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ABSTRACT

William Francis McKemie Daniel Jr.: Brush-Like Polymers: New Design Platforms for Soft, Dry

Materials with Unique Property Relations

(Under the direction of Sergei S. Sheiko)
Elastomers represent a unique class of engineering materials due to their light weight, low
cost, and desirable combination of softness (10°-107 Pa) and large extensibilities (up to 1000%).
Despite these advantages, there exist applications that require many times softer modulus, greater
extensibility, and stronger strain hardening for the purpose of mimicking the mechanical properties
of systems such as biological tissues. Until recently, only liquid-filled gels were suitable materials
for such applications, including soft robotics and implants. A considerable amount of work has
been done to create gels with superior properties, but despite unique strengths they also suffer from
uniqgue weaknesses. This class of material displays fundamental limitations in the form of
heterogeneous structures, solvent loss and phase transitions at extreme temperatures, and loss of
liquid fraction upon high deformations. In gels the solvent fraction also introduces a large
solvent/polymer interaction parameter which must be carefully considered when designing the
final mechanical properties. These energetic considerations further exaggerate the capacity for
inconstant mechanical properties caused by fluctuations of the solvent fraction. In order to
overcome these weaknesses, a new platform for single component materials with low modulus
(<10° Pa) must be developed. Single component systems do not suffer from compositional changes

over time and display more stable performance in a wider variety of temperatures and humidity



conditions. A solvent-free system also has the potential to be homogeneous which replaces the

large energetic interactions with comparatively small architectural interaction parameters.

If a solvent-free alternative to liquid-filled gels is to be created, we must first consider the
fundamental barrier to softer elastomers, i.e. entanglements - intrinsic topological restrains which
define a lower limit of modulus (~10° Pa). These entanglements are determined by chemistry
specific parameters (repeat unit volume and Kuhn segment size) in the polymer liquid (melt) prior
to crosslinking. Previous solvent free replacements for gels include elastomers end-linked in
semidilute conditions. These materials are generated through crosslinking telechelic polymer
chains in semidilute solutions at the onset of chain overlap. At such low polymer concentrations
entanglements are greatly diluted and once the resulting gel is dried it creates a supersoft and super-
elastic network. Although such methods have successfully generated materials with moduli below
the 10° Pa limit and high extensibilities (~1000%) they present their own limitations. Firstly, the
semidilute crosslinking methods uses an impractically large volume of solvent which is
unattractive in industry. Second, producing and crosslinking large monodisperse telechelic chains
is anontrivial process leading to large uncertainties in the final network architecture and properties.
Specifically, telechelics have a distribution of end-to-end distances and in semidilute solutions
with extremely low fraction of chain ends the crosslink reaction is diffusion limited, very slow,
and imprecise. In order to achieve a superior solvent-free platform, we propose alteration of

mechanical properties through the architectural disentanglement of brush-like polymer structures.

In recent year there has been an increase in the synthetic conditions and crosslinking
schemes available for producing brush-like structures. This makes brush-like materials an
attractive alternative to more restrictive methods such as end-linking. Standard networks have one

major control factor outside of chemistry, the network stand length. Brush-like architectures are

v



created from long strands with regularly grafted side chains creating three characteristic length
scales which may be independently manipulated. In collaboration with M. Rubinstein, we have
utilized bottlebrush polymer architectures (a densely grafted brush-like polymer) to experimentally
verify theoretical predictions of disentangled bottlebrush melts. By attaching well-defined side
chains onto long polymer backbones, individual polymer strands are separated in space (similar to
dilution with solvent) accompanied by a comparatively small increase in the rigidity of the strands.
The end result is an architectural disentangled melt with an entanglement plateau modulus as much
as three orders of magnitude lower than typical linear polymers and a broadly expanded potential

for extensibility once crosslinked.

Disentangled brush-like molecules are well suited to create biologically soft materials.
However such architectures possess multiple characteristic length scales, making quantitative
analysis of their structures challenging. Because of their large molecular dimensions, densely
grafted bottlebrush structures can be readily measured by molecular imaging techniques. We have
combined AFM with other methods to characterize the important molecular parameters of
n,, (degree of polymerization (DP) of the backbone) and ny./n, (number of side chains
monomers per backbone monomer). This technique allows for fast and accurate analysis of
molecules for comparison with theory and computer simulation. Taking the analysis one step
further, we have also explored the behavior of bottlebrush molecules with bimodal side chain
distributions on 2D surfaces. We have shown that side chain adsorption is a statistically random
process leading characterizing the adsorbed side chain population as the weight average of all side
chains (adsorbed and unadsorbed). This discovery allowed for extraction of the side chain

dispersity data using molecular widths taken from Langmuir-Blodgett film AFM analysis.



With the architectural and entanglement properties of the brush-like architectures
characterized we turned to designing supersoft elastomers (modulus <10° Pa). There are two
approaches to consider when forming elastomers: (1) chemical crosslinking which offers ease of
synthesis and superior environmental stability, and (2) physical crosslinking which allows for
reversible self-assembly, molding of complex shapes, and greater control over mechanical
performance via microphase separation effects. We first turned to chemical crosslinking in order
to explore the potential of simple bottlebrush elastomers. An elastomer series was synthesized with
changing network strand degree of polymerization (DP) (n,) and side chain DP (n,.) using a
radical based polymerize-through method. This synthetic technique allowed for bulk
polymerization of prefabricated mono-functional side chains (macromonomers) and bifunctional
crosslinkers. The resulting networks possessed uniform structures in terms of mesh size and
grafting density and could be molded into experimentally useful shapes. The samples were
subjected to mechanical testing and analyzed using a universal stress-strain relation developed by
A. Dobrynin. It was discovered that the stress evolution of bottlebrush networks could be
completely described by two key parameter: the network modulus and the network pre-extension
factor (B). The materials” network modulus displayed a linear dependence on network strand DP
and side chain DP allowing for easy tuning of modulus from 102 to 10 Pa. It was discovered that
bottlebrush elastomers possess very high values of £ (10 to 100 times higher than typical linear
architectures). This high pre-extension factor created strong strain hardening behavior (rapid
increase in modulus with respect to deformation) while maintaining extensibility and low modulus.
The strain hardening behavior was found to scale inversely with respect to modulus as the side

chain molecular weight was altered. This correlation allowed for asimultaneous decrease in initial



modulus combined with faster onset of strain hardening which is unseen in single component linear

polymer systems.

Transitioning from chemically to physically crosslinked elastomer allows us to create
supersoft materials which can be molded into complex shapes and recycled for numerous uses. To
facilitate such materials we have generated ABA type triblock copolymers with bottlebrush middle
blocks and crystallizable linear A blocks. We have shown the potential for these systems to
spontaneously microphase separate into well-defined, super-soft polymer networks which can be
easily melted and reformed. The cross-link density was effectively controlled by the DP of the side
chains with respect to the DP of the linear tails. Shorter side chains allowed for crystallization of
the linear tails of neighboring bottlebrushes forming a soft network without forming a continuous
crystalline phase. However, steric repulsion between longer side chains hindered phase separation
and crystallization, thus preventing network formation altogether. Initial stress-strain analysis of
these networks display even higher values of f (2 to 4 times higher despite possessing longer
network strand lengths than those employed by our chemically crosslinked networks). The steric
repulsion between the micro phase-separated domains created high pre-extension of the
bottlebrush backbones leading to a combination of supersoft modulus with strong strain hardening.
Such properties are rarely seen outside of biological tissues and points to ABA type polymers as a

forerunner in future research on the topic of mimicking tissue mechanical response.

Our previous work has dealt mostly with highly grafted brush-like materials (dense
bottlebrushes). Recently we have developed a reliable method to synthesize materials with well

controlled n, (number of backbone monomers per side chain). These materials displayed a series

of mechanical property correlations as functions of the changing molecular parameter triplet



(ny, nsc,ny). These trends include: (1) Inverse relations between modulus and extensibility (typical
in polymer materials), (2) concurrent increase of modulus and extensibility (unseen in linear
systems), (3) and (4) holding one property constant while altering the other (previously impossible
without altering chemical makeup). The comb-like materials (high n,) allow for vast increases in
the extensibility of branched networks, beyond the practical limitation set by linear polymer
entanglements (~5 time extension). Control of the completed architectural triplet effectively
expanded the possible combinations of mechanical properties from a strain line (trend 1) to arich
2D space of possibilities (trends 1-4 combined). The implications of these new trends are discussed
at the end of the dissertation, as well as how fine control of all three brush-like parameters

(n,, ny,my) represents the future of studies in this field.
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CHAPTER 1: ENTANGLEMENT AND THE BOTTLEBRUSH ARCHITECTURE.!

1.1 The need for soft materials

Elastomers are essential soft engineering materials which exhibit relatively low modulus
(10°-107 Pa) and high extensibility up to 1000%.1 Much of the early focus in elastomer research
was based around enhancing mechanical properties i.e. making them stiffer and tougher.2-11 Less
attention has been paid to reducing elastomer modulus. However, much softer (10-10* Pa)
materials are needed for a number of vital applications. Reconstructive surgery implants require
moduli tuned to match the surrounding tissues (as low as 10 Pa) to avoid two universal issues:
mechanical irritation and the immune response’s use of mechanical sensing to identify foreign
surfaces.t?-1> Immature cells differentiate into functional versions based on mechanical cues from
the environment. Because of this synthetic materials scaffolds for tissue growth and cell
differentiation require a wide variety of attainable moduli in order to design functional biological
samples. 16 - 22 Much like the immune and cell differentiation responses many dangerous
microorganisms alter their behavior based on mechanical cues. Specifically on hard surfaces such
organisms will switch from wulnerable isolated mobile behaviors to swarming behaviors (a key
event in surface fouling and drug resistance in bacterial infection). This makes control of soft

mechanical properties key to next generation and antibacterial and antifouling surfaces.?3-26 Other

I Much of this chapter previously appeared in Nature Materials, The original citation follows
Daniel, W. F. M.; Bodynska, J.; Vatankhan-Varnoosfaderani, M.; Matyjaszewski, K.; Paturej, J.;
Rubinstein, M.; Dobrynin, A., V.; Sheiko, S. S. Ultrasoft, Superelastic Solvent-free Elastomers.
Nat. Mater. 2016, 15, 183-189.



important potential applications are found in robotics, membranes, energy storage, and

biomedicine.27-52

In traditional elastomeric materials the lower limit of stiffness ca.10° Pa is dictated by chain
entanglements that are inherent to polymer melts and, therefore, largely independent of the
chemical degree of crosslinking.>3-%¢ In order to achieve moduli lower than 10° Pa aliquid fraction
is normally added creating a polymer gel. However, along with many positive features,>’-60 the
gelation strategy brings about serious limitations due to polymeric gel fragility® and inherently
heterogeneous  structures.®? Swollen gels may also suffer from environmental instability in the
form of phase separations, solvent evaporation, and loss of solvent during deformation.6® Last but
not least, the addition of solvent decreases acoustic contrast of materials (particularly, hydrogels),
which adversely effects ultrasound imaging of polymeric implants in a human body composed of
ca. 60% water.64-67 Because of the limitations native to gel materials a new class of material needed
to be dewveloped which combined the softness of gels with the stability and robustness of
elastomers. The first step in the process is to understand the most fundamental mechanical

limitation of soft and dry elastomers, the entanglement.

1.2 Linear polymer entanglement

Consider an entanglement as the simple mability for a polymer chain move through its
nearest neighboring chains. When a typical liquid is deformed the deformation stress (force per
cross-sectional area) is immediately relaxed by bulk flow of the sample, but relaxation in polymer
liquids is blocked by mteracting polymer chains which are unable to move through each other
during their thermal motion. This leads to a period of time where the deformation stress is stored

in system just like a permanently crosslinked network. The modulus of a polymer melt can be



expressed in simple and familiar terms. Just as ideal gas pressure (P = n,, RT) is governed by the
number of moles of gas per unit volume (n,, = N/V), the modulus of a polymer melt (G, = vRT)
is governed by mole density of mechanically active strands v = p/M,, where p— mass density, R
—universal gas constant, 7—absolute temperature, and M, —molar mass of an entanglement strand.
When crosslinked the elastomer traps the entanglements which then behave as additional
topological crosslinks.68-6° Trapped entanglements impose a preordained lower limit for the elastic
modulus, G > G, = pRT/M,, where G — modulus of the crosslinked network. Melts of typical
linear polymers possess M, = 103 — 10* g/mol, creating an intrinsic entanglement modulus

G, = 105 — 10° Pa.555 This leads to the question of how to control M,.

In order to understand how to control M, a more detailed look at entanglement is required.

Consider a polymer chain with degree of polymerization (DP) n and average distance between its

chain ends (end-to-end distance) of R ~ mwhere [, is the length of the chemical monomer
unit and b is the Kuhn segment length which represents the stiffness of the chain. This chain exists
in a tube of nearby neighbors whose interactions prevent the chain from moving freely due to
contact between the chains. For simplicity sake we assume that it requires a constant number of

nearest neighbor contacts P, to effectively block thermal motion and form an entanglement. This
means our main chain can be chopped into individual entanglement segments each encompassing
one interaction between the main and neighboring chains. These entanglement segments have
monomers n, and an average end-to-end distance or entanglement diameter of a = \/l,Jo—ne The
entanglement occupies a physical volume described asV, = M,/pN,, = v,n, where M, is the
molar mass of the entanglement strand, p is the mass density, N, is Avogadro’s number and v,
is the physical volume of achemical monomer. Additionally the polymer chain carves out a quasi-

spherical volume in space called a pervaded volume related to the entailment diameter as V,, ~



a® ~ (l,bn,)%?. The ratio of these two volumes gives the number of chains which exist in the
pervaded volume of a single chains P, ~ (L,bn,)%?/v,n,. We can then calculate DP of an
entanglement as Equation 1.1.

2
v
_p2_0

ne—Pe b3l03 1.1

Based on the work from Kavassalis and Noolandi which theorized P,to be fairly constant between
differing chemistries, numerous empirical measurements have found P, =~ 20 for a great many

polymers.”® Taking Equation 1.1 we can simplify the expression and solve for M,

7% v,® D
M, =myP,?>——= P?pN,,——~—
e e e av b3lo3 b3

e 1.2

where m, = pN,,v, is the molar mass of the chemical monomer, and D = \/v,/l, is the
approximant diameter of the monomer. As can be seen Equation 1.2 reduces the entire
understanding of M, and therefore G, down some chemical constants and the interplay between
the stiffness of a polymer chain (b) and its thickness (D). For traditional materials this interplay is
well defined by the chemistry of the polymer chains and results in the traditional limit for polymer
melt modulus. In order to create soft materials with moduli below the 105 Pa a new method for

increasing the relative thickness of a polymer chain without significantly increasing its stiffness

needs to be developed.

