indicate highly reproducible

changes between swelling and collapse states over several pH cycles along with equilibrium
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Figure 5.9: Brush response to variation in solution pH. a) Schematic of a nanofluidic channel
showing the high and low volume fraction regions of the polymer brush, and the total layer
thickness. b) Influence of pH level on high and low volume fraction lengths. c) The effect of
pH level on the nanofluidic channel opening.

brush behavior, although with an asymmetric rate between swelling and collapse process

with a faster pace in the former route [161]. Such robust dynamic switching behavior of

weak polybasic brushes implements the active control of the gate opening by regulating the

solution’s pH condition with the precision of a few tens of nanometers (the size of supra-

molecular structures), which motivates the nanofluidic controllable gating applications.
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5.3.4 Effect of ionic strength on gate opening.

Along with pH, ionic strength variation is adopted to be another strategy to modify the

properties of the surfaces functionalized with weak polyelectrolyte brushes by controlling

the electrostatic interactions. Previous studies show that the wet thickness is mainly influ-

enced by salt concentration at lower pH amounts, as at low pH the grafted PDMAEMA

brushes are highly charged, and the electrostatic interactions can be modified by the salt

concentration variations leading to the regulation of osmotic pressure of counterion within

the brushes [158, 162, 163, 164]. Consequently, we assessed the effect of ionic strength on the

brush structure at pH 4 (below the pKa), i.e., a fully extended brush, for 10, 100, and 1000

mM salt concentrations. The ionic strength strongly influences the electrostatic interactions

in the brush region by regulating the electrostatic screening length and adjusting the number

of charged monomer groups in the brush layer [165]. The response of the brush thickness to

the ionic strength highly depends on the grafting density, and charge fraction of the chain

[166]. Theoretical studies by Zhulina et al., based on mean field theory predict that in a

polyelectrolyte regime where electrostatic interaction is more dominant compared to volume

interchain interaction, the scaling behavior is nonmonotonic [167]. Mainly, in the ”osmotic”

regime, when the salt concentration in bulk solution is smaller than that of the counterion

inside the brush, layer thickness follow L ∝ c
1/3
s . On the opposite limit, in ”salted” brush

regime, salt ion charge dominate immobilized charges inside the brush, and brush thickness

follow L ∝ c
−1/3
s . Similar behavior of the chain is reported by Fleer based on numerical

self-consistent field model (SCF) [168]. Such chain behavior is obtained when the excluded

volume effect is weak, more specifically, when w1/2σa2m ≪ 1 where w is the third virial

coefficient, σ is the grafting density, a is the size of polymer segments, and m represents the

elementary charges of each chain [152]. Witte et al. used a continuum numerical SCF theory

to demonstrate that such classic scaling profile applies in a very low chain density, when the
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Figure 5.10: Simultaneous fits to the specular and off-specular signals for pH4 with various
salt concentrations of 10, 100, and 1000 mM. a) Specular fits, b) off-specular fits, and c)
SLD profile of the channel layer containing the polymer brushes.

effective segment volume is not considered [162]. Despite considering excluded volume effect,

especially for dense brushes, most of the theoretical [163, 166, 167] and experimental works

[157, 161, 169] qualitatively reported a similar trend; increasing the height of polyelectro-

lyte brushes in the low salt osmotic regime and decreasing the size in highly salted brush

regime. The results are summarized in Figure 5.11a by showing the response of different

regions of polymer brushes to the variation of salt concentration. An increase in the total

thickness of the brushes was observed by adding salt in comparison with hypothetical zero

ionic strength solution, as by adding salt, the anions take the place of hydroxide counterions

within the brush and, as a result, increases the degree of dissociation which increases the os-
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Figure 5.11: Polymer brush height changes with salt concentration. (a) Schematic of nan-
ofluidic channel showing the high and low volume fraction region of polymer brushes. (b)
Influence of salt concentration on high and low volume fraction lengths.(c) The effect of salt
concentration on the nanofluidic channel opening.

motic pressure inside the brush. At high salt concentrations (100-1000mM), brush response

to additional ionic strength changed, and a decrease was observed in the total thickness,

but with a more moderate change compared to the low salt concentration (0-10 mM). For

relatively high ionic strength, where the bulk electrolyte concentration surpasses the con-

centration of counterions inside the brush, any addition of salt results in the screening of

the electrostatic interaction between monomer groups, which decreases the brush thickness.

