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C h a p t e r 1

CONTROLLING FLUID PROPERTIES THROUGH POLYMER
ADDITIVES

This chapter covers applications of polymers as rheological modifiers (Section

1.1), essential ideas in polymer physics and rheology leveraged in the con-

tained work (Section 1.2), a description of the theory and practice of dripping-

onto-substrate extensional rheometry (Section 1.3), and a brief introduction

to megasupramolecules (Section 1.4). This chapter is intended as a broad

overview to introduce a more general audience to the core ideas in the thesis

and is by no means exhaustive.

1.1 Desirable Effects of Polymer Additives on Solution Properties

Polymer additives are a ubiquitous part of the industrial toolkit for modifying

the rheology (and other properties) of fluids in transportation, manufacturing,

and consumer use. In this section, I will discuss three key applications where

high extensional resistance is desirable and where there is an unmet need due

to the vulnerability of existing additives to mechanical degradation.

Mist Control

When a liquid is sprayed, the average drop size and distribution of drop sizes

determine much of the resulting behavior.1,2 In agricultural spraying applica-

tions, small droplets may drift, while large droplets may rebound off leaves (as

discussed more below).2–8 In a fuel injector in an engine, drops must be small

and uniform enough to rapidly and completely combust.9 In an accidental re-

lease of a flammable fluid, small droplets can quickly evaporate and contribute

to a fire in the presence of an ignition source.10–12
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Figure 1.1: Ligament formation and pinchoff. (a) An instability results in a
protrusion of the fluid into the surrounding stream. (b) A ligament forms and
extends from the main body of the fluid. (c) The ligament pinches off under
the capillary action of surface tension.

Controlling both the drop size and the distribution is thus desirable. Polymeric

additives are attractive for many mist control and antimisting applications

because they have a profound effect on the breakup of jets into drops without

greatly increasing the shear viscosity (see Section 1.2 below for discussion of

modification of shear versus extension). When a polymer is added into a fluid

that is then sprayed, the fluid is observed to form drops of larger average

size2,10,11,13 and fewer tiny satellite droplets.3,14

The effect on jet and spray breakup by polymers can be attributed to their

resistance to elongational flow. When a jet is breaking up, instabilities cause

perturbations extending into the surrounding flow (Figure 1.1(a)). As the sur-

rounding flow extends these perturbations, thin ligaments of fluid are formed

(Figure 1.1(b)) and extend. As the ligaments extend, surface tension is driving

pinchoff into droplets (Figure 1.1(c)). This process is highly extensional, and

a polymer solution will strongly resist that pinchoff, leading to suppression of

droplet formation and larger droplets if pinchoff still occurs.14,15

Droplet Deposition

When a fluid droplet impacts a surface, it experiences one of multiple fates. It

could rebound and leave the surface, it could slide along an angled surface and
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Figure 1.2: Typical stages of droplet impact and rebound. Left-to-right: pre-
impact, impact, spreading, contraction, and rebound.

fall off, or it could deposit and be retained. Understanding droplet deposition

is important to a number of applications, from distributing fertilizers and

pesticides to crops,3,7,16 to applying coatings and paints to materials,17,18 to

uncovering how viral droplets stick to surfaces.19

When a droplet impacts a surface, the kinetic energy from falling results in a

series of stages where the droplet impacts, spreads, contracts, and can then

rebound (Figure 1.2). During spreading, the kinetic energy is translated into

surface energy, which then drives the contraction and extent of rebound, de-

pending on how much energy was dissipated due to viscosity and interaction

with the surface.

When a high molecular weight polymer is added into the solution at very low

treat rates (less than 0.1 wt %), the contraction is substantially slowed and

rebound can be suppressed.5,20 This effect occurs for multiple polymer back-

bones, indicating it is a physical interaction, rather than a chemical interaction

with the surface.5,21

The initial hypothesis put forth to explain these dramatic changes in droplet

behavior was that the polymer additives changed the bulk extensional viscos-

ity and thus dissipated more energy, keeping surface tension from driving re-

bound as it does in the Newtonian case.5,20 That conclusion, however, has been

heavily contested in the literature with additional experiments and analysis.