1.3 The bottlebrush architecture

One thought experiment on the controll of chain thickness and stiffness is presented in

Figure 1.1a, where affine expansion transitions the system from a melt of polymer chains to a melt



of mesoscopic cylindrical filaments. This simple procedure creates two beneficial outcomes:
Increasing (i) length (L,) and (ii) diameter (D) of the entanglement strand, leading to an increase
of M,~L_,D? and, hence, decrease of the entanglement plateau modulus as G,~ 1/M,. However,
this naive approach does not take into account the fact that conventional solid filaments stiffen as
the diameter increases leading to higher entanglement densities (Figure 1.1b). The persistent length
of solid filaments is shown, both theoretically’t and experimentally,”? to raise dramatically with
their diameter as lp~D4(Figure 1.1d) note that L,~b, were b, is a general term for the Kuhn
length (b) for all archetectures considered in this dissertation. Furthermore, rod-like species (D «

l,,) may undergo nematic transitions during solvent removal, which not only lead to a modulus

increase but also introduce anisotropy to mechanical properties. These combined effects make

rigid, solid-like filaments unsuitable for the creation of supersoft elastomers.
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Figure 1.1: Transitioning from polymer molecules to mesoscopic filaments. a) A thought
experiment: Affine expansion of a melt of linear chains results in reduction of entangle ment
density (increase of L, - length of entanglement strand) and an increase of molecule’s diameter
(D). b) The diameter increase causes significant enhancement of rigidity in solid-like filaments,
which generally promotes overlapping with neighbors, increasing the entanglement density. c) A
melt of liquid-like flexible filaments displays lower entanglement density than a melt of
conventional linear polymers. One of the cylinders (green) displays its interior brush-like structure
explored in this study. d) In dilute solution, solid-like filaments display a strong increase of the
persistence length with the linear density M, = m/L~D? as ,~M;~D* , where m and L and
mass and contour length of a filament, respectively, while solvent removal causes additional
stiffening and ordering of solid filaments.”2 In contrast, bottlebrushes remain liquid and their
persistence length in a melt state exhibits a much weaker increase with diameter

as L,~M,/*~nl/2~D, where n,, is degree of polymerization of bottlebrush side chains. 7374



This unfavorable realization does not dismiss the idea of the affine expansion (Figure 1.1a);
instead it presents us with a challenge to create mesoscopic liquid-like filaments that neither
coalesce nor interpenetrate but also remain flexible with increasing diameter (Figure 1.1c). Such
filaments can be prepared by dense tethering of long side chains with DP (n,.) and number of side
chains per unit backbone monomer (n,) to a polymer backbone with DP (n,;,), which results in
comb-like”-78 and bottlebrush 79-81 architectures (Figure 1.1c). Molecular dynamics simulations of
melts of bottlebrush polymers gives evidence that their persistence length behaves as [,,~D (Figure
1.1d),73 74 fulfilling the requirement for filaments that remain flexible with growing diameter. This
flexibility is entropic in origin and afforded by the ability of a liquid-like filament to freely
reposition its mass (side chain monomers) around its central axis. The unique combination of high
flexibility and decreased entanglement density of bottlebrushes opens the path for the creation of
a new class of single-component materials with low modulus and high deformability. A scaling
relationship between the mass (M,) and dimensions of the entanglement strand is provided by the
Kavassalis-Noolandi  (K-N) conjecture as M, ~ D¢/13~D®/b,* (assuming I, <L,). This
relation reproduces Equation 1.2. Simulation data suggests that the diameter of bottlebrushes is

related to the end-to-end distance of the side chain (R, = /n,.bl,) which directly suggests that

the entanglement modulus of bottlebrush melts is expected to decrease with the degree of

polymerization of side chains ( n, ) as G,~M;'~b,%/Dé~D3~n2/? (taking into

account b, ~D).



1.4 Bottlebrush scaling predictions

Herein is presented a summarized version of the theoretical predictions concerning the

entanglement modulus of brush-like polymer melts as a function of n, and n,.. Forafull treatment

please see Daniel, W. F. M., et al. Nat. Mater. 2016, 15, 183-189.

The Molecular conformation and assembly of bottlebrush and comb-like polymers in melts
depend on the DP of side chains (n.) and DP of the backbone spacer per sidechain (n,) (Fig. 1.2),
aswell as on the monomeric volume v, the monomeric length [, and the stiffness of polymer chains
characterized by the Kuhn length b. Depending on the side-chain length and grafting density, we
distinguish four conformational regimes with distinct rheological behaviors (Fig. 1.2), however

only the highest grafting density regime is considered in this chapter’s experimental results.
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Figure 1.2: Diagrams of states of brush-like polymers. The diagram is presented in terms of
degree of polymerization of side chains n,. and backbone spacer between neighboring side chains
n, (logarithmic scales). Comb regimes with almost unperturbed Gaussian backbone and side
chains: LC — loosely-grafted combs with strongly interpenetrating neighboring combs, DC — dense
combs with weak interpenetration. Bottlebrush regimes: LB — loosely-grafted bottlebrushes with
almost unperturbed Gaussian side chains and partially stretched backbone on length scale of side
chains, DB — dense bottlebrushes with extended side chains and stretched backbone on length scale
of side chains. Dashed lines at b/l correspond to boundaries of stiff side chains (vertical) for n,. <
b/l, and stiff spacer (horizontal) for n, < b/l. Backbone is almost fully stretched up to length

scale of side chain size below the blue horizontal line n, = n;* =g,

Loosely-grafted and densely-grafted comb regime (LC and DC). At very low grafting

densities n, > n,. the sidechains of so called loose-comb molecules have no interactions with
each other because the average distance between grafting points along the backbone (R, =
/1y lob) is greater than the side chains own size (R, = \/n,.l,b). This lack of strong interactions

between sidechains means that the loosely grafted comb possesses nearly unperturbed random



polymer chain statistics with end-to-end distances R = ,/n,;, [ b, . where b, . = b of the
specific chemistry used. At the limit of n, > n, the contribution of sidechains the total chain

volume is negligible and the effective monomer volume is still v, ~ D?l,. Solving Equation 1.2

reveals
MeLC ~ Me lin 1.3
_ PRT
Ge,LC = M = Uelin 14

Where M, ;;,, and G, ,, are the entanglement mass and entanglement modulus of the linear
polymer chemistry. This results in the flat red domain seen in Figure 1.3a,b. However, as

n,decreases the distance between sidechains R, < R, and the sidechains begin to intrude into

each other pervaded volumes. This means the average number of other chains segments within a
chains pervaded volume (P, = R2 /(n,.v,) = nl/?(bl,)3/2/v,) is partially occupied buy side
chains from the same polymer backbone. Since P, like P, is a constant there are only two options:
(1) the chains begin to stretch out thus increasing either R, of R, to make more room, or (2)
neighboring polymer combs must separate in space leading to fewer interactions between side
chains from different combs and an increased effective polymer diameter. Since the stretching of
chains carries a heavy entropic penalty®> the combs begin to separate in space diluting their

backbones just as if we had added solvent to the system. Because of this the comb maintain their

unperturbed chain conformation statistics and b, ,. = b leading to the expression.

10



RT [n -3
pRe ~<i+1> 1.6

e,DC — M n

e g

where (ng/n, +1)3is the effective contrioution of the sidechains towards the molecular

diameter. This trend results is a sharp change in modulus seen as the red line with slope

proportional to (nsc/ng)3 in Figure 1.3a,b.

As the density of sidechains along the backbone grows, the pervaded volume as a single
side chain becomes increasingly filled with sidechains belonging to the same backbone. This
process continues until there is no longer space for neighboring side chains. A section of a
backbone passing through the volume R2. contains on average mn,. monomers because its
conformations are similar to the conformations of side chains. Therefore, ng./n, side chains
belonging to the same comb molecule and connected to each other through the backbone section
containing n,. monomers reside within the volume R3.. The number of such groups (branched
sections) belonging to different comb molecules overlapping with each other within the volume

R is

P.n, _(bly)** n, _mn, .
7= n_ =~ v, nl/zzn_*21 for ng <n, <mng (1.7)

Sc

This allows us to define a transition condition where the combs with ideal chain conformation can

entirel 3 Wi ' * = pl/2 3/2 '
y occupy the volume R;. with chains from the same comb (n; = ny/“ v,/ (bly)**). At this

point the combs are completely separated in space with an average diameter determined by the
ideal R,.. In order to increase the density of side chains beyond this point the conformations of the

chain segments must be stretched beyond ideal conformations.

11
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Figure 1.3: Different entanglement modulus regimes of comb-like polymers. (Equations 1.4
1.6, 1.9, 1.11) Presented as a function of a) degree of polymerization (DP) of the spacer between
neighboring side chains (n,at constant n,.) and b) side chain DP (n at constant n,).

Loosely-grafted bottlebrush regime (LB). In the LB regime further reduction of n,

demands deviation from ideal chain statistics. The entropic penalty for stretching all of the
sidechains is considerably larger than the penalty of stretching the backbone. Inthis regime further
addition of side chains results in two counteracting phenomenon. First, adding side chains
increases the mass of the polymer strands. Second, it stretches the backbone resulting in larger
effective b, and there for shorter distances between entanglements as shown in Equation 1.1 and
1.2. Because of this the entanglement mass and modulus remain approximately constant while the
backbone stretches out leading to the flat green line shown in Figure 1.3a. On the other hand as

the sidechain size increases the crossover condition (n; ~nl/?) pushes the loose bottlebrush further

in the regime. The backbone is stretches increasing the chain stiffness as by ;5 ~n,.*/? while the

SC

chains diameter continues to grow with the ideal sidechains size R .~n,. /2. This dual effect

results in the expressions

~n..3/? 1.8

12



G, =—~n_ 32 1.9

It should be noted that realistically the LB regime is short. For n,. = 100 the regime takes place

for only one order of magnitude in n, and is much shorter for more typical brushes.

Densely-grafted Bottlebrush Regime (DB). The boundary between the LB and DB

regimes (n, < n;" = v,/ bl2) corresponds to the fully extended backbone state. At this point the

conformation of the backbone cannot stretch any further without encountering enormous energetic
penalties.>> At this point the sidechains begin to weakly stretch leading to an increase in both

diameter and rigidity of the polymer strand. This regime is short in terms of n, (assuming n, = 1

is the practical minimum) but can extend in terms of n,. until the sides chains approach the

entanglement length of the linear chain chemistry. There is a simultaneous growth of b,
and D, as ~(n,, /ng)l/2 leading to the equations 1.10 and 1.11 which can be seen in as the blue

lines in Figure 1.3a,b.

3/2
M Dos" <&> 1.10
e
bk,DB3 Ny
-3/2
pRT <nsc>
G = —n~ | = 1.11
e,DB Me ng

Although the DB regime has weaker scaling than the DC regime, dense bottlebrushes still represent
the lowest practical limit for entanglement modulus in brush-like architectures. The remainder of

this chapter is dedicated to proving the scaling found in Equation 1.11.

13



1.5 Synthesis of materials

Highly grafted brush-like architectures represent the simplest architecture to produce with
reliable homogeneity. They also represent the lowest modulus architectures considered in this
dissertation. Because of this, bottlebrushes were chosen as the first architecture for fundamental
study. The PnBA samples were produced by sequential ATRP steps in which long polymer
backbone macroinitiators were synthesized from HEMA-TMS followed by replacing the TMS
functionalities with reactive bromine sites and sequential ATRP “polymerize-from” growth of side
chains. PDMS samples were produced by ATRP “polymerize-through” of mono-functional
macromonomers and difunctional crosslinkers inside an evacuated cylindrical mold. For full

synthetic details please see Daniel, W. F. M., et al. Nat. Mater. 2016, 15, 183-189.

1.6 Molecular characterization

NMR and GPC analysis were used to obtain approximant molecular weights and molecular

characteristics.

14



Monomer conversion and GPC. The conversion of BA was determined from 'H NMR
spectra recorded in CDClz as a solvent using Briker 300 MHz spectrometer. Molecular weight
distributions of the polymers were characterized by gel permeation chromatography (GPC) using
Polymer Standards Services (PSS) columns (guard, 10°, 103, and 102 A), with THF eluent at 35
°C, flow rate 1.00 mL/min, and differential refractive index detector (Waters, 2410). The apparent
number-average molecular weights (Mn) and molecular weight dispersities (Mw/Mn) were
determined with a calibration based on linear poly(methyl methacrylate) (PMMA) standards and

diphenyl ether as an internal standard, using

Long Brushes, PnBA
WInGPC 6.0 software from PSS (Figure 1.4). o
. B \
Bottlebrush samples were analyzed by GPC with BA-23
BA-34
. . . — BA-130
light scattering detection to measure molecular —BA-112

weight distribution of cleaved side chains (Figure

1.4). The intiation efficiency of the grafting- from

reaction was determined asa ratio of the DP values 10° 10° 10
Molecular Weight

obtained from monomer conversion (NMR) and  Figure 1.4: GPC traces. Linear (gray)
_ _ _ MI-TMS and (black) MI-Br, and
side-chain  cleavage. The average grafting  pottlebrushes (red) BA-3/4, (orange)

) ) o BA-17, (yellow), BA-23, (pale green),
efficiency is about 0.65 (65%) which is close tothe g A-34, (dark green), BA-130, and (blue)

grafting density obtained by the LB-AFM BA-L12.

techniques. The backbone DP by GPC of the macroinitiator as n,, = M,,;/M, = 2,035 + 100.
The NMR GPC analysis is summarized in table 1.1. However both techniques are less reliable for
analysis of branched molecules so additional analysis was conducted using the LB-AFM

technique.
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Table 1.1 Initial characterization of materials

M/

Name COITIpOSItiOﬂ nSC’NMRl MH,GPCZ M 2 '\/Ir]’SC:.3 Mwan,SCS nsc4 Ieff5
n

M-

Mrs | P(HEMA-TMS)oss |- 326,000 [1.29 |- i -

MI-Br |PBIBEMa03s i 694000 |1.76 |- i e
PBIBEM2035-0-

BAG | poan 3-4 640000 |1.76 |- i -

BA-17 | BIBEM20s5-g- 10 1,540,000 |1.19 |2,180 |1.12 17 |59
PnBA1o

BA23 |FBIBEM2035-g- 16 1,870,000 | 1.19 |3,000 |1.18 23 |70
PnBA1s

BA-34 | BiBEM2035-0- 24 2070000 |1.20 |4.300 |1.30 34 |70
PnBA

BA-130 | PBIBEM2035-g- 48 3,380,000 |1.13 |16,600 |1.10 130 |40
PnBAss

1Degree of polymerization of side-chains determined from the monomer conversion by H NMR,
Nse,NMR = Ntargeted ‘Mconversion. 2 Determined by THF GPC using PMMA standards. The GPC data are
inaccurate due to the large size and branched nature of the macromolecules. 3 Number average
molecular weight and PDI of cleaved side chains determined by THF GPC using PSt standards. 4
Degree of the polymerization of side chains determined from the equation: nsc = Mn,sc/ Mea, where
Mga=128 — molecular weight of n-butyl acrylate ° Initiation efficiency determined as leff= (Nsc,NnMR

/ nsc)-100%.

LB-AFM. The large spatial dimensions of
bottlebrush molecules enable visualization by AFM.
Combining this with the Langmuir Blodgett
deposition techniqgue was shown in the past to be an
accurate analysis technique for bottlebrushes.82 The
samples for atomic force microscopy (AFM) studies
were prepared by Langmuir-Blodgett (LB) deposition
(Figure 1.5). LB films were transferred onto freshly
cleaved mica substrates at a constant surface pressure
of 0.5 mN/m and a controlled transfer ratio. Imaging

of individual molecules was performed in PeakForce
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Figure 1.5: LB isotherms of surface
pressure versus monomer area of
linear and bottlebrush BA samples.
The Agg and A, values were taken at
identical surface pressures (0.5 mN/m)
to insure comparison of monolayers at
the same level of compression.
Schematic displays length L and width
W of an adsorbed bottlebrush.



QNM mode using a multimode AFM (Briker) with a NanoScope V controller. Silicon probes were
used with a resonance frequency of 50-90 Hz and a spring constant of ~0.4 N/m. In-house
developed computer software was used to analyze the AFM images. Typically, ensembles of 1000
or more molecules were analyzed to ensure standard deviation of the mean below 10%. The results
are summarized in Table 1.2. The number-average contour length (L) were directly extracted from
the AFM micrographs of individual macromolecules both in dense and sparse monolayers on a
solid substrate (Figure 1.6) asn,, = L/l = 2,040 + 60. All molecular length scales characterized

by LB-AFM are disabled in Table 1.2.

From the LB-AFM analysis, we determine the number average mass per unit length of the
backbone, which can be directly translated to the side-chain degree of polymerization per

monomeric unit of the backbone as

W2
r.A T'tlo <W+ )
Nse _ Telpr _ 4L 112
n NypAo A,

Where W-is the number average 2D width measured from AFM micrographs, - the LB transfer
ratio, A4,, - the area occupied a bottlebrush macromolecule in AFM micrographs, and 4, =
M,/(mN,,) is the area per BA monomer on a Langmuir trough as calculated from the known
mass of material deposited per unit area of the trough (m) and molar mass of the PNnBA monomer
(M, =128 g/mol). This equation is expounded upon in Chapter 2. The molecular area 4,, was
determined by two methods: (i) counting the number of molecules (Z) in AFM images per unit
area, which gives A,, = Z~! and (ii) measuring contour length (L) and brush width (W) that give
A, = LW +nW?2/4 (assuming hemicircular end-caps of adsorbed bottlebrushes, (Fig. 1.6)).