Further, we observe a higher thickness of the brush in the highly salted case (1000 mM)

compared to the low salted case, which mimics the results reported in previous experimental

works [161, 169, 170]. While our results qualitatively agreed with previous theoretical and

experimental works, it doesn’t precisely obey the classic scaling law showing a sharp increase
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in the low salt limit (power of 1/3) and a sharp decrease in the high salt limit (power scale

of -1/3). To a great extent, such behavior can be rationalized by the high grafting density

(σ > 0.5 nm−2) in our experiment, leading to a considerable interchain interaction effects

and deviation from the “electrolyte” regime predicted by Zhulina et al. [167] Such quant-

itative discrepancy is also observed in previous empirical studies on weak polyelectrolytes

[161], which can be also due to nontrivial three-body interactions at high grafting density,

the polydispersity of the chains, and notably the polymer backbone hydrophobicity, which

were not considered in the theoretical computations [171].

These results show that regulating ionic strength can control the gate width (See figure

5.11b). The increase in salt concentration from the hypothetical zero salt concentration to

100 mM leads to a ≈ 38 nm reduction in the channel opening. However, in the high salt

concentration, the change in the opening width from 100 mM to 1000 mM was ≈ 6 nm due

to the weaker dependency of the brush thickness at high salt concentrations. Importantly,

adding a high amount of salt keeps the gate semi-closed compared to the non-salted situation.

Interestingly, previous studies show that polyelectrolyte brush response to the ionic strength

at pH level below pKa is more symmetric between the swollen and the collapse, with a con-

siderably faster collapse conversion compared to pH-induced [161]. Moreover, they showed

that the ionic strength controls the pH response of weak polyelectrolytes by regulating the

screening of electrostatic repulsion. Mainly, as the salt concentration increases, a higher pH

level is required to trigger brush collapse. The time taken for the brush to collapse also

increases in the presence of the excess electrolyte, due to a slower diffusion rate of ions from

within the brush to the bulk. Overall, the ionic strength adaptation can directly and in-

directly (by manipulating pH response) affect chain conformations which will motivate new

mechanisms for gate control by a combination of pH and ionic strength variations to regulate

the thickness and rate of the change in the brush.
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In summary, this chapter described a model for nanofluidic channels with controllable gating

property by grafting PDMAEMA chains to the channel sidewalls. Specular and off-specular

neutron reflectivity measurements were performed to study the brush conformation and

obtain a side view of the channel under different solution pH and ionic strength conditions.

The results indicate that the conformational changes of the brush result in controllable

channel gating, with an open gate structure in the case of collapsed brushes and a semi-closed

gate structure when the brushes are in the swollen state. Currently, establishing switchable

valves to actively regulate nanofluidic flow is critically challenging [172]. The switching

between various gate states can be tuned by solution condition variation, particularly the pH

level and the ionic strength. However, the change is highly dependent on other parameters,

including the grafting density and the average charge of the chains. While reaching a high

grafting density for nanofluidic applications is pertinent depending on the fluid particle

sizes, this leads to a weaker response of the valve to pH and salt concentration, mainly due

to the excluded volume effect. In any regard, these parameters can be potentially engineered

contingent on the nano-valve applications.



Chapter 6

Effect of membrane curvature on

protein binding

6.1 Overview

Cytoplasmic protein recruitment by cellular membranes plays an essential role in facilitating

a diverse set of cellular functions, mainly cell signaling and membrane trafficking [173].

Proteins can associate with the membrane integrally, where they embed in the hydrophobic

region of the lipid bilayer, or peripherally, where they bind with the hydrophilic surface

[174]. Integral proteins that bind to the membrane include ion channels, transporters, and

receptors, while peripheral proteins are enzymes, cytoskeletal proteins, and some signaling

molecules. An example of an integral membrane protein is CD39 which works in conjunction

with CD73 to regulate extracellular nucleotide and adenosine signaling [175]. Peripheral

proteins play an essential role in the critical functions of the cells, and any disruption to

their activity leads to severe disorders, such as tumor growth [176], which is why they have

been recently considered therapeutic targets [177]. Hence, to discover potential therapeutic

treatments, of paramount importance is to understand the mechanisms the membrane uses

for protein recruitment. Various scenarios have been observed for the molecular mechanism

in which peripheral membrane proteins can associate on the surface of the plasma membrane:

some of them via a covalent linkage such as membrane-associated enzymes [178], another

69
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category with attaching to the cytosolic face of the membrane by hydrocarbon moieties [174],

and those which link to the membrane with their fatty acyl groups [179].