Follow-up experiments with small targets15,22 and Leidenfrost drops (where
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a thin layer of vapor is created between the drop and the surface)23,24 show

that the effect of the polymer additive disappears when surface interaction is

removed, contracting that the modification to the bulk elongational properties

is the source. Studies of the behavior at the contact line between the drop

and the surface showed that the effect of the polymer appears to be concen-

trated at the contact line, where chains are strongly stretched.21,25 While the

bulk extensional properties appear to not be the direct cause, the extensional

behavior (i.e., stretching) of the polymers in solution appears to be intimately

tied to their ability to increase droplet retention on surfaces.7

Drag Reduction

When fluid is flowing, it experiences friction (drag) that must be overcome

to continue flow. In transporting fluids long distances or circulating within a

closed system, we use pumps to keep the fluid flowing, at great energy cost.

A phenomenon discovered in the 1940s, polymeric drag reduction, reduces

the drag experienced by a fluid during turbulent flow.26–29 Increasing bulk

Reynolds number (Re = ρUD/ηshear, where ρ is the density, U is the mean

velocity, D is the length scale of the flow, and ηshear is the shear viscosity)

and increasing polymer concentration experimentally results in increased drag

reduction, up to a maximum drag asymptote.30,31

Describing the mechanism driving polymeric drag reduction is an active field

of study, due the complexity of both the polymer conformation behavior and

the chaotic nature of turbulence.32,33 When characterizing wall-bounded tur-

bulent flow (such as that in a pipe), researchers identify eddies, coherent flow

structures with an associated size and characteristic velocity that vary in time

and space throughout the flow. Energy is transferred in the flow from the large

scale eddies (on the order of the size of the geometry) to the smallest scale
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where viscous dissipation dominates (the Kolmogorov scale).34 To give a sense

of the scale, at Re = 50, 000, this smallest scale is 3 ∗ 10−4 of the largest scale.

Turbulence consists of a cycle of bursts and sweeps–high velocity eddies move

towards the wall and interact with the slower flow near the wall (sweeps), caus-

ing that near-wall fluid to rapidly move away from the wall (bursts).35 These

bursts are highly elongational, which motivates characterizing the extensional

properties of the dilute polymer solutions used in polymeric drag reduction.

The complexity of the field of drag reduction is discussed in more depth in

Chapter 3.

Chain Scission

Long, covalently-bonded polymers are used as rheological modifiers in a vast

number of applications, from paints to foods to construction. The specific ap-

plications just discussed—mist control, droplet deposition, and drag reduction—

share a trait in common where these existing additives may not be useful: prior

to their use, the fluid will often be pumped, mixed or otherwise subjected to

a strong flow. Traditional polymer additives are highly prone to shear as their

molecular weight increases. The study of chain scission has been of particu-

lar interest in the drag reduction community because it greatly limits where

drag-reducing additives can be used industrially.33,36–43

Chain scission occurs at lower extension rates as molecular weight increases,

although literature disagrees on the exact dependence.44–49 Careful develop-

ment of flow geometries were required to extract meaningful information about

polymer behavior, and mischaracterization of the flow (i.e., laminar versus tur-

bulent) in a number of studies has led to inconsistent relationships between

extension rate and molecular weight of chain scission.49 Chain scission studies

primarily have used molecular weight distributions to characterize the inter-
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action between flows and polymer additives, leading to relationships that are

backbone dependent, rather than capturing underlying explanations from rhe-

ology or polymer physics. This specificity limits applicability to novel polymer

additives, motivating further study.

1.2 Essential Polymer Physics and Rheology

Polymer Solution Regimes

A flexible polymer chain at equilibrium in solution adopts a coiled configura-

tion, determined by the interaction between the solvent and the chain, and

as concentration increases, the chain and the chains around it. These coils

take up space in the solution, the “pervaded volume,” and different regimes

of polymer solution behavior occur depending on how much of the solution

is pervaded by polymer (Figure 1.3). In the dilute regime, polymer coils do

not interact, and each chain can be treated individually. As concentration

increases, the polymer coils pervade more of the volume until they touch, a

point we call the overlap concentration (c∗). Above the overlap concentra-

tion, the polymer chains begin to interact, changing the solution properties

substantially—the semi-dilute regime. If the chains are long enough and the

concentration is above the entanglement concentration, the chains will inter-

twine and create physical cross-links. In this work, we will focus primarily on

concentrations at or below the overlap concentration for polymer backbones.