GPC measurement of the macroinitiator DP displayed n,, = M,,,/M,,,, = 2035 £ 100, in

17



agreement with n,, = 2040 £ 60 determined by LB-AFM (Table 1.3). The full extension of the
bottlebrush backbones is caused by steric repulsion of densely grafted side chains resulting in a
backbone tension of the order of 1 nN.83 The product of linear mass density and bottlebrush
contour length gives molecular weight distribution (MWD). Figure 1.7 demonstrates correlation
between the MWD data obtained by the GPC and LB-AFM techniques. A slight shift towards
higher molecular weights seen in the LB-AFM is due to exclusion of small species analysis
software. The number-average contour length were directly extracted from the AFM micrograp hs
of individual macromolecules both in dense and sparse monolayers on a solid substrate (Figure
1.6) asn,, = L/l = 2,040 + 60. The complete molecular characterization is presented in Table

1.3.

N increases

Figure 1.6: AFM of Bottlebrush samples. AFM height images of the PNnBA bottlebrushes with
the same backbone but different side-chain DPs on a mica substrate: Large images - Langmuir-
Blodget monolayers. Insets - single molecules prepared by spin-casting. While not equivalent to
conformations in bulk melts, the AFM studies qualitatively corroborate the increase in diameter
and rigidity of molecular bottlebrushes with increasing n,..
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Figure 1.7: Overlay of GPC traces. Bottlebrush samples (red histograms) with LB-AFM
molecular weight distribution analysis (black lines). The green lines correspond to molecular
weight distribution of the macroinitiators (backbones without side chains).

Table 1.2: LB-AFM analysis of the dimension of PNnBA bottlebrushes

Sample |, | A, (nm?)2 | W (nm) 3 | ng./n,* | L (nm) 5 Lw/Ln® | Nob’

BA-17 |0.88 |0.28 11 9 513 15 2052
BA-23 [0.89 |0.29 21 17 515 1.6 2060
BA-34 090 |0.29 26 21 495 1.6 1980
BA-130 | 0.98 | 0.27 69 69 517 15 2068

Transfer ratio defined as ratio of change in LB trough area over area of transfer substrate. 2Area
per BA monomer of the Langmuir monolayers on the water surface. *Number average width of
the PnBA bottlebrush samples from AFM. “Number average DP of side-chains adjusted for
grafting density as measured by LB-AFM (Equation 1.12). Number average contour length of
PnBA bottlebrush backbone measured using AFM. ®Dispersity of PnBA bottlebrush contour
length, PDI=Lw/Ln, where Lwand Ln are weight and number average lengths.”"Number average DP
of the backbone determined from the AFM contour length as nob=L/lo, where 10=0.25 nm is the
monomer length.
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Table 1.3: Final molecular characterization

Sample W Mo’ | Mse/ Mg n, | BS Ge, Pab Ve n, 0
108 g/mol |(cleavage) (LB-AFM) 108 g/mol ’
MI® 0.3310 0 0 NA 1.3 NA NA NA
BA-6 NAtL NA 3 1.75| NA (11432 + 331 0.2 461+13
BA-17 2.9 17 9 1.96 15 2421 £ 75 11 784124
BA-23 4.7 23 14 1.61 1.6 1310 £ 54 2.1 894137
BA-34 5.8 34 21 1.61 1.6 938+ 28 2.9 1012+30
BA-130 17.9 130 67 1.89 15 178+ 7 15.2 1728+68

INumber average molar mass determined from mass per unit area and molecular area using the
LB-AFM method (except MI).3! 2Number average DP of side chains determined by GPC of
cleaved side chains. *Number average DP of side chains multiplied by the grating density ng Las
measured by LB-AFM (Equation 1.12). “Grafting density calculated from LB-AFM n./ n, and
cleavage n,.. °Dispersity of PnBA bottlebrush contour length, PDI=Luw/Ln, where Lw and L, are
weight and number average contour lengths of the bottlebrush backbones. ®Plateau modulus
determined as storage modulus at the frequency of the minimum in tan(d). Modulus error was
calculated by taking the standard error of the mean from multiple measurements of the master
curve. ‘Molar mass of the entanglement strand calculated as M, = pRT/G,, where p =
1.09 g/cm® — mass density of PnBA. 8Backbone DP of the entanglement strand calculated
asn, , = M,n,, /M, where M - molar mass of bottlebrush and n,,=2040- average DP of the

backbone. °Macroinitiator (MI) is a precursor for the backbone. 1°Number average molecular
weight measured by RI-GPC using PMMA standards. !AFM-based analysis of BA-6 was
inaccurate due to closely spaced macromolecules having the shortest side chains.

1.7 Rheology and mechanical analysis

To investigate the effect of n,,. on the plateau modulus in the melt of the polymer brushes,
the frequency dependence of dynamic moduli was measured in a window of 0.01 to 100 rad/s over
arange of temperatures and strains using an ARES-G2 rheometer from TA Instruments. The time-
temperature superposition principle was used to construct master curves of modulus versus

frequency with a reference temperature of 298 K using the WLF equation. Compression

20



experiments were done with an RSA-G2 DMA from TA instruments using 25mm compression
plates ata constant closure rate of 0.01 mmy/s at 25°C. Based on the time-temperature superposition
principle, master curves of modulus versus frequency were constructed using TRIOS software
from TA instrument. A series of Williams—Landel-Ferry (WLF) parameters was generated using

eq 1.13 for each sample and used to shift the final master curves to 298 K

—C(T-Ty)
C, +(T-T,)

log(a,) = 1.13

where a, -frequency shift factor for a desired reference  Taple 1.4: WLF parameters

. . . sample | C: C:(K)

temperature, C,and C,-empirical fitting constants derived from BAG 73 1597
manual shifts of data at multiple temperatures, T and T, - BA-L7 |39 153.9
BA-23 | 35 154.4

sample temperature and desired reference temperature, | BA-34 |38 161.8
BA-130 | 3.6 162.5

respectively.84 Table 1.4 summarizes the corresponding WLF
parameters.

Three methods were used to analyze the entanglement plateau modulus of the polymer
samples. Figure 1.10 shows trends of entanglement moduli versus relative side-chain length. Both
methods for assigning entanglement moduli give excellent agreement with theory showing
dependence on relative side-chains DP (G, ~(ny/n, + 1)7*?) as shown in Figure 1.10 below.
For the first method the value of the entanglement modulus is taken as the value of G’ at the
frequency of the minimum in the tangent delta as described in detail by Lomellini®> (Figure 1.8).

Entanglement modulus and tangent delta data is represented in Table S4 and the trend in

entanglement modulus versus relative sidechains DP is displayed in black in Figure 1.10.
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Figure 1.8: Rheological master curve of storage modulus (G'), loss modulus (G'") and the
tangent delta (tan(6)) as a function of angular frequency. The vertical and horizontal dashed
line mark the minimum of tangent delta and the entanglement modulus, respectively.

For the second method the van Gurp Palmen method assigns the entanglement modulus as
the value of the storage modulus at the minimum in phase angle within the entanglement regime

of a VGP plot® (Figure 1.9). The moduli versus relative sidechains size are displayed in red in

Figure 1.10.

70 5
] —BA-34
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Figure 1.9: Phase angle (8) vs. complex modulus (G*). The entanglement modulus is assigned
using the van Gurp Palmen method asthe value ofthe G* atthe minimum value of the tan(d) within

the entanglement regime

107 10°
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For the third method, the value of the storage modulus determined by modeling
experimental data with a fitting equation described below. To evaluate the rheological data we
model the storage modulus G'(w) and loss modulus G’ (®) using the molar mass weight M, as a
fitting parameter. The storage and loss modulus can be presented as the sine and cosine transform

of the time dependent modulus G(t)°>8:

6'(0) = w j G (0 sin(wt) dt 114
0

co

¢"(w) = a)f G (t) cos(wt) dt 1.15

0

A model for G(t) includes two distinct regions of rheological behavior seen in the bottlebrush
sample. These are Region 1: power law relaxation with exponent 0.6 representing transition zone
of chain of effective Kuhn monomers, where G,and t, are the modulus and relaxation time of the
effective Kuhn monomer. Note G,and z,serve to shift the date to allow overlap between the power
law and experimental data. As their specific values do not have physical meaning in the application
of this theory

t

—-0.6
G(8) power = Gy (?) 116
1

and Region 2: entanglement relaxation. For monodisperse melts, as the entanglement relaxation
can be approximated by a single exponential decay

[ ]

RT | t |

I

p
B A T
T, M
e

where p,Rand T are the polymer melt density, the gas constant, and the absolute temperature

1.17

respectively. te and Me are the entanglement onset time and entanglement molar mass, and M is

23



the molar mass of the brush species. To account for molar mass polydispersity, we use the double
reptation model as the square of the integral of the conventional reptation relaxation multiplied by

the weight fraction of each respective species over all molar mass species®®

_t 2

pRT [ee] /Te ﬁ 3.4
G(t)Reptation = 7 J w;e (M‘") 1.18
e 0

where wi and mj are the weight fraction and molar mass of a species. For discrete molar mass

distribution data, the final model was described as

2

i=k -t
t\ —0.6 RT m;34
G(t)=61< ) +2 Zwie /Te(Me) 1.19
¢ \i=1

T, M

where G1/r17%-6, Me, and zeare the fitting terms used to fit the model with the experimental data. The
entanglement modulus versus the relative side chain DP are displayed in blue in Fig. 1.10. A

sample overlay of the fitting and experimental data is shown in Fig. 1.11c.
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Figure 1.10: Comparison of methods. Comparison of entanglement modulus analysis methods
yields excellent agreement with theoretical trend of G,~(n,./n, + 1)73/2.

As shown in Figure 1.11c, a double-reptation fit for sample BA-34 provides excellent

agreement with the experimental data. Table 1.3 summarize the results of the data analysis, while

24



Figure 1.11d displays the dependence of the plateau modulus on ng./ n, + 1 - reciprocal volume
fraction of bottlebrush backbones. To enable comparison with similar structures reported
previously by other groups, we plot the modulus ratio of bottlebrush and linear polymers multip lied
by a dimensionless parameter a = (v/b21)~3/2 accounting for the difference in chemical
composition (Equation 1.11). Remarkably, all data points, including that of (i) our PnBA
bottlebrushes, (ii) pLA bottlebrushes studied by Kornfield et al.,2%and (iii) dense polyolefin combs
studied by Fetters et al.”” fall on one line with a slope of -1.49+0.05 in agreement with Equation
1.11. The bottlebrush melt (n,. = 130) displays modulus on the order of 100 Pa, which is three
orders of magnitude lower than the G,of linear PnBA. This low modulus is ascribed to the
significant decrease of the entanglement density in bottlebrush melts composed of thick, flexible,
and weakly-interpenetrating macromolecules. As shown in Table 1.3, both the molar mass of the
entanglement strand (M, = 10> — 107 g/mol)and the DP of its backbone (n,, ,, = 500 — 2,000)
are significantly larger than the corresponding values for linear PnBA, M, = 2 x 10* g/mol and

n, = 150, respectively.
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Figure 1.11: Analysis of dynamic mechanical master curves and universal behavior. a)
Frequency-shifted master curves for the storage (G’) and loss (G ) moduli of PnBA linear and
bottlebrush polymer melts, and a randomly cross-linked bottlebrush elastomer of BA-34 at 25°C.
Linear PnBA displays characteristic entanglement plateau, while BA-34 display power-law
relaxation and weak entanglement plateau at significantly lower modulus. The cross-linked sample
displays similar power-law relaxation followed by an elastic modulus ~100 times lower than G,
of linear PnBA. b) Vertically modulus-shifted master curves of five PnBA bottlebrush samples
from Table 1.2 c) Overlay of experimental rheological master curves (BA-34 at T=25°C) with the
double-reptation fit. Two distinct zones (1,2) and a crossover (X) region are observed: (1)
relaxation of polymer chains, (2) relaxation of bottlebrush filaments considered as chains of
effective monomers, and (X) internal relaxation modes of the effective monomer displaying
power-law dependence G’ = G ~w°®. d) Log-log plots of the plateau modulus ratio of
bottlebrush and linear chain melts (G,/G, ;) as a function of the reciprocal backbone volume
fraction determined by DP of bottlebrush side chains (n,.) and grafting density (n;l). The data

points are normalized to the same chemical compositon by a = (v/b%1)~3/2, while the inset
shows the original data for (m) - PNnBA brushes (double reptation fit of the spectra in b), (m) -
polyolefin linear polymers with dense (bottlebrush-like) side groups,’” and (=) - pLA
bottlebrushes.8% All samples fall on the same universal line with a slope -1.49+0.05, which is
consistent with the scaling exponent -1.5in Equation 1.11.
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Additional analysis of the modulus relaxation spectrum identified two characteristic zones
in the master curves (Figure 1.11c). Zone 1 (linear chains) includes high frequency glassy and
transition relaxation modes of individual chains common to all polymers displaying close match
of both the G’ curves and G"' curves. Zone 1 has a lower bound corresponding to relaxations on
the scale of the side chain (solid vertical lines Figure 1.11b) (G, = k,T /n,.v), beyond which side
chains motions become correlated through the backbone. At lower frequencies, we observe Zone
2 (bottlebrush filaments), which corresponds to the relaxation of filament strands comprised of
effective monomers of size D = (n,.Ib)Y/? - filament diameter. Zone 2 has an upper bound
determined by the size of the effective monomer (G, ~ k,T/D?), which indicates the onset of
a filament transition zone followed by a short foot of the entanglement plateau (indicated by the
crossover in modulus marked with dotted lines in Fig. 1.11b) and the terminal zone. As side-chain
DP increases, the plateau becomes less distinct due to growth of the M, (Table 1.4) resulting in a
decrease of the entanglement density. The terminal relaxation zone in the frequency range below
the entanglement plateau was not explored in detail due to extremely long relaxation times of large
and relatively disperse bottlebrushes, leading to shallower than the classical G'~w?and G"~w
slopes and apparent frequency dependence of the entanglement plateau modulus. The crossover
region between Zones 1and 2 represents a transition from polymer chains to mesoscopic filaments,
which includes the internal relaxations within effective monomers composed of side chains
coupled through the backbone. In this crossover range, the BA-130 sample also develops an
intermediate plateau due to entanglements ofits longer side-chains, which do not affect the overall

entanglement modulus G, observed at longer time scales.
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1.8 Preliminary elastomers

The architectural reduction of entanglement density within bottlebrush melts provides
access to a new range of properties for the design of elastomers with unprecedentedly low elastic
modulus and high deformability. In order to expand the super-soft concept from melts into solid
materials, and to demonstrate the universality of our method as it relates to differing chemical
structures, we have synthesized a series of poly(dimethylsiloxane) (PDMS) bottlebrush elastomers
(nge = 14 and n, = 1) with systematically controlled cross-linking densities using ATRP of
mono and di-functional macromonomers. For these values of n,. and n,, our scaling analysis
predicts the following dimensions of the entanglement strand: n, ,, = 2,900 (backbone DP) and
M, = 2.9 x 10° g/mol (molar mass). Melts comprised of such PDMS bottlebrushes are expected
to exhibit an entanglement modulus of G, = 800 Pa, which (within a numerical prefactor on the
order of 1) sets a lower boundary for elastic modulus of PDMS bottlebrush elastomers with n,, =
14 and n, = 1. In agreement with this prediction, Figure 1.12a shows a consistent modulus
decrease down to 520 Pa with decreasing crosslinking density, which is ca. 400 times softer than
Geoyn = 200 kPa measured for linear PDMS melts. Furthermore, the effective dilution of chain
entanglements in bottlebrush melts not only reduces the elastic modulus, but also allows higher

deformation of the corresponding elastomers.