Previous studies have indicated curvature and lipid composition as the main factors driving

the adhesion of many peripheral proteins by cellular organelles [180]. Membrane lipids ad-

opt non-random distribution with substantially various compositions, even between different

leaflets of organelle membranes [181], which influence peripheral protein binding either by

implementing membrane defects or by inducing regions of negatively charged lipids [182].

Moreover, many processes contribute to changes in protein reconcentration which induce

variation in the membrane curvature, e.g., lipid-packing defects or the exposure of hydro-

phobic cavities [180]. A lipid membrane is a flexible sheet of amphiphilic molecules that

undergoes various shape and curvature changes [183], either by the membrane components,

such as lipids or proteins, or the cytoskeleton itself [184]. In fact, it is observed that through

various mechanisms, the cell membrane can achieve complex architectures required for its

vital biological functions, mainly necessary protein recruitment [185, 186].

To investigate the correlation between the strength of protein binding with membrane

curvature, engineered scaffolds with similar cytoskeleton mechanical properties are required,

with reasonable control over local membrane curvature. An appropriate system comprises

lithographically patterned silicon substrates coated with a layer of thermoresponsive poly-

mer, such as poly(N-isopropylacrylamide) (pNIPAM) [31]. PNIPAM has a lower critical

solution temperature (LCST) near the body temperature and is broadly used for biomed-

ical applications, such as soft robotics, drug delivery, and cancer therapy [187, 188, 189].

Interestingly, the mechanical and physiochemical properties of pNIPAM are analogous to

those of the cell cytoskeleton, providing a similar environment as the cellular milieus [190].

It has been previously shown that such pNIPAM coated on periodic nanostructures exhibit

very different topographies below and above the transition temperature of pNIPAM, making
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them an ideal scaffold for cell growth and release in tissue engineering [31]. In this study,

such structures are used as topographically tunable scaffolds for lipid membrane deposition

and studies of curvature-induced membrane protein interactions. At low temperatures of

around 300 K, the films are in expanded states, and as a result, a low curvature is in-

duced, while at high temperatures in 315 K, they are collapsed, and the scaffold becomes

highly curved. Neutron reflectometry measurements were then employed for high and low

curvature cases to investigate the structure profile with and without protein distribution

and study binding strength between the membrane and proteins. In this study, crescent-

shaped Bin/amphiphysin/Rvs (BAR) domain proteins are used, which are well-known to

regulate cell membrane curvature [191]. Mainly, a category of them, N-BAR proteins, are

characterized by an additional N-terminal amphipathic helix which is used as a tool to pro-

mote membrane curvature and dimerization. Through qualitative analysis of specular and

off-specular reflectivity, we classify between various profiles to correlate the protein binding

strength and membrane local curvature. We demonstrate that dynamical theory analysis can

be readily applied to the study of such a complicated soft-matter-based system, particularly

by utilizing the optimization protocol that we developed for structures with many number

of variables.

6.2 Methods

6.2.1 Sample preparation

Polymer coating of substrates was performed in the lab of Prof. Ryan Toomey at University

of South Florida. A periodic silicon substrate with a period of around 833 nm and depth

of around 250 nm was coated with pNIPAM using dip coating. Atomic force microscopy
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were performed in various temperatures between 300 K and 315 K by a former graduate

student. These measurements show topological change of the coated layer below and above

the polymer LCST [192].

Figure 6.1: Different states of pNIPAM coated on a silicon periodically nanostructured
substrate at various temperatures, a) above and b) below its transition temperature. The
system is used to implement a tunable scaffold for lipid deposition.

6.2.2 Neutron reflectometry experiment

Neutron reflectometry measurements were performed by Prof. Ashkar and Dr. John Ankner

at the liquid reflectometer beam line at neutron source at Oak Ridge National Laboratory.