Chapter 5 discusses some semi-dilute solutions.

The above narrative description of the overlap concentration hides nuance

about what is the precise choice of when overlap occurs and that the transition

between regimes is not necessarily sharp. The literature contains a number of

answers, basing the definition on different measures of the size of the polymer

coil. Throughout this work, Equation 1.150 (where [η] is the intrinsic viscosity,
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Figure 1.3: Regimes of low-to-moderate concentration (c) for polymer in so-
lution. Left-to-right: Dilute solution (concentrations below overlap, c < c∗),
overlap concentration (c∗), and semi-dilute, unentangled (c∗ < c < centangle,
where centangle is the entanglement concentration).

discussed more below) will be used as the definition of overlap concentration, in

order to facilitate comparisons to literature studies of dripping-onto-substrate

extensional rheometry in which the same definition was applied. This defini-

tion is based on an average chain spacing of twice the radius of gyration at

infinite dilution.

c∗ =
0.77

[η]
(1.1)

The overlap concentration is a function of both the polymer molecular weight

and the interaction between the solvent and the backbone, as discussed below.

Solvent Quality

The size of a flexible polymer coil in dilute solution depends on the relative

solvent-chain and chain-chain interaction. If the chain has no preference be-

tween intra-chain and solvent interactions, it will adopt an ideal random walk

of its segments (accounting for steric hinderance and limited flexibility due to

chemical bonds)—the fluid is a theta solvent. If the chain prefers the solvent

to intra-chain interactions, the chain will swell—the fluid is a good solvent. If
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the chain prefers intra-chain to solvent interactions, the coil will collapse and

if concentration is sufficiently high, the polymer can precipitate. The overlap

concentration, discussed above, captures the pervaded volume of a particular

chain, and can be calculated from the intrinsic viscosity ([η]), a measure of the

contribution of polymer to the shear viscosity at infinite dilution. The Kuhn-

Mark-Houwink-Sakurada equation (Equation 1.2) is an empirical relationship

between [η] and molecular weight (M) for a particular polymer backbone-

solvent-temperature combination.

[η] = K(M)a (1.2)

K is an empirical prefactor with units of [η]. In the studies in this work, K and

[η] will have units of 1/wt %, and the molecular weightM will be chosen to be

the weight-average molecular weight Mw
51 with units of g/mol. The exponent

a is often used as a proxy for solvent quality as a a value of 0.5 indicates the

polymer-solvent combination is at the theta condition, where the chains are

in their ideal configuration, and a greater than 0.5 indicates a swollen chain.

For flexible chains, a reaches a maximum of 0.8 in a good solvent. a greater

than 0.8 indicates a semi-flexible or rigid chain.

To compare a to other measures of solvent quality, Zimm theory scaling gives

[η] ∼ M3ν−1
w , where ν is the Flory exponent, i.e., the exponent relating the

radius of gyration to the molecular weight. Thus, a can be related to the

Flory exponent as a ≈ 3ν − 1. ν = 0.5 indicates a theta solvent (ideal chain

behavior) and ν = 0.6 is the limit for a flexible chain in a good solvent.

Dilute Polymer Solutions in Shear Versus Extension

Every flow can be broken down into two components: shear and extension

(Figure 1.4). A typical way to apply shear is by placing a material between

two surfaces and moving one relative to the other. In shear, the stress is
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Figure 1.4: Diagram of shear versus extensional flow.

perpendicular to the velocity gradient. Extensional flows involve stretching

fluid elements, such as in cross-slot flow or rapidly separating two plates with

a material in between. In extension, stress is parallel to the velocity gradient.

The behaviors of dilute polymer solutions in shear and in extension differ

strongly, particularly as the molecular weight of the polymer increases. In

shear, polymer coils do not fully extend, and instead tumble with the flow.