With the possibility of intelligently designed dry super-soft elastomer it is important to
understand how they relate to other molecularly disentangled systems, such as gels. Since
mechanical properties of polymeric networks at large strains are particularly sensitive to the
network topology, both systems were synthesized using the same crosslinking protocol based on

stoichiometric incorporation of tetra-functional cross-link junctions. As evident from the true
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stress measurements in Figure 1.12b, bottlebrush elastomers exhibit superior deformability with
elastomer-like compression ratio of 2! = L,/L = 10 while possessing similar modulus to the
gel counterpart (~2,000 Pa). The work of compression at fracture was then measured as W =
0.2 MJ/m?3, which is approximately one order of magnitude larger than that of conventional linear
PAM gel and one order of magnitude lower that the work of extension at fracture of the designer
gels with sacrificial bonds.8? Note that these bottlebrush elastomers were not designed with any
sacrificial bonds or advanced toughening mechanisms, which points to great potential for further
enhancement of toughness through molecular design. Figure 1.12c displays a visual comparison
of the compressibility of a PAM hydrogel with a poly(dimethylsiloxane) (PDMS) bottlebrush
elastomer, in which the volume fraction of backbone segments is similar to the polymer fraction

of the hydrogel.
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Figure 1.12: Super-soft and super-extendable elastomers. (a) Poly(dimethylsiloxane) (PDMS)
bottlebrush elastomer displaying moduli on the order of 100 to 1000 times softer than linear PDMS
entanglement modulus as a function of crosslinker/macromonomer fraction as indicated. Inset:
The plateau modulus decreases with calculated crosslinking density, where the slope gives 5%
crosslinker reactivity and the zero-v intercept suggests ca. 10% of dangling strands. (b) True stress
was measured during compression of a pDMS bottlebrush elastomer and poly(acrylamide) (PAM)
hydrogel possessing similar volume fractions of backbones and polymer chains, respectively. The
bottlebrush elastomer exhibit considerably higher fracture energy than gel counterparts, while both
materials show a similar modulus of ~2000 Pa. Bottlebrush samples display considerably higher
compressibility (compression ratio at break A=* = L,/L = 10 for bottlebrushes and A™! = 3 for
the PAM hydrogel). (c) A compression behavior of a PAM hydrogel with 10 wt.% polymer and a
shear modulus of G=2100 Pa is compared with that of a (PDMS) bottlebrush elastomer with 8
wt.% cross-linked backbone and G=2400 Pa.
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1.9 Conclusion and outlook

In conclusion, we have presented the scaling relations of bottlebrush entanglements and
explored the scaling predictions for other branched architectures. Using a combination of NMR,
GPC, and LB-AFM we have characterized a series of bottlebrush molecules to understand their

three key structural parameters (n,,, n, n.). Rheological measurements along with three analysis

protocols proved that the scaling of dense bottlebrush molecules matches perfectly with the scaling

prediction of G,~ (n,./n,) ™. This was tested not only for our molecules but for similar molecules

from previous studies. This work has elucidated the missing link in our understanding of
bottlebrushes with respect to both common linear and comb-like polymers. In yet another step
forward, has led to the discovery of previously unexpected properties in bottlebrush elastomers,
opening the way for the design of new classes of soft elastic materials. Bottlebrush-based materials
have redefined the limit of “dry” elasticity allowing for single component dense polymer materials
with moduli on the order of 100 Pascals, which is one thousand times softer than conventional
elastomers and melts. In the following chapter we see that these structure not only expand property
ranges but display new property relations that can be utilized for practical materials. Before the
full impact of brush-like architectures can be understood superior methods for characterizing their

structures must be developed.
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CHAPTER 2: CHARACTERISATION OF BOTTLEBRUSH ARCHETECTURES?

2.1 Introduction and objectives

The previous chapter displays the mathematical relations between modulus and brush-like

architectural parameters. These relations ultimately rely on the fraction of side chains (n,./n,)

thus making accurate characterization of this quantity paramount. For this purpose we turn to the
2D properties of bottlebrushes. Bottlebrush molecules have large molecular dimensions allowing
for accurate counts of individual molecules and accurate measurements of n,, assuming a fully
extended backbone at low values of n . In past studies this architectural property has been used to
discover a series of interesting properties including flow-enhanced molecular diffusion, 90
epitaxial ordering,®® and conformational transitions®? that triggered flow instability.®® Molecular
sensors have been designed to gauge both pressure gradient and friction coefficient at the
substrate.9? These studies culminated with the discovery of scission of covalent bonds during
adsorption and spreading of branched macromolecules on a substrate.?4-% All of these fascinating
properties occur due to the interactions between bottlebrush side chains and 2D substrates,

however the rules governing how side chains differentiate themselves into a population which is

2This chapter previously appeared as an article in Macromolecules. The original citation is as
follows: Burdynska, J.; Daniel, W.; Li, Y.; Robertson, B.; Sheiko, S. S.; Matyjaszewski, K.
Macromolecules 2015, 48, 4813—-4822.
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adsorbed onto a surfaces and a population forced into a cone above the substrate. While the
adsorbed side chains chain extend to maximize the area of the substrate covered by the deposited
brush, the desorbed side chains form a “cap” sitting on top of the monolayer of the adsorbed side
chains.82 The conformation of surface-confined bottlebrushes, including the length, width, and
flexibility, or persistence length of the backbone, is largely controlled by the fraction of adsorbed
side chains. However, if the side chains exhibit broad polydispersity, the conformation also
depends on the length distribution of adsorbed and desorbed side chains. There are two possible
adsorption processes. In one case the adsorption process is random and the dispersity of the
adsorbed side chains is equal to the overall dispersity. In another case, favoring adsorption of the
longest side chains, one should observe a large separation between adsorbed macromolecules and
also an increased width of single molecules due to predominate adsorption of the longest side
chains. In this chapter we explore the relation between side chain distribution and side chain

adsorption as well as use AFM to accurately analysis n,./n,.

2.2 Synthesis and initial characterization

The samples with monomodal sidechains were prepared in the same fashion as the samples
in Chapter 1. Bimodal samples were prepared by interrupting the growth of a select fraction of
side chains via biradical coupling using a TEMPO-based persistent radical. The TEMPO capped
chains halted polymerization while the uncapped chains continued to grow to the specified DP.
Full synthetic details can be found in Burdynska, J. etal. Macromolecules 2015, 48, 4813—4822.
Scheme 2.1 gives further information. Figure 2.1 displays a representative GPC trace confirming

the bimodal nature of sidechain growth using the TEMPO mediated approach.
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Figure 2.1: Initial GPC. GPC traces of linear Mlgo-Br macroinitiator capped with 0.5 eq. of 4-
butoxy-TEMPO before (black) and after (blue) extension with nBA.
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2.3 NMR and GPC analysis

The conversion of monomers was determined from 'H NMR spectra recorded in CDCls
using a Bruker 300 MHz spectrometer. Molecular weight distributions of the polymers were
characterized by gel permeation chromatography (GPC) using Polymer Standards Services (PSS)
columns (guard, 10°, 103, and 102 A), with THF eluent at 35 °C, flow rate 1.00 mL/min, and
differential refractive index (RI) detector (Waters, 2410). The apparent number-average molecular
weights (Mn) and molecular weight dispersities (Mw/Mn) were determined with a calibration based
on linear poly(methyl methacrylate) (PMMA) standards and dipheny! ether as an internal standard,
using WIinGPC 6.0 software from PSS (Figure 2.2, Table 2.1). Bottlebrush samples were analyzed

by GPC with light scattering detection to measure molecular weight distribution.

T —TT T ™ T T T T T
4 & L 7

10 10
Molecular Weight

Figure 2.2: GPC of bimodal species. GPC traces of bottlebrush with PnBA grafts with the mole
fraction of extended (long) side chains: 0 % (0-100, black), 20 % (20-80, red) and 50 % (50-50,
blue) (low molecular weight peaks correspond to linear PnBA impurities formed during the
extension of side chains).
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The chain-extension to form bottlebrushes 20-80 and 50-50 was confirmed by the shift of
GPC traces towards higher molecular weight values, when compared to sample 0-100 (Figure 2.2,
blue and red). In all cases GPC signals were monomodal with narrow molecular weight
distributions (B~1.2) demonstrating the formation of well-defined bottlebrushes (Table 2.1).
However, a more detailed analysis of GPC traces of 20-80 and 50-50 showed the appearance of
low molecular weight peaks, which was ascribed to the formation of a linear PnBA with yet
unknown mechanistic origin. The low molecular weight impurities present in brushes 20-80 and
50-50 was removed via selective precipitation of the bottle brushes from THF solution into

methanol at room temperature, providing pure samples of the bimodal bottlebrushes.

Table 2.1: GPC characterization of monomodal and bimodal bottlebrush series.

Series  Sample leff Nsc? Nsc? lef € Mp-105 pd
BA-17 10 17 0.6 29 15
BA-23 16 23 0.7 47 1.6
=
-é BA-34 24 34 0.7 58 1.6
o
g BA-130 48 130 0.4 179 15
0-100 56 N/A N/A 7.6 1.2
B 20-80 (200-56)/85* N/A N/A 9.1 1.2
g
£ 20-80 (200-56)/128*  N/A N/A 10.1 1.2
m

& Number average degree of polymerization of side chance calculated from the monomer
. . . . X i
conversion determined by ‘H NMR, using the equation: I, ng = (1—%)x
DPyorgerr Where lettis the initiation efficiency, A, and Apy,, are areas for vinyl signals of the
monomer at the beginning and end of the polymerization, and respective integrations of an internal
standard, anisole protons. ® Number average degree of polymerization of side chains after cleaving
from the brush backbone, measured using THF GPC with PS standards. ¢ Initiation efficiency of
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the grafting process 9 Dispersity of bottlebrush polymers B =Mw/Mn determined by THF GPC
using PS standards. “Determined from the equation: ng = Ngyore X Xsnore + Miong X Xiong -

where ng,,., and ny,, , are degrees of polymerizations corresponding to short and long grafts of
bimodal bottlebrushes, and xp,,. and x;,,, are their respective mole fractions.

2.4 LB-AFM analysis and results.

The combination of AFM and the LB techniques is a very powerful method for quantitative
characterization of the geometric dimensions and molecular weight distribution of branched
macromolecules. While the LB technique allows for preparation of well-defined monolayers under
controlled surface area per monomeric unit (Agp, ), AFM provides images of individual
bottlebrush molecules within these monolayers (Figure 2.3). By counting the number of molecules
per unit area(Azz), the number average molecular weight was determined as M = MN,,Agz/
Apgp o Where M, = 128 g/mol— molar mass of BA repeat unit, N,, — Avogadro’s number, Agp
—area per molecule, and Agy /Agg o —humber of monomeric units per bottlebrush macromolecule.
The molecular images also allow determination of the contour length (L) and average brush width
(W). Note that the W measured from a dense monolayer agrees well with the W of a single brush

molecule in a sparse monolayer prepared by spin casting (Figure 2.4).
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Figure 2.3: AFM of LB monolayers. AFM height images of monomodal bottlebrushes with
different degrees of polymerization (ng.) of the side chains. Images were taken from LB trough
monolayers transferred onto mica substrates.

Van der Waals attraction between mica and PnBA favors spreading of the side chains on
the surface of a mica substrate, thus allowing for clear resolution of individual bottlebrush
molecules that demonstrate characteristic worm-like conformation (Figure 2.3). In general, longer
side chains result in agreater brush width and consequently, greater intermolecular distance (Table
2.2). This behavior is ascribed to strong steric repulsion between densely grafted side chains, which
prevents overlap of adsorbed bottlebrushes. The AFM micrographs also demonstrate a steady
increase in the stiffness of the adsorbed bottlebrushes with increasing DP of the side chains. For
all monomodal bottlebrushes, the L values remained close to 500 nm (Table 2.2), ensuring that no

carbon-carbon scission occurred within bottlebrush backbones upon deposition on the substrate. %4

96
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AFM micrographs of Langmuir-Blodgett (LB) monolayers of bimodal bottlebrush series
are shown in Figure 2.4a-c. As expected, both the stiffness and width of the adsorbed bottlebrushes
increased with the molar fraction of longer side chains: While sample 0-100, with 100% short side
chains (ngy,,,+ = 56), displayed a worm-like conformation, the 50-50 bottlebrushes with 50% of
the long side chains (n;,,, = 200) behaved as rods with a greater macromolecular width. The

measurements made on the dense LB monolayers are consistent with conformation of single
bottlebrushes prepared by spin-casting as shown by the insets in Figure 2.4a-c. Unlike sample O-
100, the 20-80 and 50-50 bottlebrushes in the insets revealed an outer halo of diffuse side chains,
which was consistent with their bimodal composition (Figure 2.4a-c). From AFM images of the
LB monolayers, we have determined the average lengths L and widths W of bottlebrushes (Table
2.2). In all cases, L was in the range of ~130 nm, which is consistent with the use of the same
macroinitiator for all molecules. The brush width W, generally, increases with the fraction of the
longer side chains. However, as discussed later in this chapter, the brush width is determined by
the fraction and DP of the adsorbed side chains, which may be different from the number average

DP of the side chains of the overall brush.
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Table 2.2: Results of LB-AFM analyses of monomodal and bimodal bottlebrush series

Series Ent W/ nm L/ nm
Y spin cast | LB LB
= BA-17 N/A 11+1 513+18
_é BA-23 N/A 18+1 515+18
e BA-34 N/A 26+3 49525
§ BA-130 N/A 69+5 5173
0-100 50+4 51+2 13412
' , short 50+7 . .

= 0-80 —Iong 63+4 784 133+3
o
E short 58+5
0 50-50 Tong  82+4 98+8 130+2

@Length (L) and width (W) of bottlebrushes obtained from AFM images of LB films or spin casted
bottlebrushes on mica substrates.

D |
g

' \Frac"ti‘dn of ,Lohg\chah{';" 1

Figure 2.4: AFM of LB monolayers and spin cast bimodal materials. 2x2 um? AFM height
micrographs of LB monolayers prepared from bottlebrushes with a) monomodal, 0-100,
Ngnore =06, and bimodal graft lengths b) 20-80, ny,,, =200 (80%) and ng,,,.= 56 (20%), and c)
50-50, 14,4 =200 (50%) and ng,,,, = 56 (50%), on a mica surface; Images of single brush
molecules prepared by spin-casting methods are shown in circles (the scale bar is 200 nm). Black
and red arrows indicate the dense core of the shorter side chains and diffusive hallo of the longer

grafts, respectively.

The AFM data were then combined with the LB studies to determine the number average

DP (n,./n,) of the side chains and grafting density n; 1 of the side chains. From the LB isotherms

(Figure 2.5a), we have obtained the area per BA monomer (A () for each tested sample, including
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that of linear PnBA (4, ). The ratio ¢,,, = Agg /A, provides quantitative information about the
fraction of adsorbed monomers. Errort Bookmarknotdefined. | the case of monomodal brushes the Agy, ,
values were practically the same, showing no dependency onthe DP of side chains (n,.). Bimodal
bottlebrushes, however, displayed an increase of Ay, , values with increasing dispersity of the side

chains, which indicates a higher fraction of adsorbed monomeric units. The results of LB analysis

can be found in Table 2.3. It should be noted that the value of Ay ,is specific to the transfer
pressure of the LB monolayers. A transfer pressure of m=0.50 mN/m was chosen as it represents

the onset of dense monolayer formation (Figure 2.5A). For each sample, we also controlled the

transfer ratio ;. (Table 2.3).
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Table 2.3: The results of AFM and LB analyses for monomodal and bimodal bottlebrushes.

Sample 2:d TTe nsc/ng l’lscf l’lg_]g ¢mh ¢Sci ‘D] l’la/l’lsck l’lmax/l’lscl

BA-17 028 088 9 17 0.51 0.68  0.60 1.12 1.16 1.65
BA-23 029 0.89 14 23 0.62 0.71  0.49 1.18 1.43 1.65
BA-34 029 0.90 21 34 0.62 0.71  0.49 1.30 1.43 1.71
BA-130 0.27 098 67 130  0.53 0.66  0.58 1.10 1.15 1.63
0-100 0.28 0.82 56* N/A 0.50° 0.68  0.61 1.20°  1.12 1.68
20-80 0.37 0.81 85 N/A 0.50° 090  0.61 1.45¢  1.48 1.64
50-50 0.33 0.89 128 N/A 0.50° 0.80  0.61 1.32¢  1.32 1.69

@ Estimated  as X g oreMsnort T XiongMiong Where Xgpore = (1-X5p4) = 0.8/0.5 and x4, , = 0.2/0.5

are respective mole fractions of long and short grafts, and ng,,,.. =56 and n;,,, =200 correspond
to DPs of short and long grafts respectively. °Estimated from typical values. © Calculated as

2 2
(xs’“’"ns’“”"tr)l +2(x’°”~"nl°"g ) dThe area per nBA monomer in an LB fim transferred at 0.5 mN/m. ©
Transfer ratio — the ratio between molecular area in LB film to the area on LB trough. /Number
average DP of side chains determined by THF GPC of cleaved side chains, using PS standards. £
The grafting density of the side chains see eq. 1 "Fraction of adsorbed monomers. 'Fraction of
adsorbed side chains / Number average molecular weight distribution obtained from THF GPC

a*A
—2R0 T pmax/ ng,, where

measurements. * The ratio of the adsorbed DP (n,) over the n, as:—“ =3,
SC 0

nmax 1S the average DP of adsorbed side chains assuming the longest side chains adsorb first.
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Figure 2.5: LB technique. (A) LB isotherms of surface pressure versus monomer area of linear
and bottlebrush BA samples. Values of Ag, o and A, ,were taken at identical surface pressures

(0.5 mN/m) to insure comparison of mono layers at the same level of compression. (B) Schematic
of an adsorbed bottlebrush displaying geometric dimensions (L, W, and h~A;j) as well as
fractions of the adsorbed and desorbed side chains.