The measurements were done in specular and offspecular reflectometry modes. Specular

data were collected with various incident angles to cover a Q-range of 7 × 10−4 nm−1 to

2 × 10−2 nm−1, with a precision of dQ
Q

= 0.023. Similar to the measurements described in

chapter 5, in off-specular mode, the specular beam was masked to enable long acquisition

times of the Bragg rods, which are typically several orders of magnitude weaker than the

specularly reflected beam. All measurements were performed in a silicon fluid cell with a

quartz window specifically designed for neutron reflectometry measurements. Details of the
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cell design can be found in the doctoral dissertation of Prof. Ashkar [144]. All studies were

performed in a D2O buffer to enhance the contrast between system and solvent.

6.2.3 Data analysis

Specular Analysis

Figure 6.2: A cross-sectional view of the pNIPAM coatings on a silicon grating layer for
a) collapsed state and b) expanded state. Dashed lines represent the layered model for the
specular neutron reflectometry analysis. Four layers are considered for the collapsed state
and three for the expanded state.

Specular neutron reflectivity data were initially analyzed using a standard package called

Motofit. The data were modeled using four layers for the collapsed case, and three layers

for the expanded case, representing the silicon periodic structure, a thin silica layer, and the

pNIPAM coating in addition to a silicon and solvent layer (figure 6.2.) For samples with a

deposited lipid membrane, as well as N-BAR proteins, additional thin layers were accounted

for. The analysis provides the average SLD profile along the surface normal, yielding the

thickness, roughness, and laterally averaged SLD of different layers.

Off-specular Analysis

Detector images were provided in pixel number, wavelength, intensity, and uncertainty

format. Then, they were visualized by reshaping to matrices to manifest reflected intensity
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Figure 6.3: Analytical fits to the specular reflected intensities, at different temperature for
a) polymer coating at 315 K, b)polymer coating at 300 K, c) DOPC deposited on polymer
coating at 315 K, d) DOPC deposited on polymer coating at 300 K, e) DOPC deposited on
polymer coating in presence of N-BAR proteins, and f) DOPC deposited on polymer coating
in presence of N-BAR proteins.

(see figure 6.4.) To carry out further processing for extracting the Bragg rods from the

detector image, we used a similar method described in chapter 5. First, the area near the

Bragg rods was selected. Next, the image was binned vertically for background subtraction
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Figure 6.4: Detector images of neutron off-sepcular scattering from a)polymer coatings on
substrate at 315 K, b) polymer coatings on substrate at 300 K, c) DOPC deposition on
polymer coatings at 315 K, d) DOPC on polymer coatings at 300 K, e) DOPC deposition
on polymer coatings with N-bar protein distribution at 315 K, and f)DOPC deposition on
polymer coatings with N-BAR protein distribution. The detector images were obtained at
the Liquid Reflectometer beamline (BL-4B) at the Spallation Neutron Source at Oak Ridge
National Laboratory (unpublished data, courtesy of J. Ankner, M. Doucet, and R. Ashkar).

to represent intensity variation near a peak for each wavelength. Then, the intensity vari-

ation was fitted to a normal distribution, and its asymptotic tail was used as the background

intensity. We then subtracted the background intensity from the sum of the pixel’s intensity

larger than a threshold to obtain the reflectivity of each wavelength. A similar procedure

was performed for other wavelengths to convey the intensity variation as a function of the
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wavelength.

6.3 Results

6.3.1 In-depth characterization

The averaged parameters normal to the surface (in-depth parameters) were predicted by

fitting specular reflection, which provide thickness, roughness and the average SLD of the

profile. The in-depth model considered for these analyses are illustrated in Figure 6.2. Fits

to the pecular signals are demonstrated in figure 6.3.

Figure 6.5: The SLD profiles of the system in various temperatures, for cases of polymer
coated on the substrate, polymer coated with DOPC bilayer, and polymer coated with DOPC
deposition in the presence of N-BAR proteins.

Based on these fits, the SLD profile normal to the samples in various temperatures was

obtained (see figure 6.5.) In the expanded case, a similar SLD profile is observed when

DOPC is deposited on the polymer, even when N-BAR proteins are distributed on the

membrane. A slight difference is observed in comparison with the pNIPAM coating case,

especially on top of the structure at around z = 300 nm, which indicates the lipid deposition
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within the roughness of the top layer. Such difference is more significant in a collapsed state,

where the in-depth model for specular analysis has layers accounting for the lipid bilayer on

top and bottom of the channels.