Addition of polymer in the dilute regime does increase the shear viscosity, but

in very dilute solutions, that effect can be neglible. In extension, on the other

hand, the effects of polymer addtives can be quite dramatic, with potential

increases in the extensional viscosity of the solution of over 10,000. These large

changes in the extensional properties are due to the polymer chains resisting

the stretching of fluid elements. Additionally, the effects of concentration dif-

fer between shear and extension. Solutions that are considered dilute (below

overlap concentration) in shear may exhibit inter-chain interactions in exten-

sional flow, leading to stronger dependence on concentration for extensional

properties.52



10

The ability to modify the extensional properties is dependent on the poly-

mer backbone stiffness and extensibility, with flexible backbones having more

impact on the flow.53,54

1.3 Dripping-onto-Substrate Extensional Rheometry (DoSER)

Because of the vast differences in polymer solution behavior in shear versus

extension and the effects of these behaviors on mist control and drag reduc-

tion, measurements of these solutions in elongational flow fields can illuminate

application-relevant properties. While polymer melt extensional rheology has

long been part of the rheologist’s toolbox, polymer solutions have presented

additional challenges due to difficulties setting up an appropriate and con-

trolled flow field, as clamping the ends of a sample is not feasible, and due to

the increasingly low relaxation times as viscosity of the solution decreases, re-

quiring higher speed flow field setup and measurement.55–57 Capillary-breakup

extensional rheometry (CaBER) solved many of these challenges for solutions

with shear viscosities greater than 20 mPa-s by constructing a flow field by

rapidly separating plates at a known rate and then observing the thinning of

the midpoint of the formed liquid bridge using a laser micrometer.55

The minimum diameter of the liquid bridge (D) as a function of time (t)

in capillary-breakup rheometry is observed to take on the characteristics of

three regimes, depending on the relative properties of the fluid. In Newtonian

fluids, two regimes are observed, controlled by the Ohnesorge number, Oh =

ηshear/
√
ρσd a dimensionless group comparing the viscous forces to the inertio-

capillary forces, where ηshear is the shear viscosity of the fluid, ρ is the density

of the fluid, σ is the surface tension, and d is a characteristic length scale.

In Newtonian fluids of high viscosity compared to inertia (Oh > 1), the liquid

bridge thins according to Equation 1.3, a balance between viscous and capillary
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(a) Visco-capillary
(polyalphaolefin).

(b) Inertio-capillary
(water).

(c) Elastocapillary
(6M PEO in water
at 0.02 wt %).

Figure 1.5: Images demonstrating expected shapes of liquid bridge necks for
the three regimes of capillary breakup.

(surface tension) forces, the visco-capillary regime.

D(t)

D0

= 0.0709
2σ

ηshearD0

(tp − t) (1.3)

D0 is the starting diameter of the liquid bridge. tp is the pinchoff time. The

neck of the liquid bridge forms a characteristic cylindrical shape in this regime

(Figure 1.5a).58

In low viscosity Newtonian fluids, where Oh � 1, the inertial forces balance

capillary forces in the inertio-capillary regime of thinning, following Equation

1.4.
D(t)

D0

= 0.8

(
tp − t

(ρD3
0/8σ)1/2

)2/3

(1.4)

The neck of the liquid bridge forms a characteristic conical shape in this regime

(Figure 1.5b).58

In viscoelastic fluids, such as polymer solutions, the thinning is initially visco-

capillary or inertio-capillary, depending on the value of Oh; however, if the

elastic forces exceed the viscous or inertial forces respectively, the behavior
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will transition to the elastocapillary regime where the balance of elastic and

capillary forces controls the thinning (Figure 1.6). In capillary-breakup exper-

iments, this transition occurs at a Weissenburg number (Wi = λE ε̇) of 2/3,

where λE is the extensional relaxation time and ε̇ is the extensional strain rate.

The liquid bridge observed in the elastocapillary regime is a cylinder (Figure

1.5c) that thins with a characteristic time scale related to the extensional

relaxation time (Equation 1.5).