The concurrent measurements of the brush width W and monomer area Agp, allow for

accurate calculation of ny./n, as

A oWl
=T7r *_ = Tr 2 2.1
n, Apr o Aggro

nS C

where A, —area per side chain in an LB film, Ay , - area per BA on an LB trough upon transfer
to a solid substrate, rr—transfer ratio correction for the error between Agp , on the LB trough and
Agro On the AFM substrate, 10=0.25 nm - length of the nBA monomer unit, and a = (1 +
nrp W /4L) - correction factor for semicircular chain ends. Note that ;. is applied only to the brush
width, since L does not change upon transfer of the LB film to the solid surface and the correction
becomes trivial for increasing L increases. Itis also important to note that W~Ag, , and, therefore,

n,. does not physically depend on the transfer area Agy,. From Equation 2.1, we obtain the
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grafting density (ng‘l) using the number average side chain DP (n,.) measured independently
through the cleavage of the side chains. Side chain cleavage was not possible for the bimodal
samples due to their degradation, which is aconsequent of the synthetic method used to create the

bimodal brush samples. Inthis case, we determined the grafting efficiency as n; = I, estimated

from previous syntheses (Table 2.3).

As mentioned in the introduction, adsorption of side chains leads to partitioning of the
grafts into adsorbed and desorbed populations (Figure 2.5B), which is described by two quantities:

(i) the fraction of adsorbed monomer units and (ii) the fraction of desorbed side chains. The

. . Z A
fraction of adsorbed monomer units ¢, = 7= = =252, where Z, = Agp ' — number of

Zm L,0

monomer units per unit area. Z,, , = A, o~ — number of adsorbed monomers per unit area, Agp ,
— is the area per BA monomer in LB monolayers of bottlebrushes (Table 2.3), and A, , =
0.41 nm?/BA — area per BA monomer unit in a sample of linear PnBA transferred at the same
film pressure of ©=0.5 mN/m. The A, , value from LB was verified by calculating it as 4, , =

v/h, where v = 0.2 nm2 - volume of nBA monomeric unit and h = 0.5 nm - thickness of PnBA

; . . . Z 2n, 1,2
monolayer. rrort Bookmarknotdefined: The fraction of adsorbed side chains ¢, = —=* = —2=-, where
sc L,0

Z, = (nglo)_1 — total number of side chains per backbone unit length in a bottlebrush
macromolecule with grafting density n;*and Z. , = 21,/A, , — number of adsorbed side chains
per backbone unit length. The obtained ¢,, and ¢, values are summarized in Table 2.3. The ratio

of these two fractions gives the average adsorbed side chain as

O _ Aprp
n =

—n.. = 2.2
a (psc sc 2ngl02 Sc
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Three possible outcomes for n, were anticipated:
(1 the sample would maximize energetic interactions with the surface by adsorbing the
longest side chains resulting in n, =n,,,,,
() the probability of adsorption of a side chain linearly increases with its DP, thus the n,
should equal to the weight average DP (n, = n,,), and
(i) the side chains would adsorb in a perfectly random manner resulting in n, = n,,.
As displayed in Table 2.3, the values of n,/n,, (Equation 2.2) in monomodal bottlebrushes show
excellent agreement the values of B obtained by GPC of cleaved side chains. Correspondingly,
Figure 2.6A (Equation 2.2) displays the perfectly linear relation between n, and the weight
average (n,,). Although the bimodal bottlebrushes could not have their side chains cleaved to
obtain exact values of n., the LB-AFM analysis indicated that the obtained values of n,/n,,
were nearly identical to P estimated from NMR measurements of the bimodal samples. As such,
both the monomodal and bimodal samples display the universality of the relationship between
different brush architectures, which suggests that n, = n,,. This result was unexpected as it was
initially assumed that the longest side chains would preferentially adsorb maximizing the favorable
energetic interactions. To definitively rule out the above assumption, a theoretical nmax was
calculated from the GPC distribution of side chains for a given ¢,,,. As seen in Table 2.3, the ratio

of N4, /Mg CONSistently over estimated the value, while n,/n,. matched B within 10% error.

With the empirical relation n,/n,. =B, which has been experimentally verified for the
monomodal brushes, Equations 2.1 and 2.2 provide a relationship between the brush width and the

number average DP of adsorbed side chains for any single polymer brush molecule.

_aW

Dnsc = 7
0

2.3
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Figure 2.6 B (Equation 2.3) displays a universal coordinate related the brush width with n., which

sc!
is valid for brushes with the same value of D. The relations slope gives the average D of the

monomodal samples side chains, within 10% error.
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Figure 2.6: Derivation of dispersity from 2D data. A) The linear plot of n, vs. n, where n,, —
is the weight average DP taken from cleavage GPC and NMR measurements. The first data point
represents theoretical a macroinitiator; the monomodal and bimodal bottlebrushes are marked as
black squares and open circles respectively. B) A universal coordinate, valid for brushes with the
same vale of B, is derived from the eq. 3 vs. ny, to yield the average side chain dispersity of
monomodal bottlebrushes.

2.5 Conclusion and outlook

The structural details of bottlebrush polymers were explored through a combination of new
bottlebrush synthesis techniques, cleavage of side chains, and an extended use of LB-AFM
analysis. A procedure for the preparation of molecular bottlebrushes with a bimodal length
distribution of side chains was developed. A selective and quantitative capping of propagating
radicals with a persistent radical, 4-butoxy-TEMPO was utilized to deactivate a fraction of

bromine end groups in polymers prepared by ATRP. A consecutive chain extension of the
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remaining fraction of active side chains resulted in well-defined molecular bottlebrushes with
bimodal length distribution of side chains but with overall narrow molecular weight distributions
(B ~1.2). Utilizing LB-AFM analysis in conjunctions with Equation 2.1 yields accurate analysis
of the essential ng./n, which proved to be central to the understanding of brush-like entangle me nt
modulus in Chapter 1. Additional analysis combining of the GPC of cleaved side chains and
Equation 2.2 allows for separation of the n . /n, variable into its two distinct parts which remain
important in the following chapters of this dissertation. The combination of LB-AFM, and GPC
analysis is central to our ability to manipulate the properties of new soft brush-like melts and
elastomers leading to unprecedented control over mechanical properties. Going further the
dispersity B of bottlebrush side chains can also be accurately measured using these techniques and
Equation 2.3, strengthening the diagnostic power of the techniques presented in this chapter. The
analysis of the monomodal bottlebrushes showed that the number average DP of adsorbed side
chains (n,) was equal to the weight average side-chain size n,,, suggesting that adsorption

probability of the side chains was proportional to their DP. This same analytical method was then

IR

applied to a more complex bimodal bottlebrush system and led to the same conclusion, i.e. n,
n,, and D~Ag, ,~W. Understanding of how these molecules adhere to 2D surfaces will play an

important role in future studies of such materials as surface coatings for antifouling properties.
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CHAPTER 3: PROPERTIES OF BOTTLEBRUSH ELASTOMERS?

3.1 Introduction and objective

The previous chapters established the untangled nature of brush-like polymers, proved the
theoretical scaling of dense bottlebrushes, and displayed the power of combined LB-AFM as a
technique for analyzing architectural parameters. Beyond disentanglement, brush-like structures
offer other unique properties not represented in typical linear structures. In this chapter we discuss
how crosslinking dense bottlebrushes into elastomer reveals their uses as strain hardening
materials. Before the limits of branched architectures as super-soft materials can be tested first
reliable elastomers must first be synthesized, and a proper method for analyzing their physical
properties must be developed. The objective of this chapter is to introduce techniques for
producing bulk samples of molded bottlebrush elastomers suitable for mechanical testing. These
samples were analyzed by linear extension experiments and using a superior method of

characterizing stress profiles first developed by Dr. Dobrynin.

Elimination of polymer chain entanglements in bottle-brush systems allows tuning bulk

mechanical properties over a remarkably broad range without changing chemical composition. By

3 Much of this chapter previously appeared as an article in Macromolecules. The original citation
is as follows: Vatankhah-Varnoosfaderani, M.; Daniel, W. F. M.; Zhushma, A. P.;Li, Q.; Morgan,
B. J.; Matyjaszewski, K.; Armstrong, D. P.; Spontak, R. J.; Dobrynin, A. V.; Sheiko, S. S.
Bottlebrush Elastomers: A New Platform for Freestanding Electroactuation. Adv.Mater. 2017, 29,
1604209.

48



independently varying the side-chain length and crosslink density, we can synthesize elastomers
with Young’s moduli ranging from 1 MPa down to =100 Pa and elongations at break up to =10.%7
In light of the unique properties achievable with bottlebrush elastomers, we first outline the basic

principles elastomer stress characterization and how it relates to the bottlebrush architecture.

For a broad class of unentangled polymer networks, it has been demonstrated®® that the

stress—strain relation can be expressed in universal form as:

ALy 31

Gy (1) = %(/12 Y l1 +2 (1 -2

where I,(1) = A% + 2/A corresponds to the first invariant for uniaxial network deformation at a
constant volume. Thus, the elasticity of a bottlebrush network is effectively described by two
parameters 1) the structural shear modulus (G = pk,T/n,) characterized by the number of

monomeric units in the network strand n, = n, (n,./n, + 1), and ii) the strand elongation ratio

atrest (8 = (R2,)/R2,,) defined asthe ratio of the mean square end-to-end distance of a network
strand in the as-prepared elastomer and the square of the length of a fully extended strand. Here,
p - the monomer number density, kj - the Boltzmann constant, and T - absolute temperature. Itis
important to recognize that B controls the strain-stiffening which is important to many applications
requiring strain adaptive properties during high deformations. Unlike linear-chain systems (n,. =
0), for which G and B depend only on crosslink density as ~n;* bottlebrush elastomers allow for

orthogonal control of modulus and extensibility through variation of the backbone fraction n, /n.

as Equation 3.2 and 3.3.%7

k.T n
il 9 1 3.2

G=C s
lnx(nsc/ng +1) ng ~
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Nge 1z -1 Nge -1
,B=C2 n—+1 n, = |—/—n, 3.3
g

where C, and C, are numerical prefactors on the order of unity (0.3 and 3.1 obtained for our
systems) that account for specific network compositions. In the following chapters these equations
are expanded and the full implications of orthogonal control of G and S, however in this chapter
will discuss the behavior of dense bottlebrush elastomer. From Equation 3.2 and 3.3, we can draw
several important conclusions relevant to the performance of bottlebrush elastomers. First,
bottlebrush networks are softer than their entangled linear-chain counterparts. Second, the
additional  architecture parameter ¢ = n,/n,. (molar fraction of the bottlebrush backbone)
allows for simultaneous reduction of the modulus (G ~ ¢) and enhancement of strain-stiffening

(B ~ ¢~1/2), which provides an unexplored molecular-level approach for elasticity.

3.2 Synthesis

Two series of bottlebrush elastomers with poly(dimethylsiloxane) (PDMS) side chains
possessing n,. = 14 and 28 have been prepared by photoinitiated radical polymerization of
monofunctional macromonomers in the presence of difunctional crosslinkers. This polymerization
method allowed for more mild reaction conditions that controlled radical polymerizations. Because
of this the multi-gram samples could be produced in molded shapes for mechanical testing. For

full synthetic details see Vatankhah-Varnoosfaderani, M., etal. Adv. Mater. 2017, 29, 1604209.
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3.3 Characterization

3.3.1 PDMS Conversion

The conversion of PDMS macromonomer during atom transfer radical polymerization was
determined from H NMR spectra recorded in deuterated chloroform (CDCIs) using a Briker 400
MHz spectrometer. To measure monomer conversion in elastomers, unreacted monomers were
washed out by swelling the elastomers in chloroform and deswelling in THF three times, followed

by drying at ambient temperature and fully drying at 50 °C.
3.3.2 Mechanical analysis

To investigate the basic mechanical properties of the bottlebrush samples, the elastomer
sample films were punched into dumbbell samples with bridge dimensions of 12 mm X 2 mm X 1—
2 mm. The samples were loaded into an RSA-G2 DMA (TA Instruments) and subjected to a
constant Hencky strain rate of 0.003 strain per second until rupture occurred. All bottlebrush films
were subjected to triplicate testing to ensure accuracy of the data. The resulting stress strain curves

were then analyzed with Equation 3.1 using Origin 2016 software.

To display the unentangled nature and highly elastic behavior of PDMS bottlebrush
elastomers, rheological master curves were produced for samples with n,= 50, 67, 100, and 200,
ng, = 14, and n, = 1. The frequency (w) dependence of the apparent storage modulus (G,) was
measured from 0.1 to 100 rad/s over temperatures ranging from 303 to 153 K and strains ranging
from 0.1 to 5% using an ARES-G2 rheometer (TA Instruments). Multiple measurements at
different strains at a single temperature were performed to ensure a linear response. The time-

temperature superposition principle was used to construct master curves of modulus versus

51



frequency with a reference temperature of 298 K using the Williams-Landel-Ferry (WLF)

equation.

3.4 Results and discussion

Two series of bottlebrush elastomers with poly(dimethylsiloxane) (PDMS) side chains
n,. = 14 and 28, respectively, have been prepared by photo-initiated radical polymerization of
monofunctional macromonomers in the presence of difunctional crosslinkers. All molecular
characteristics are summarized in Table 3.1. The method developed here readily allows one-step
preparation of different macroscopic shapes at a gel fraction >87%. Figure 3.1A displays stress-
strain curves measured upon uniaxial extension of PDMS bottlebrush elastomers with n,, = 14
(solid lines) and n,. = 28 (long dashed lines). All curves display enhanced strain-stiffening
behavior due to finite extensibility of the intrinsically extended bottlebrush strands. As anticipated,
the networks with smaller n, and larger n. display more pronounced non-linearity due to greater
extension of the network strands (8~./ng.n;'). The stress-strain curves in Fig. 3.3A are fitted
using Equation 3.1 with two fitting parameters introduced earlier: G and g (short dashed lines in
Fig. 3.3A). Table 3.1 lists the regressed G and S values, aswell as the apparent modulus (G,) and
elongation at break (4,,,, ,) measured experimentally at small and high strains, respectively. In
Fig. 3.3B, the values of G and B extracted from Fig. 3.3A are plotted as a function of n;* (an

effective measure of crosslink density) and demonstrate excellent agreement with the scaling
relationships provided in Equations 3.2 and 3.3. Such agreement highlights the reliability of both

the bottlebrush architecture and synthetic methods used.
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Table 3.1: Structural parameters and mechanical properties of bottlebrush samples

Sample  ng? n®  10%¢,¢ G (kPa)d Be  Go(kPa)'  Amax?  Amaxex”

Series 1 14 400 1.2 1.1+0.1  0.08+0.01 1.2 3.7£0.2 3.5%0.3
14 200 2.5 2.8+0.1 0.11+0.01 3.3 3.0+£0.2 2.9+0.2
14 100 5.0 6.2+0.2 0.17+0.01 8.1 24+0.1 2.1+0.2
14 67 7.4 10+0.4  0.23+0.01 15.0 2.1+0.1 1.9+0.2
14 50 9.9 13.5+0.5 0.28+0.02 22.0 1.9+0.1 1.5+0.1

Series 2 28 200 2.5 1.1+0.1  0.23+0.01 1.5 2.1+0.1 2.4+0.1
28 100 5.0 1.8+#0.1  0.25+0.02 2.7 2.0+0.1 2.2+0.1
28 67 7.4 2.0+0.1  0.3+0.02 3.4 1.8+0.1 1.9+0.1

aDegree of polymerization (DP) of the side chain. PTargeted DP of the backbone between
crosslinks calculated from the mole fraction of the difunctional crosslinker as n, = 1/(2¢,).
Though the actual n, values may be larger due to incomplete conversion of the cross-linker
moieties, precise control of the crosslink density as linearly proportional to n;* is accomplished
(Fig. 3.3B). “Mole fraction of crosslinker used in the synthesis. 9Structural shear modulus and

eextension of network strands in as-prepared bottlebrush elastomers (8 = (R3,)/R2,,,;) determined
by fitting stress-strain curves in Fig. 3.3A with Equation 3.1. fApparent shear modulus measured
as the slope G, = do/dA at small deformations (1 — 1). 9Maximum uniaxial extension calculated

as v/~ 1. "Experimentally measured elongation at break.