6.3.2 Off-specular analysis improvement

Figure 6.5 illustrates similar in-depth SLD profiles at each temperature, with trivial dif-

ferences in the interfacial roughness, especially for the top layers where lipid membrane

is deposited on the polymer coatings. Such interfacial roughness represents the lateral in-

homogeneities of various layers, which cancel out each other to averagely lead to similar

specular signals. On the other hand, interfacial roughness is theoretically expected to in-

fluence off-specular signals considerably. This is because off-specular scattering provides

depth-resolved in-plane information and contains rich evidence regarding the film’s inhomo-

geneities and fluctuations in interfacial positions, which are commonly found in soft-matter

thin films [193].

While the primary source of off-specular signals in the system in this study comes from the

laterally periodic surface with a non-zero beam momentum along the period, the impact of

roughness is still more noticeable in comparison with specular signals. To show this effect,

we applied our model based on dynamical theory by considering interfacial roughness to the

off-specular neutron reflectometry data from a very similar system, pNIPAM coated on a

patterned silica substrate, previously used to study its application in tissue engineering [31].

We implemented thin sub-layers at the boundary between various layers to gradually change

the overall SLD (see chapter 4 for further details.) Finally, we applied the optimization pro-

tocol described in chapter 4 as such improvement adds to the number of unknown variables.

Figure 6.6 compares fits from off-specular signals with models considering interfacial rough-
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Figure 6.6: Comparison between off-specular analysis a-c) with considering interfacial rough-
ness, d-f) without roughness, for a bare periodic structure, expanded polymer coating, and
collapsed polymer coating, respectively. Panels d-f are reproduced by permission from
Zhernenkov et al., ACS Appl. Mater. Interfaces 2015, 7, 22, 11857–11862 [31].

ness (panels a-c) and without taking into account the roughness, as previously reported in

earlier studies [31] (panels d-f). Overall, adding roughness improves the fits for various sys-

tems. Such improvement is more significant for the system with collapsed pNIPAM, where

the system undergoes more significant change laterally, as in this case polymer coating con-

structs a thin layer on the top and bottom of the channels and a thinner coating on the

walls of the channels. Such a finding is more important for the discussion in the next sec-

tion when we observe a considerable change in the scattering signals when N-BAR proteins

are added to the membrane for the case of the collapsed polymer coating. Such analysis

validates the improved quantitative study based on the dynamical theory model by adding

interfacial roughness in polymer coated systems, and shows the potential of optimization
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protocol developed for accurately interpreting reflectivity signals from complex soft-matter

nanostructures.

6.3.3 Lateral structure

Figure 6.7: Comparison for off-specular reflected intensity for collapsed and expanded cases
at 315 K and 300 K, respectively. a) Reflected intensity difference at 315 K between meas-
urements with and without N-BAR proteins. b) Similar quantity as panel a, at 300 K. The
label in the color bar, |R2

DOPC − R2
DOPC+NBAR|, indicates the normalized magnitude of the

difference between reflected intensity for the cases of with, and without N-BAR proteins. c)
Reflected intensity for the system with and without N-BAR proteins at 315 K, and d) Same
variable indicator as panel c, at 300 K.

The lateral structure of the system can be investigated by off-specular analysis. In chapter

5, we discussed that the complete analysis of in-depth variables by specular reflectometry

requires complementary measurement. This is because the specular analysis requires phase
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information, and with such information, it is inevitable that various SLD profiles result

in the same specular reflection pattern [151]. More importantly, off-specular signals contain

significant details of the sample, and a slight change in the lateral conformation of the system

can be exponentially amplified and result in a considerable alteration in the off-specular

reflected intensity. This is manifested in the analysis shown in figure 6.7. This figure shows

the reflected intensity for the first Bragg rod in different temperatures, 315 K and 300 K,

where the conformation of pNIPAM coating is expanded and collapsed, respectively, with

and without protein distribution on the membrane. Our analyses indicate that while in

the highly-curved membrane the reflected intensities are distinguishable, in the expanded

case, where the membrane undergoes low curvature, signals are very similar. Hence, the

sample profile undergoes a considerable change upon the interaction with N-BAR proteins

in the highly-curved membrane, whereas the structure is unaffected in the low-curved case.

Such observation strongly implies the effect of membrane curvature on the protein binding.

The interplay between lipid membrane curvature and protein sensing has been observed in

previous studies [194]. Some studies report that peripheral protein association can be a driver

for membrane curvature [195]. Also, some sorting proteins have curvature indicators, which,

in combination with the lipid specificity domain, can precisely localize on the membrane

[196]. Moreover, it is observed that the BAR domains play an essential role in sensing the

curvature [197]. The finding presented in this chapter support such correlation by showing a

noticeable change in the membrane behavior while interacting with N-BAR proteins under

various induced local curvatures.