D(t)

D0

=
∑
i

(
giD0

4σ

)1/3

e−t/3λE,i ≈
(
GD0

4σ

)1/3

e−t/3λE (1.5)

gi and λE,i are the corresponding extensional modulus and relaxation time

for a mode i; throughout this work, we adopt the hypothesis of Entov and

Hinch and assume that the longest relaxation time dominates the observed

capillary-breakup behavior, and thus we can approximate the elastocapillary

regime with a single modulus G and relaxation time λE.58,59

Because polymers are not ideal springs with the ability to extend infinitely,

finite extensibility limits the duration of the elastocapillary regime, leading to

a more rapid fall-off in the observed diameter at long time than expected from

Equation 1.5 (Figure 1.6).

As solution viscosity decreases, either by using lower viscosity solvents or low-

ering polymer concentration, the duration of inertial effects due to the initial

separation of the plates begins to exceed the liquid break-up time and thus the

elastocapillary regime is not measurable. To solve this limitation with CaBER

instruments, the Sharma group developed dripping-onto-substrate extensional

rheometry (DoSER), a form of capillary-breakup extensional rheometry. In

DoSER, a drop of fluid is dispensed from a nozzle (often a blunt-tipped nee-

dle) onto a substrate, and a liquid bridge forms between the nozzle and the

substrate. The thinning of the liquid bridge is observed as a function of time
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Figure 1.6: Example of measured capillary thinning for a polymer solution
compared to water, demonstrating transitions for the polymer solution from
the inertio-capillary regime (corresponding to water alone) to the elastocapil-
lary regime, followed by finite-extensibility.

using a high-speed camera. Because the strain rate of thinning is imposed

by the fluid rather than the separation of plates as in traditional CaBER,

much higher strain rates are possible, allowing access to measurement of much

smaller relaxation times, and correspondingly, lower solution viscosities. The

lower limit on measurable relaxation times is controlled by the camera’s spa-

tial and temporal resolutions—small relaxation times require both high speeds

and high resolution–as well as vibrations due to air currents and inertial ring-

ing of the drop contacting the substrate obscuring the short time behavior.

The upper limit on measureable relaxation times is primarily controlled by

the memory available in the camera, which can be mitigated by recording at

lower frame rates for high relaxation time samples.



14

Figure 1.7: Schematic of dripping-onto-substrate extensional rheometer (not
to scale).

DoSER Methodology

A dripping-onto-substrate extensional rheometry (DoSER) instrument (Figure

1.7) consists of a light source (A), a syringe pump for solution delivery (B), a

(preferably high-speed) camera (C), an optical train that resolves the length

scales desired (E), and a substrate (D). The light passes through a diffuser (F)

before reaching the measurement plane. To set up the flow fluid, a syringe with

a blunt-tip metal needle is attached to the syringe pump above the substrate

holder.

The following is a brief discussion of our methodology for collecting and analyz-

ing data using DoSER, further discussion of the analysis package we developed,

dosertools, appears in Appendix A.

The substrate is chosen to be phobic to the solvent of the solution, such that

a drop beads up, to prevent undesired additional flow fields away from the
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primary extensional flow. The height between the substrate and nozzle is

chosen based on the optimal range of height-to-initial-droplet-diameter—initial

droplet diameter is a function of both nozzle diameter and surface tension of

the solution.60 Detailed discussion of selection of the height between the nozzle

and the substrate is planned to be discussed in Robert Learsch’s thesis.

DoSER experiments are performed using the following procedure. An aliquot

is slowly loaded into a syringe through a blunt-tip needle. The syringe is

attached to the syringe pump and the syringe pump is slowly advanced until

solution is observed to drip from the needle. A clean set of aluminum substrates

is loaded onto the substrate holder and the first substrate is aligned below the

needle tip. The light is turned on and the camera is focused and aligned with

the needle tip. The substrate is then raised or lowered to the correct height

(as describe above) relative to the needle tip. A background video with a

droplet-free needle and substrate is acquired. A drop is dispensed from the

needle tip by the syringe pump at a rate of 0.02 mL/min, until the drop is

nearly touching the substrate. The syringe pump is stopped prior to droplet-

substrate contact. The droplet contact through liquid bridge formation and

pinchoff is recorded (referred to as an experimental video or “run”). A new

substrate is then placed below the needle tip. Dispensing drops onto a clean

substrate is repeated until sufficient runs are recorded.

The data collected is processed using the dosertools Python package, developed

by Robert Learsch and Red Lhota (Appendix A). A summary of the steps

involved appears below.