Taking a closer look at Figure 3.1A, it can be seen that all materials display relatively low
moduli (1-10 kPa), relatively large extensions (up to 3.5), and enhanced strain stiffening response.
Figure 3.1C displays a practical example of the combinations of low modulus and high £. Two
polymer films are placed in arigid ring clamp set up and coated on both sides with a conductive
grease. When a voltage is applied the non-conducting PDMS films acts as capacitors and charge
accumulates on the surfaces of the polymer film. Coulombic attraction compresses the films in the
vertical direction forcing them to expand in the horizontal direction and thus bulge out from their
rigid frames. In typical polymer materials there is a typing point called an electro mechanical
instability (EMI). 2°-101 As the voltage is raised the material is further compressed (thinned) until
the elastic force of the polymer can no longer counter balance the coulombic attraction and the

material is rapidly and often catastrophically compressed. Strong strain hardening behavior causes
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increase in modulus with increasing deformation which increases the elastic force that the polymer
film is able to output. This can allow samples to survive EMI or avoid EMI altogether. In the first
case, a PDMS bottlebrush elastomer with a short side chain (n,. = 14) and long strand (1, = 200)
exhibits EMI, which is evidenced by a drastic snap-through at a constant nominal electric
field ®/h, = 7.6 Vunrl. Electroactuation is stabilized by the finite extensibility of the network
strands. The second example considered here (without EMI) corresponds to an elastomer with
longer side chains (n,. = 28) and exhibits steady voltage-controlled electroactuation over the
entire extension range until dielectric breakdown (destructive conduction through a non-
conducting media) occurs at A5” = 3.2. In both instances, the experimental data points are

consistent ~ with  theoretical predictions (solid lines in Figure 3.1C given as:

D PR 1
Rl -1/2 |_ 32 -
g, ~ J e g o1 4

where g, = 8.85 - 107*2F - m™tis the dielectric permittivity of vacuum, & = 2.94 + 0.02 refers to
the relative dielectric permittivity of the elastomer, P = 5-107* atm represents the blowing
pressure to bias the actuation direction, and R = 5 mm is the radius of the DE membrane. In

addition to governing the strain-stiffening behavior, the parameter [ predicts the maximum
extensibility of an ideal network as A, = R,/ [{R%) = /B~ 1. As evidenced in Figure 3.1D

and Table 3.1, the experimentally measured elongation at break (4,,,, ) correlates reasonably

well with the predicted A

max-*
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Figure 3.1: Mechancial response of dense bottlebrush elastomers. A) True stress is presented
as a function of uniaxial extension upon tensile deformation of bottlebrush elastomers with
different crosslink densities (~n;') and side-chain DPs (~n.). The solid and long dashed lines
correspond to the sample series of samples with n,. = 14 and 28, respectively. B) The shear
modulus (G) and elongation ratio (f) extracted from fitting the stress-strain curves in A) with
Equation 3.1 (short dashed lines) are plotted as a function of n;*. In accord with theoretical
predictions, both properties increase linearly with increasing crosslink density. From the
corresponding slopes and the known values of n,, =14,n, = 1,and p = 7.7 nm~3 for PDMS,
we obtain the numerical prefactors ¢, = 0.3 and C, = 3.1. C) Electroactuation of two bottlebrush
elastomers with the same network strand DP (n, = 200) and two different side-chain DPs (ng.):
14 and 28. The strong strain hardening behavior leads to stable actuation as evidenced by the sharp
upturn in the data (hollow shapes). D) As expected from Equation 3.3, the maximum extension of

the bottlebrush elastomers prepared here is linearly dependent on the strand extension /£~ in the
as-prepared elastomers.
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To display the unentangled nature and highly elastic behavior of PDMS bottlebrush
elastomers, rheological master curves were produced for samples with n,, = 50,67,100, and 200,
ng, = 14, and n, = 1. Figure 3.2a displays the master curves of a PDMS bottlebrush exhibiting
distinctly unentangled Rouse-like behavior prior to crosslinked modulus plateau and show onset
of highly elastic behavior (vertical dotted lines between frequencies of ~30 s (n, = 200) and
1500 st (n, = 50) for all samples (effective strain rates of 170 and 5800 strain/s). The elastic

response of bottlebrush elastomers was verified by the lack of hysteresis in tensile test (Figure

3.2b).
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Figure 3.2: Elastic response. a) Master curves of the storage modulus of PDMS bottlebrush
networks (ny, = 14 and n, = 1) with four different degrees of polymerization between crosslinks
n, = 200 (dash-dot line), 100 (dashed line), 67 (dashed line), and 50 (solid line), where G, =
(G'/3)(1 + 2(1 — B)~2- apparent storage modulus, G'- network storage modulus corresponds to
n,, and B = (RZ)/R%,,- strand elongation ratio at rest in as prepared elastomers. The master
curves display two major regions: (i) a Rouse-like relaxation of bottlebrush network strands and
(i) an elastic modulus plateau due to permanent stress storage of the covalently crosslinked
network. For the networks possessing n, =200 and n, = 50, the onset of the rubber plateau
(vertical dotted lines) was observed at frequencies of ~30 st and 1500 s, respectively. Below
these frequencies and strain rates, the corresponding elastomers demonstrate a largely elastic
behavior. b) Stress-strain curves were measured during a loading-unloading tensile cycle of a
PDMS bottlebrush elastomer (n,, = 14 and n, = 100) at a strain rate of 0.003 s*. The lack of
hysteresis suggests elastic response in a broad deformation range.
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3.5 Conclusion and outlook

In summary, we have developed a bottom-up synthetic strategy for producing moldable
gram quantities of bottlebrush elastomer with well controlled architectural parameters. Both G and
B scaled with molecular parameter as predicted indicating the success of the synthetic methods
employed. The materials were analyzed using a superior method of characterizing strain that
separates the properties due to crosslinking from the properties derived from strand stiffness. As
was discussed in Chapter 1, the unentangled nature of bottlebrush molecules opens the path for
considerable control of mechanical properties in elastomers. Applying this, we achieved elastomer
modulus two orders of magnitude below that of linear materials and with extensibilities on par
with linear materials. The unique preextended backbones in bottlebrushes allow for strong strain
hardening behavior demonstrated in Figure 3.1A and the unusually high values of g. This
effectively highlights another important aspect for the future of brush-like elastomers: tuned
control of the pre-extension and strain hardening materials. The molecular design approach
developed here is independent of chemistry and accesses new ranges of material properties from
application specific chemistries. The fine control of mechanical properties combined with our
realization of the importance of the strain hardening behavior of brush-like molecules is an
important step forward in the full understanding of brush like architectures. As an example of
possible applications the materials were applied to dielectric actuation. Brush-like control over

strain hardening allowed for highly stable actuations which may prove key to the future of soft

robotics.
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CHAPTER 4: PHYSICAL NETWORKS AND GUIDED CRYSTALLIZATION#

4.1 Introduction and objectives

The previous chapter discuss the properties of dense bottlebrush elastomers and how the
bottlebrush structure leads to disentangled network strands with strong strain hardening. Although
covalent crosslinking offers numerous advantages, physical crosslinking opens a range of possible
applications including recyclable networks, and shape memory. In this chapter we explore the
effect of the bottlebrush structure onthe formation of crystalline crosslinks. In order to create these
network we turned to the ABA structure. Linear ABA block-copolymers are a valuable class of
polymeric materials capable of self-assembling into physical networks through micro-phase
separation of the dissimilar polymer blocks.102-104 These linear networks are subject to intrinsic
entanglements between their network strands, which set a lower limit for the elastic modulus. By
replacing the linear B segments with bottlebrushes, the strands disentangle, opening an opportunity

for the creation of supersoft, reversible polymeric networks. 7

4This chapter previously appeared as an article in Macromolecules. The original citation is as
follows: Daniel, W. F. M.; Xie, G.; Vatankhah-Varnoosfaderani, M; Burdynska, J.; Li, Q.;
Nykypanchuk, D.; Gang, O.; Matyjaszewski, K.;and Sheiko, S. S. Bottlebrush-Guided Polymer
Crystallization Resulting in Supersoft and Reversibly Moldable Physical Networks
Macromolecules 2017 50 (5), 2103-2111.
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Bottlebrush polymers are readily used as mesoscopic building blocks in the materials
community and are comprised of three independently controlled structural parameters: the degree
of polymerization (DP) of the backbone (n,,), the DP of the well-defined pendent group side
chains (n,.), and the number of backbone monomers per side chain (n,).1%>-119 Because of the high
density of large pendent groups, bottlebrushes display a combination of extended but still flexible
backbone conformations and large effective molecular diameters leading to disentanglement of
their melts.80.81.97 By introducing crosslinks into bottlebrush melts one can create elastomers with
exceedingly low moduli (down to the hundreds of Pa), while simultaneously allowing for high
deformations and strong strain stiffening behavior.2” Moreover, steric repulsion between the
densely grafted side chains strongly influences phase separation behavior in ABA type materials
and confines previously uncontrolled behaviors such as crystallization giving additional control
over physical properties. This chapter considers crystallization of linear chain segments to
physically crosslink bottlebrush polymers to create supersoft, dry elastomers with the potential to
be remolded and recycled through the melting of temporary crystalline junctions. In order to create
these semi-crystalline bottlebrush polymers, we turn to block copolymer bottlebrushes 111-120
specifically an ABA architecture (Figure 4.1) composed of a two crystallizable linear chain A
blocks and an amorphous bottlebrush segment (B middle block). Unlike the linear ABA
counterparts, 121-124 the bottlebrush block plays four distinct roles in controlling the network
architecture formation. First, an increase inn,, effectively reduces the crosslink density of the
disentangled network strands. Second, the side chains enhance the bending rigidity of the network
strands favoring bridges versus loops of the B blocks, and hence promotes network formation.
Third, steric repulsion between the densely grafted side chains of the brush repel neighboring

bottlebrushes, which in turn hinders crystallization of the linear A blocks leading to reduced
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crosslink functionality, increased effective network strand length, and prevents crystal percolation.
Fourth, the n. is a primary control parameter for tuning the mass fraction of the crystalline phase
(¢, 4) for agiven DP of the A block as seen in Equation 4.1

m,n, myny, 1

Py = ~ ot 4.1
" Mga My (Nse/ ng)+(mAnA) MpaNppNse  Nyc

where my, and m, are the monomer molar masses of BA side chains and the ODA-stat-DA A

blocks, and n, is the DP of the A block.

This work expanded on past experience 125126 and focus on the reversible network
formation properties afforded by the combination of the ABA structure and the bottlebrush
architecture. Depending onthe DP of side chains, we anticipate three distinct scenarios for network
formation: (i) short side chains (high fraction of the A blocks) will allow for unconstrained
crystallization of the A blocks creating a hard crystalline scaffold effectively screening the
mechanical properties of the bottlebrush B phase (Figure 4.1a), (ii) intermediate side chain sizes
allow for strong phase separation into discreet A domains leading to soft percolated networks with
reversible crystalline crosslinks embedded in a continuous amorphous phase (Figure 4.1b), and
(i) steric repulsion between long side chains hinder crystallization of the A blocks leading to a
decrease of crosslink functionality and eventually to uncrosslinked melts of bottlebrushes (Figure
4.1c). Because the first scenario is well noted and considered trivial, we will focus on the second
and third scenario and the effect of the side chains on the network formation of ABA bottlebrushes.
Herein we present the synthesis, characterization, and preliminary thermomechanical exploration
of semi-crystalline bottlebrush block copolymers. A series of bottlebrushes with A block tails of

semi-crystalline poly(octadecyl acrylate-stat-docosyl acrylate) and central B blocks of amorphous

60



poly(n-butyl acrylate) bottlebrushes (poly[(ODA-stat-DA)-b-(BiBEM-g-nBA)-b-(ODA-stat-
DA)]) were synthesized using ATRP127.128 and then characterized for molecular and bulk network
formation  properties using DSC (differential ~ scanning  calorimetry), LB-AFM
(Langmuir—Blodgett deposition Atomic-Force Microscopy), and shear rheology as a function of

ODA-stat-DA content and bottlebrush molecular parameters.

P(ODA-stat-DA) crystals

a m—b\

pBA

Polymer networks
ﬁ
b MRS %«v (ultrasoft elastomers)

Isolated Crystals
c (melts)

Figure 4.1: Representation of soft network formation in ABA bottlebrush polymers. a) Short
side chains result in unconstrained crystallization leading to ridged crystal scaffolds. b)
Intermediate side chains DPs result in association of neighboring A blocks, the formation of
confined crystalline junctions, and soft bottlebrush networks. c) Large side chains prevent
association of A blocks resulting in bottlebrush melts with isolated crystals.

Percolated Crystals
(rigid materials)
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4.2 Experimental section

4.2.1 Synthesis

The ABA samples in this chapter were produced via ATRP growth of bifunctional HEMA-
TMS macro initiators. Subsequent reactions were used to grow two identical ODA-stat-DA A
blocks at the ends of the macroinitiator and PnBA sidechains from the middle of the macroinitiator
to form the bottlebrush B block. For full synthetic details see Daniel, W. F. M., et al

Macromolecules 2017 50 (5), 2103-2111.

4.2.2 Size Exclusion Chromatography and Proton Nuclear Magnetic Resonance

The apparent number-average molecular weights (Mn, app) and dispersity (Mw/Mn) were
measured by size exclusion chromatography (SEC). The SEC was conducted with a Waters 515
pump and Waters 2414 differential refractometer using PSS columns (SDV 10°, 103, 500 A) with
THF as eluent at 35 °C and at a flow rate of 1 mL min". Linear PMMA standards were used for
calibration. Polymerization was monitored by *H NMR spectroscopy using a Bruker Advance 300
MHz NMR spectroscope with CDClsz as a solvent. Monomer conversion was calculated from the
decrease of the monomer peak area relative to the peak areas of the internal standards. The
molecular weights and dispersities can be seen for the macroinitiator (Table 4.1) ODA-stat-DA A

block tails (Table 4.2) and final ABA molecules (Table 4.3).

62



Table 4.1: Experimental conditions and molecular parameters for the synthesis of P(HEMA-
TMS).

[M]:[2f- a b b
Sample  gig.[CuBM:[CuBK,]:[dNbpy] SOVEMt  COV-® Minapp®  Muw/Mn
POl(HEMA- 500:1:2:0.8:0.2:2 20%  439% 32200 11
TMS)220
POW(HEMA- 1000:10.80.2:2 20%  444% 62800 109
TMS)444

aConversion of HEMA-TMS measured by 'H NMR;  Determined by SEC using linear PMMA
standards.

Table 4.2: Experimental conditions and molecular parameters for the synthesis of ABA triblock
macroinitiator.

[ODAJ-[DA]: [poly(HEMA-
T™S)]:
Sample Composition Solvent Coanv. Mnb,app l\/lwban
[CuCl]:[CuCl;]: [DOD-
BPED*]

poly[(DAse-
stat-ODAs)-
MIil b-BIBEMy,0- 4114111490554 55% 24.3% 49,600 1.47
b-(DAso-stat-
ODAs)]
poly[(DA¢s-
stat-ODAs)-
MI2 b-BiBEM ;- 800:800:1:6.7:1.3:8 59%  26.2% 54,400 1.50
b-(DA;0s-stat-
ODA5)]
pOIy[(DAlzz'
stat-ODA,,)-
MI3 b-BIBEMaj4- 800:800:1:7:1:8 51% 30.4% 63,400 1.64
b-(DA;,,-stat-
ODA)]
a Conversion of acrylate measured by 'H NMR; ? Determined by SEC using linear PMMA
standards.
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Table 4.3: Formulations used for the synthesis of ABA triblock brush.