Chapter 7

Conclusions and outlook

Periodic nanostructures decorated with soft materials are widely applicable in nanotech-

nology and recently provided a framework for biological research, particularly cell mem-

brane studies. However, the characterization of such systems requires considerable effort;

a non-destructive precise three-dimensional reconstruction of such ”layered” substrates is

contingent upon the use of scattering methods, which are challenging due to the necessary

quantum mechanical modeling. This thesis presents a computational approach based on

an exact theoretical model, i.e., a dynamical theory model, for interpreting scattering pat-

terns from soft-matter-based periodic nanostructures. We utilized an optimization protocol

based on CMA-ES, which automatically adjusting the profile parameters of the structure to

achieved the fit between the experimental results and theoretical calculations, allowing the

profile reconstruction of a layered nanostructured surface.

In chapter 3 we reviewed the necessary theoretical bases for neutron and X-ray scattering. We

reconsidered the equations and relations for the reflectometry of thin films. We then proved

the relations for the dynamical theory, especially how it can be generated to a more complex

layered profile by thin slicing the sample according to Parratt’s formalism. Importantly, we

demonstrated how models based on dynamical theory, which has been successfully applied

for neutron scattering, can be generated for the case of X-ray scattering.

In chapter 4 we applied the developed model for characterizing the silicon grating surfaces

measured by X-ray scattering, which precisely retrieved the substrate profile. such periodic

81
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Figure 7.1: Nanofluidic channel with controllable gating property, designed by selective
functionalization of channel surfaces by polyelectrolyte bruses.

surfaces are widely applicable across various fields, including optics, electronics, and fluidics.

Interestingly, we visualized many physical concepts, mainly the Ewald sphere and Bragg rods,

in a scattering experiment representing energy conservation and quantization of momentum.

We showed that our approach yields high efficiency and precision in predicting complex

profiles by adopting a Parratt thin-slicing formalism. This opens new possibilities in the

characterization of nanostructured substrates.

In chapter 5 we applied the model to examine the performance of a series of nanofluidic chan-

nels with controllable gating properties. Such nanofluidic channels were designed by selective

functionalization of submicron channels etched into a silicon substrate with polyelectrolyte

brushes. The development to operate fluid in submicron volume scale requires evaluation by

non-destructively probing its function with high resolution in an ultra-small ”close-spaced”

system. The suggested characterization method in that chapter provides a non-invasive way

to explore the response of the gate to the solution condition with a precision of a few tens

of nanometers. Our model yielded simultaneous fit to both specular and off-specular signals

and characterized the structural change as a function of pH level and ionic strength, indicat-

ing the structural details of chain structures. It mainly shows different regions with different

polymer densities, with a denser domain near the wall and a less dense part farther toward

the middle of the channels. The fit results indicate collapsed and expanded polymer chain

conformations under basic and acidic solution conditions, respectively. These findings show



83

controlled channel switching between ”open” and ”close” states with pH regulation.

In chapter 6 we applied a qualitative analysis on specular and off-specula neutron reflecto-

metry signals to investigate the effect of membrane curvature on N-BAR protein binding.

This experiment used a topographically tunable scaffold by pNIPAM coating on a nano-

structured surface. Such a platform induced various shapes on a lipid bilayer deposited on

the polymer layer at various temperatures. We also demonstrated that a computational

framework utilizing an optimization algorithm could theoretically model reflection patterns

based on the DT model and retrieve the profile of the structures that are analogous to the

system used in this study.

X-ray and neutron scattering techniques offer a non-invasive method for characterizing nano-

structured soft materials. Owing to the rapid advances in scattering capacities such as beam

sources, instrumentation, and deuteration facilities, such methods are positioned in a leading

role for advanced soft matter-based nanostructures. They can be utilized in a complement-

ary way to access a broader range of the length and time scales. This can benefit the design

of advanced polymeric devices such as on-demand drug delivery devices, nano-filters, bio-

sensors, and ionic diodes. Furthermore, considering the fast development in computational

resources, the computational models applied for processing scattering signals and interpret-

ing patterns in reciprocal spaces can be efficiently used to characterize detailed profiles.
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