The experimental and background videos are cropped to remove the substrate

from the frame. The background is averaged and subtracted from the experi-

mental video to remove any non-uniformity in pixel intensity due to the light
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Figure 1.8: Example DoSER image showing the needle diameter D0 and the
minimum diameter of the liquid bridge D(t).

source or lens. The resulting image is then turned into a binary image using

an Otsu threshold. The minimum thread diameter is detected as a function

of time, and normalized using the nozzle diameter (treated as the initial liq-

uid bridge diameter, D0, for thinning) (Figure 1.8). The needle diameter is

measured from the experimental or background video, whichever video has the

most clearly defined boundaries of the nozzle tip.

The normalized diameter is then analyzed to determine the critical time and

the relaxation time. The critical time (tc) is defined as the time of transi-

tion from the visco-capillary or inertio-capillary regime to the elastocapillary

regime. Plotting normalized diameter data as a function of time past the crit-

ical time (t− tc) removes differences between datasets due to when recordings

were started relative to the physical behavior. Equation 1.5 can be rewritten

as a function of t− tc (Equation 1.6).

D(t)

D0

=

(
Dtc

D0

)1/3

e−(t−tc)/3λE (1.6)

Dtc is the diameter at the critical time.

Prior literature determined the critical time by inspection.53,54,57,58,61 Robert

Learsch developed a method for detecting the critical time through finding the
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moment of maximum strain rate within the window of normalized diameter

in which transition occurs, which was implemented in the dosertools pack-

age. By finding the critical time systematically rather than by inspection, we

significantly reduced user-to-user variation in analysis.

After finding the normalized diameter as a function of time past the critical

time, Equation 1.6 is fit to the elastocapillary regime, chosen to have an upper

bound of D/D0 = 0.1 or Dtc/D0, whichever is lower, and a lower bound of

0.045. From this fit, the extensional relaxation time is calculated for each

sample (fitting details in Appendix A).

1.4 Megasupramolecules

End-associative telechelic polymers of sufficiently long backbone length can

associate in solution to form supramolecular polymer exceeding 1Mg/mol in

total weight, called megasupramolecules (Figure 1.9). Each telechelic poly-

mer unit acts as a unimer in this large polymer, and can reversibly associate

and disassociate both at equilibrium and in flow. This reversibility gives long,

end-associative telechelic polymers a substantial advantage over traditional,

long-chain polymer additives because the ability to disassociate under strong

flows can prevent chain scission.12 The megasupramolecules exhibit an equi-

librium distribution of linear and ring supramolecules—linear supramolecules

have a larger rheological impact and thus are usually more desirable. By using

pairwise association and keeping unimer lengths sufficiently long, the distri-

bution can be biased towards linear megasupramolecules.12,62

Megasupramolecular systems have a number of aspects that can be tuned to

achieve their desired rheological behaviors and thus their performance. The

unimer backbone length can be adjusted depending on desired effective molec-

ular weight after association, as long as it is neither too long (and thus vul-
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Figure 1.9: Schematic depicting the association and disassociation of end-
associative telechelic polymers. Functional groups on the chains may be self-
associative or pairwise associative, forming megasupramolecules in solution.

nerable to chain scission) or too short (and thus primarily forming ineffective

rings12,62 or networks63). The solvent quality of the backbone in the fluid of

choice also affects the rheological behavior and vulnerability to chain scission

through changes in the swelling of the coil—too poor of a solvent can cause loss

of performance via precipitation.64 The association strength between polymer

units can be manipulated by changing the end-group or by altering the asso-

ciation through interaction with the solvent, which will modify the expected

distribution of long linears versus small rings.12,62 Absence of some end-groups

can suppress the formation of long linear chains, but also formation of rings,

by acting as end-cappers, usually to the detriment of the total contribution to

the rheological properties.62

Chapters 2 and 3 discuss considerations in choosing an appropriate backbone

length to resist chain scission. Chapter 4 looks at the effects of solvent on

the backbone solvent quality and on the effective association strength, in ad-

dition to how concentration changes observed association. Chapter 5 outlines

the impact of backbone length and end-group fidelity on megasupramolecular

formation.
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