Sample Composition [nBA]:[BIBEM]: Solvent  Conv. 2
[CuBr]:[CuBr>]:
[dNbpy]
SC-23 poly[(DAs,-stat-ODAs)-b-(BIBEM- 300:1:0.35:0.025:0.75 10% 7.6%
g-NBA;3)220-b-(DAso-stat-ODAs)]
SC-34 poly[(DAs,-stat-ODAs)-b-(BIBEM- 800:1:0.974:0.026 2 10% 4.3%
g-NBAgz;)220-b-(DAso-stat-ODAs)]
SC-44 poly[(DAs,-stat-ODAs)-b-(BIBEM- 340:1:0.333:0.017:0.7 10% 12.9%
g-NBA,) 220-b-(DAso-stat-ODA)]
SC-110 poly[(DAs,-stat-ODAs)-b-(BIBEM- 800:1:0.974:0.026 2 10% 13.8%

g-NBA10) 220-b-(DAsp-stat-ODAs)]

SC-67-nax2  poly[(DA;gs-stat-ODA5)-b-(BIBEM-  600:1:0.637:0.025:1.324 10% 11.2%
g-n BA67) zzo-b-(DA105'Stat'ODA105)]

SC-60- poly[(DA2,-stat-ODA2,)-b-(BIBEM-  610:1:0.737:0.025:1.524 10% 9.9%
naXZ-nbbxz g'nBA60)444'b'(DA122‘Stat'ODAlzg)]

a Conwversion of acrylate measured by H NMR.

4.2.3 Langmuir-Blodgett Deposition Atomic-Force Microscopy (LB-AFM)

Known volumes (30-100 uL) of bottlebrush polymer in chloroform solutions (0.03-0.06
mg/ml) were deposited dropwise onto the water air interface of a KSV 3000 series Langmuir
Blodgett trough. The samples were then compressed at a rate of 20 mmymin until monolayer
formation was observed. LB films were transferred onto cleaved mica substrates at a constant
surface pressure of 0.5 mN/m and a controlled transfer ratio. AFM micrographs were taken in
PeakForce QNM mode using a multimode AFM (Briker) with a NanoScope V controller. Silicon
probes were used with a resonance frequency of 50-90 Hz and a spring constant of ~0.4 N/m. In-
house developed computer software was used to analyze the AFM images for length and width
distributions. Collections of over 1000 molecules were analyzed to ensure standard deviations of
the mean remained below 10%. Molecular weights of samples were then calculated by using the

known mass of polymer deposited onto the trough surface and known trough surface area during
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film transfer to find the mass per unit area. This was then combined with the known number of
bottlebrush molecules per unit area taken from AFM micrographs to find the number average
molecular weight. Thick films for AFM were produced from 10 mg/ml in chloroform solutions
deposited in 0.2 ml aliquots onto cleaved mica surfaces. The films were allowed to dry in aclosed

Petri dish at room temperature before being imaged.

4.2.4 Differential Scanning Calorimetry (DSC)

The transition temperatures and heats of melting and crystallization were measured using a
TA Q200 series DSC. Measurements were performed in arange of -100 to 100 °C using heating
and cooling rates of 3 °C/min with samples sizes between 4 and 6 mg. The results are summarized

in Table 4.5.

4.25 Small/wide angle x-ray scattering

Measurements were conducted at Brookhaven National Lab, Center for Functional
Nanomaterials, using a Bruker Nanostar U instrument equipped with Vantec 2000 area detectors
and Copper rotating anode as a source. Scattering patterns from the samples were measured at
room temperature and collection time was set as 30s for all samples. A polynomial decay function
with Savitzky-Golay filtter was used for baseline fitting. After baseline subtraction, the peaks were

fitted using Lorentz function.

4.2.6 Shear Rheology

Mechanical properties of the ABA bottlebrush triblock-copolymers were measured using
an ARES-G2 shear rheometer from TA instruments with 8mm steel parallel plate geometries. For

the stress relaxation curves, samples were loaded and their thermal histories were erased by
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allowing all samples to sit at 70 °C for a period of 30 min before being compressed and trimmed
into sample disks of 0.7 mm height by 8 mm diameter. The samples were then rapidly cooled to
the experimental temperature, allowed to equilibrate at temperatures of 70 °C or 25 °C for 30 min,
subjected to a 5% strain, and measured over period 3 to 24 hours to ensure stable stress values or
complete relaxation to 0 Pa of stress. The thermal ramps were executed using an identical loading
procedure to the one described above followed by equilibration at 70 °C. The samples were then

subjected to 10% strain at a frequency of 1 rad/s while cooling down to 25 °C at arate of 1 °C/min.

4.3 Results and discussion

The general synthetic procedure for the preparation of bottlebrush copolymers is shown in
Scheme 4.1. Poly[(ODA-stat-DA)-b-(BIBEM-g-nBA)-b-(ODA-stat-DA)]  brushes  were
synthesized by grafting nBA from poly[(ODA-stat-DA)-b-BIBEM-b-(ODA-stat-DA)]
macroinitiator. The triblock backbone macroinitiator was synthesized via ATRP of HEMA-TMS
using a difunctional initiator, followed by chain extension of ODA and DA from the resultant

difunctional poly(HEMA-TMS)
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Scheme 4.1: Synthesis of triblock molecular brushes.
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4, Ny,p) OF the bottlebrush B block (collectively called

sc
ng = n,,(1+ ny,/n,)) and DP of the crystalline A blocks (n,) were precisely tuned by changing
the initial monomer/initiator molar ratio and the final conversion of monomers in polymerization.
'H NMR analysis combined with GPC was used to identity the targeted values of ng., n,,, ny4,
and molecular weight (Mw). The results of molecular characterization are summarized in Table
4.4. From SC-23 to SC-110, when the DP of side chain increases from 23 to 110, the weight
fraction of crystallizable tails (ODA-stat-DA) correspondingly decreases from 9.0% to 2.2%
(Table 4.5). The length of A block for SC-67-n,x2 is about twice as long as that for SC-34.
Therefore, in order to have similar weight fraction of crystallizable side blocks, the DP of side

chains for SC-67-n,x2 is almost twice as large as SC-34. Also, although having similar length of
side chain and side blocks as SC-67- n,x2, SC-60-n,x2-n,x2 has significantly lower weight

fraction of crystallizable blocks due to its much longer central block.
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Table 4.4: Structural parameters and LB-AFM size analysis of Triblock bottlebrush polymers.

Sample nscf' nbb’b n A’c nbb’d nB,e L we CPW,Ah Mni Mnj Mnk
target target target AFM target DSC GPC AFM target
Units nm nm 106 106  10°

SC-23 23 222 2x100 224+3 5300 53.0+£0.4 23.9+0.2 0.09 0.15 0.7 0.8
SC-34 34 222 2x100 224+3 7800 54.8+0.537.0+£0.2 0.07 0.24 23 1.0
SC-44 44 222 2x100 224+3 10000 57.0+£0.5 55.9+0.5 0.05 036 1.8 1.3
SC-110 110 222 2x100 224+3 25000 59.2+0.6 89.1+0.6 0.02 0.50 2.7 3.3

Increase of the crystalline block length (n,)

SC-67-
n.x2 67 222 2*210 241+17 15000 64.5+0.7 71.0£0.3 0.08 0.41 3.0 2.1
A
Increase of both brush (n;) and linear (crystalline) (n,) segments
SC-60-

nx2- 0 444  2*243 408+4 27000 102.4+0.968.9+0.3 0.04 039 34 3.6
nbe2

’ Targeted DP of the side chains. bTargeted DP of the bottlebrush backbone. ° Targeted DP of the
semi-crystalline tails. “The DP of the bottlebrush backbone was determined as L/l, where L,-
monomer length. ¢ Targeted DP of the amorphous center B block. fI_ﬁngth of the amorphous B

block as measured from AFM micrographs. ® Width ofthe bottlebrush B block as determined from
AFM micrographs. "Weight fraction of ODA-stat-DA taken from targeted DPs of n . and n, and

measured values of n,, calculated as Equation 4.1. ‘Number average molecular weight as
determmned by gel permeation chromatography. ‘Number average molecular weight as determined

by the LB-AFM technique. “Number average molecular weight as calculated from targeted DPs of
the bottlebrush samples.

In addition, molecular imaging by AFM was employed to find the length (L), and 2D width
(W) distributions, and true molecular weights of the samples (Figure 4.2 and Table 4.4). These
experiments display excellent agreement between the measured lengths (L) (calculated n,,) and
the targeted n,,,,, as well as good agreement between the targeted values of ng. and the widths (W)
which are expected to scale asn,, =ng. ,/Dy~W/Dywhere ny - the weight average DP of

- T'sc,w

the side chains and D, - the dispersity of the side chains (Figure 4.3).12° Bottlebrush molecules
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possess large molecular dimensions which can be readily resolved by AFM to find the accurate
number of molecules per unit area in dense LB monolayers (Figure 4.2b). Combining this
knowledge with the known mass of polymer deposited onthe known area of the LB trough allows
for the accurate determination of number average molecular weight (Mn.arm). These MW values
obtained from the LB-AFM analysis compare favorably with the targeted molecular weights

(Table 4.4).
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Figure 4.2: AFM of 2D crystallized bottlebrush copolymers. a) AFM height micrographs of
single ABA bottlebrush macromolecules linked by crystalline junctions of the poly(ODA-stat-DA)
lmear tails (A block). b) AFM height micrographs of LB monolayers of ABA bottlebrush
copolymers with varying side chain lengths. Inset images represent close-ups of crystalline
junctions. ¢) Side by side AFM micrograph of a thick films of the corresponding ABA copolymers
at room temperature. The crystalline domains appear as bright patches. d) Number of crystalline
junctions connecting at least two bottlebrushes decreases with n,.. Black squares (o) represent

samples with n,, and n, of 224 and 2x100 respectively, and the red triangle (A) represents a

SC

sample with n,, and n, of 408 and 2x243 respectively
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Figure 4.3: Width analysis. Scaling between 2D molecular width and n,. shows close to linear
relation. Error was calculated as the standard error of the mean of ensembles of over 100 molecular
width measurements per sample.

Beside the MWD analysis, molecular imaging by AFM was also used to qualitatively
verify network formation due to crystallization of the A tail blocks. For this purpose, we have
prepared samples with different surface coverages including single molecules (Figure 4.2a), dense
monolayers (Figure 4.2b), and thick films (Figure 4.2c). Samples of single molecules prepared by
spin-casting from a dilute solution clearly display end-chain association of bottlebrush blocks
(Figure 4.2a). The dense monolayers display large numbers of crystalline junctions which decrease
with increasing n,. and decreasing ¢,, , (Equation 4.1), as is clearly seen in Figure 4.2b. Sample
SC-23 displays a seemingly percolated network of crystalline junctions while samples SC-110
shows isolated crystals with few junctions. To reduce the effect of the substrate and approach the
bulk morphology, thick films of samples SC-23, SC-44, and SC-110 were generated by drop
casting from chloroform solutions (Figure 4.2c). Sample SC-23 with the shortest side chains
displays large and numerous crystalline domains. Despite the apparently high fraction of the

crystallites, they do not seem to merge or percolate as sketched in Figure 4.1b. SC-44 displays a
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similar density of crystallites, but with smaller domains and as such larger inter-crosslink distances
suggesting a softer network. In contrast the SC-110 film on the right displays only small areas of
crystalline A phase and likely represents the third scenario in Figure 4.1c, where long side chains
prevent association of A blocks, resulting in low crosslinking instances and failure of network
formation. Even though, the 2-D images do not represent the true bulk organization of ABA
networks and are strictly qualitative proof of network formation, we have plotted the areal density
of the crosslink junctions versus DP of the side chains (Figure 4.2d), which shows a progressive
decrease of the number of junctions per unit area of the ABA monolayers. This observation is
attributed to the enhancement of steric repulsion with the side chain length, which hinders the

association of the A blocks.

From AFM, it can be seen that the DP of the side chains plays a strong role in the formation
of intermolecular crystallization and thus the potential crosslinking of bulk networks. While AFM
gives a qualitative measure of inter-brush crystallization, it is also necessary to quantify the total
crystallinity of the samples, i.e. both intermolecular (crosslinking) and intramolecular (non-
crosslinking). In order to quantify the true crystallinity of the samples the degree of crystallization
was measured by DSC as a function ¢, ,, which is directly related to the side chain DP as
@y 4~ 1/ng (Equation 4.1) Figure 4.4a displays a representative DSC curve of sample SC-60-

n,x2-n,x2. Despite the relatively low amount of crystalline material the sample displays a very

clear crystallization and melting transitions. The values of the melting temperature T,, ranged from
53 to 55 °C which matches well with the measured value for free ODA-stat-DA chains with DP =
103 (53 °C). The DSC analysis is summarized in Table 4.5. Figure 4.4b displays the relative heats
of melting versus the calculated weight fraction of ODA-stat-DA and shows a linear relation. The

close match between DSC and synthetic estimations of ¢,, , is strong evidence for the accurate
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control of the targeted molecular parameters and gives evidence that the ng. plays a strong role in
regulating network formation without preventing intramolecular crystallization, ie. the close
match between the calculated values ¢, , and those values measured from DSC show that all
samples fully crystalize, but only those with shorter side chains can form intermolecular junctions
and networks. The temperatures of melting (7,,,) group nicely between samples, however, there is
an increase in the T,, for the SC-23and SC-34. It may indicate formation of larger crystals due to

the weaker effect of the shorter side chains on the crystallization of the A tails.

a T.=41°C 0.10 b
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= . 0.081 é/ 7
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Figure 4.4: DSC of bottlebrush copolymer samples. a) a representative DSC curve for sample
SC-60-n,x2-n,x2 displaying freezing peak, melting peak, and glass transition. b) Relative heats
of melting as AH,,/AH,, where AH? is the heat of melting for ODA-stat-DA (84 J/g). The values
display a nearly linear relation with the targeted weight fraction of ODA-stat-DA. Black squares
(0) represent samples with n,, and n, of 224 and 2x100 respectively and differing side chain
lengths (SC-23, 24, 44, 110). The red triangle (A) represents a sample with n,, and n, of 408
and 2x243 respectively (SC-60-n,x2-n,x2). The blue circle (O) represents a sample with

n,,;, and n, of 241 and 2x210 respectively (SC-67-n,x2).
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Table 4.5: Thermal parameters of the bottlebrush samples from DSC and apparent shear modul.

b

d

Sample o_," @, T T, Tge AHn,'  AH:# Go"
target DSC DSC DSC DSC
Units °C °C °C J/g J/g Pa
SC-23 0.09 0.09 55 41 -47 7.8 8.5 13000
SC-34 0.07 0.08 55 41 -47 6.6 7.3 5000
SC-44 0.05 0.05 53 41 -47 4.2 5.3 1900
SC-110 0.02 0.02 53 42 -49 1.8 2.1 0
SC-60-
n x2-n_x2 0.04 0.04 53 41 -47 3.4 4.0 NA
SC-67-n,x2 (.08 0.07 53 41 -49 5.5 6.1 2900

aWeight fraction of ODA-stat-DA taken from targeted DPs of n . and n, and measured values of
ny;, (see Table 4.4) calculated as Equation 4.1. ° Weight fraction ODA-stat-DA taken from the
ratio of AH,_,/AH?, where AH? = 84]/g is the heat of melting of in house synthesized free
ODA-stat-DA tails. ¢ Temperatures of melting from DSC curves. 9 Temperatures of crystallization
from DSC curves. € Glass transition temperature taken from the middle of the heating transition
from the DSC curves. fHeats of melting calculated from area under the melting peak of the DSC
curves. 9Heats of crystallization calculated from area under the crystallization peak of DSC curve.
hThe apparent shear modulus of the crystallized sample taken from stress relaxations after 3 hours
relaxation at 25 °C. X-ray scattering was also employed to characterize the crystallinity of the
samples. A characteristic peak located at g= 1.53 (A1) was found for three samples 74, 79, and
83. This peak corresponds to a crystalline lattice with a dimension L=2m/q = 4.1 A, which has
been proven to be a paraffin-like hexagonal packing lattice of poly(n-acrylate) chains.130:131 The
more crystalline a sample is, the higher the intensity is at this peak. For the amorphous sample 78,
it didn’t show this characteristic peak, meaning the extinction of poly(n-acrylate) crystals. See
Figure 4.5.
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Figure 4.5: X-ray. a) Select samples SC-110, 44, 23, and SC-67-nax2 display characteristic peak
at 4.1 A consistent with spacing of hexagonally packed acrylate chains. SC-23 possessing the
highest fraction of ODA-stat-DA shows the strongest signal in contrast with SC-110 possessing
the least crystalline material and showing almost no peak. b) Crystallinity as calculated from x-
ray data shows atrend with ¢,, , of 0.4 qualitatively indicating that half of the ODA-stat-DAs in
a crystalline state.

With the successful verification of molecular association and crystallization of the ABA
bottlebrush copolymers, the network formation properties were assessed using shear rheology. To
prove the formation of networks, samples with different side chain DPs were subjected to stress
relaxation experiments at both 25 °C (well below the crystallization temperature of 41 °C seen in
Table 4.5) and above the melting temperature at 70 °C. All samples were allowed to crystalize and
melt at their respective experimental temperatures for a period of 30 min to ensure consistent
network formation conditions. Figure 4.6a,b show stress relaxations of the bottlebrush copolymers
measured below and above the crystallization and melting temperatures, respectively. At 25 °C
(Figure 4.6a) the polymers displays constant network modulus after a brief period of Rouse-like

and transition regime relaxations (figure inset displaying slope near -0.5and below). The apparent

shear modulus of the network (G,) decreases with increasing n,. and decreasing ¢, , displaying

a relatively high modulus in the 10* Pa range for SC-23 and dropping down to zero network

modulus for SC-110. It should be noted that sample SC-110still displays obvious crystallization
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transitions in DSC measurements but no network formation which is likely due to side chain steric
hindrance preventing contact between the crystalline tails of neighboring molecules. When taken
above the melting temperature all samples decay to a modulus of zero within a relatively short

time span displaying the lack of any permanent crosslinking mechanisms within the samples.
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Figure 4.6: Rheological characterization of select bottlebrush copolymers. a) Shear relaxation
modulus, G, (t), as a function of time at 25 °C (below Tc) of samples SC-23 (Black), SC-34
(Purple), SC-67-nax2 (Red), SC-44 (Blue), SC-110 (Green) displays fast relaxation (inset)
followed by plateaus at 13000 Pa, 5000 Pa, 2900, Pa, 1900, Pa, and O Pa, respectively. This
indicates the presence of physically crosslinked networks. Inset: log-log plot of G, (t) at short
times shows a power-law relaxation G, (t)~t%*%%0-9 consistent with the Rouse-like behavior. b)
The relaxation modulus, G, (t), of the same samples as a function of time at 70 °C (above Tm).
The curves display rapid relaxation to zero value indicating lack of network formation. c)
Oscillatory storage and loss moduli (G" and G") of sample SC-23 (1 rad/s, 5% strain) display sharp
increases at the crystallization temperature of T=41°C. d) The data points (00) correspond to the
normalized apparent relaxation modulus G,/n,?* taken from (a) at t = 3h decreases with the DP
of the side chains (n,.). Note that SC-110 does not form network (G = 0). The blue dashed line
represents the expected trend in G,/n,* when n, = n,, taken from Equation 4.2 substituting
Equation 4.3 and 4.4. As can be seen, the networks display a stronger dependence on n,. than
expected. The red dashed line represents the fit of the experimental G,/n,? taken from Equation
4.2 substituting Equation 4 and 6 assuming that the crosslink density decreases with increasing n.,.
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Figure 4.6c displays a freezing transition for sample SC-23. There is a sharp increase in
both the loss and storage modulus between 44 and 41 °C indicative of a crystallization transition
and showing arelatively small change resulting in a crosslinked modulus on the order of 0.02 MPa.
From the data in Figure 4.6a,b, it can be seen that this polymer architecture is capable of creating
stable, but reversible physical networks with moduli below 0.1 MPa. The equilibrium apparent
modulus normalized by the DP of the crystalline segments (G, /n,?%) were then plotted against their
respective n,, values (o Figure 4.6d). Note that the modulus of bottlebrush networks (even when
measured at small strains € — 0) is affected by strain-stiffening due to extended conformation of
backbones in the bottlebrush strands. Due to finite extensibility of the backbone this so-called

apparent modulus is higher than the structural modulus and described by the Dobrynin equation:®8
G
Gy =§(1+2(1—ﬁ)‘2) 4.2

where G is the structural modulus determined by the crosslink density and 8 = (R3,)/R2,,, is the
strand elongation ratio defined as the ratio of the mean square end-to-end distance of a network
strand in the as prepared elastomer ((R?Z)) and the square of the strand contour length (R, %
For bottlebrush networks, the structural modulus and the strand elongation ratio depend on the

architectural parameters as

PRT PRT
G = 1+e,)= 1+e,) 4.3
Mpy Ny (nsc/ng + 1) Mpy Np
1/2
~ [Msc -1
Ny
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where p-mass density of the polymer, RT - the molar thermal energy, mg,- molar mass of the
amorphous monomer. In this model, the A blocks act simply as crosslinkers and each ABA
molecule is assumed to span two multifunctional A block junctions making n, =n,,. An
estimation for this trend can be seen in Figure 4d asthe blue dashed line representing G,/n,* from
Equation 4.2 substituting Equation 4.3 and 4.4. It became obvious that the materials possessed a
much stronger dependence for both G, and 5, which is ascribed to a decrease of the crosslink
density due to increase of the side chain length. As discussed in the introduction (Figure 4.1),
stronger steric repulsion between longer side chains hinder association of A tails from neighboring
ABA Dbottlebrushes. This in turn effectively leads to a decrease in the crosslink functionality and
an increase in the average network strand length. Strong evidence of this phenomenon can be seen
in Figure 4.2b,c and Figure 4.6a where sample SC-110 displays small disconnected crystallite in
monolayer films, sparse crystalline junctions in bulk films, and no network modulus below the
sample T,,. New equations assuming that the strand length increase with n,. asn, = ny./n, were

derived as

2 2
G:pRT m, ny +nA oy n
~ m, \mmn,,n.3> n,.?2) n. 3 '
0 0'*bb "*sc o o
1
vz n
. A
12 "*sc

These equations account for the change in n, asn,. (¢, ,) changes as well as an increase in the

expected values of Sdue to repulsion between phase-separated components of the bottlebrush
copolymers causing extended backbone conformations. The final expression in Equation 4.2

substituting Equation 4.5 and 4.6 accurately follows the experimental trend (red dashed line Figure
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4.6d). The data presented gives strong evidence that the crosslinking of these bottlebrush
copolymers are influenced by the steric repulsion created by the side chains near the crystalline
tails as seen by the absence of modulus in in SC-110 despite its crystallization and the fitting of

the data assuming that n,~ n,./n,.
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Recovered Shape, 55°C

Figure 4.7: Supersoft shape memory. A shape memory cycle whereby a rectangular rod of
thermally crosslinked SC-23 polymer is bent to a 47 degree angle at an elevated temperature of
55°C (above ODA melting) and then subsequently fixed by quenching to 22°C. Upon heating to
55°C, the sample recovers to its original rod-like shape.

Having demonstrated the ability of these materials to form supersoft physical networks
through we moved onto the next logical step which was to test this system for potential shape
memory behavior. The shape memory effect uses a weak permanent network to inforce an original
shape. An external stress is applied to deform the sample into a programmed shape and temporary
crosslinking elements such a crystallites are then introduced to create a stronger network to pin the
programmed shape in place. Subsequent removal of the temporary crosslinking elements such as
by heating allow the weaker permanent network to reassert itself and the permanent shape to
reform. Figure 4.7 illustrates a shape memory experiment in which the sample of SC-23 was

specially prepared with excess bromines at the end of its side chains and crosslinked by thermal
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cleavage of the bromine carbon bonds followed by radical attack on nearby polymer chains. This
resulted in a chemical network with modulus on the order of 200 Pa. The sample was bent to a 47
degree angle at 55°C, then fixed by quenching to 22°C, and subsequently returned to its original
shape upon heating to 55°C. This shape memory behavior give evidence that such systems will be
suited to future applications as shape-memory biomedical implants where both the crystalline and

amorphous moduli matching that of surrounding tissue.

4.4 Conclusion and outlook

In summary, a series of ABA tri-block copolymers with semi-crystalline tails and central
amorphous bottlebrush blocks was synthesized. The materials were characterized by a variety of
techniques to confirm their structural parameters. All of the samples display crystallization of the
poly(ODA-stat-DA) tails, resulting in the formation of physical networks. The bottlebrush
architecture plays a dual role in determining the mechanical properties of these networks. First,
steric repulsion between the densely grafted side chains facilitates disentanglement of the network
strands eliminating the typical lower limits for network modulus. Second, the same repulsion
confines the crystallization process preventing percolations of a crystalline scaffold. This absence
of entanglements pared with controlled crystallization allows for the formation of remoldable
physical networks with supersoft moduli orders of magnitude below both typical semi-crystalline
networks and amorphous elastomers. The apparent shear modulus G, of these networks decays
with ng. until the absence of network formation when the n,. becomes comparable to n,
effectively isolating the A blocks and preventing crosslinking. Contrary to our original assumption,
we discovered the system is best modeled by postulating that the n, is controlled by

changing ng, rather than simply being determined by n,, as would be the case in an ideal and fully
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crosslinked system. The ability of the bottlebrushes to prevent percolation of crystallites and
control crosslinking density in these physical networks by tuning architectural parameters enables
the creation of supersoft elastomers with the capacity for reversible remolding and shape memory.
In the broader context of this dissertation, the architectural control of brush-like polymer over
micro-phase separation and the effects of that phase is yet another tool in the brush-like tool box.
Such manipulation serves alongside the architectural control already displayed to open new limits
of mechanical properties and new property trends. The next chapter discusses the final inherent
control parameter of the brush-like paradigm, however, the future of advanced property control
will undoubtedly build off of the interactions between architecture and chemistry as displayed

here.
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CHAPTER 5: GRAFTING DENSITY AND NEW PROPERTY TRENDS

5.1 Introduction and objectives

Chapters 1 and 3 discussed the mathematical link between side chains and the entangle ment
of a bottlebrush melt as well as the effect bottlebrush architecture and crosslinking on the strain
hardening. These experimentally verified relations reviled two of the fundamental differences
between brush-like architectures and linear polymers namely their highly disentangled nature and
their pre-extended backbones leading to strong strain hardening. So far only two of the brush-like
structural parameters have been manipulated (the network strand DP - n, and the side chain DP -
n,.) leading to properties that are that are in unprecedented ranges for dry linear materials. Despite
these advances, the materials described above were still beholden to traditional property relations
such as the general inverse relation between modulus and extensibility. This chapter explores the
effect of changing the final basic structural parameter (side chains per network strand monomer -

n,) on the properties of brush-like systems and how such structural manipulation opens unique

trends in mechanical properties.

Figure 5.1a compares the deformation behavior of brush-like and linear-chain elastomers
in terms of rigidity (E) and extensibility (4,,,,). In conventional linear-chain elastomers, the
degree of polymerization of the network strand (n,) single-handedly determines both E~n ' and

Amax~[Te; Given in the full as
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Thus, auniversal relationship follows: E~A3Z ., whereby more rigid materials are less deformable
(solid black line Figure 5.1a). This “Golden Rule” of Materials Science confines the vast majority
of linear-chain mechanical behaviors to a single trend line bounded by inherent chain
entanglements at E = 10° Pa and 1,,,,, = 5 (hollow circle, Figure 5.1a)%7:132. The relation exists
in anearly all engineering materials as shown in Figure 5.1b, and represents one of the fundame ntal
limitations of materials design. A rich parameter space exists beneath this line, inhabited by strain-
adaptive biological materials that are moderately extendable yet extremely soft and tough.?® Using
brush-like architectures, we open a wide variety of new property relations represented by number
trend lines (i-iv) in Figure 5.1a, and create new materials capable of accessing properties

previously only seen in biology. In this chapter we look at the preliminary results in exploring the

new material property trends as well as discuss the future of studies in brush-like architectures.
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Figure 5.1: Breaking the “Golden Rule” to empower novel mechanical relations. (a)
Conventional linear-chain elastomers exhibit, as E~AZ. (upper solid line), a locked inverse
relationship between extensibility (elongation-at-break, A,,,,) and rigidity (modulus, E), limited
by chain entanglements to alower E~10°Pa and an upper 4,,,,~5 (hollow circle). However, the
addition of two independent structural handles —n,. and n, — removes these limits, unlocks the
relationship, and allows for orthogonal and single-variable control of E and 4,,,, (white arrows i
iv). (b) Arising from a general conjecture that materials absorb a certain density of mechanical
energy (E€* = constant) prior to fracture, the E~A, 2, correlation characterizes a wide variety
of materials and represents a “Golden Rule” of materials science: “more rigid means less
extensible.” Most notable deviations from this rule are embodied by mechanically-adaptive
biological materials that exhibit relatively low moduli at a given moderate extensibility. Mapping
the space unlocked by the [ng., ny, n,] triplet with brush-like PDMS elastomers enables mimics

of these desirable deviations and reveals.

5.2 Experimental section

5.2.1 Synthesis

The materials produced in this chapter were made using methodologies similar to those in
Chapter 3. An AFM example of the uncrosslinked molecules is displayed in Figure 5.2 displaying
the successful creation of long branched structures. Comb-like polymers were produced by the
addition of a small molecule as diluent for the incorporation of the side chains as is shown in

Figure 5.3. The quality of the synthetic methods used can be seen in Table 5.1, where examples of
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uncrosslinked molecules display strong agreement between 'H NMR analysis and LB-AFM

analysis.

Figure 5.2: AFM of bottlebrushes. AFM height micrographs of PDMS bottlebrushes (n,, =
1200 and n,. = 14) deposited by spin casting on a mica substrate. The micrographs display
individual worm-like molecules forming a dense film after. Molecular imaging was performed in
PeakForce QNM mode using a multimode AFM (Briker) with a NanoScope V controller and
silicon probes (resonance frequency of 50-90 Hz and spring constant of ~0.4 N/m).
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Figure 5.3: Synthesis of bottlebrush and comb elastomers. Synthesis of bottlebrush and comb-
like PDMS and PnBA elastomers by photoinitiated radical polymerization of monofunctional
macromonomers and diluent (nBA) in the presence of difunctional crosslinker. a) Chemical
structure of macromonomers and cross-linkers and diluent, b) schematic of bottlebrush PDMS and
PnBA elastomers, and c) schematic of comb PDMS and PnBA elastomers.

Table 5.1: Molecular characterization of PDMS bottlebrushes (n,. = 14).

Sample n,, NMR)E | n,, (AFM)? | Ma(g/mol) | Mw (@mol) | D (AFM)P
PDMS-600 | 600 585+40 585000 630000 1.16
PDMS-900 | 900 90270 902000 1061000 1.18
PDMS-1200 | 1200 1163+90 1163000 1267000 1.08
PDMS-1500 | 1500 1315+100 1315000 1494000 1.14

3 Number average degree of polymerization of bottlebrush backbone (n,,) determined by 'H-
NMR,  n,, and dispersity of bottlebrush backbone determined by AFM (Figure 5.2) asn,, =
L,/l,, where L, is number average contour length and [, = 0.25nm is the length of the
monomeric unit. In-house software was used to measure the contour length. Typically, ensembles
of 300 molecule were analyzed to ensure standard deviation of the mean below 10%.

522 AFM

Atomic force microscopy (AFM) samples were produced by spin-casting a 0.05 mg mL™!

PDMS bottlebrush solution onto a cleaved mica substrate at 2000 rpm for 1 min. Imaging of

86



individual molecules was performed in PeakForce QNM mode using a multimode AFM
instrument (Briker) equipped with a NanoScope V controller. Silicon probes were used with a

resonance frequency of 50-90 Hz and a spring constant of ~0.4 N/m.

523 NMR

The reactions were followed by 'H-NMR (CDCk, Briker 400 MHz spectrometer) of
aliquots of reaction solution. The abundance of unreacted MMA was used to monitor the extent of
reaction and the abundance of BA versus MMA was used to measure the evolution of the grafting

density and found it to be accurate within 10% error of the reported values.

5.2.4 Stress-strain curves

To investigate the basic mechanical properties of the brush-like samples, the elastomer
sample films were punched into dumbbell samples with bridge dimensions of 12mm X 2mm x 1—
2 mm. The samples were loaded into an RSA-G2 DMA (TA Instruments) and subjected to a
constant uniaxial tensile Hencky strain rate of 0.003 strain per second at 20 °C until rupture
occurred. All bottlebrush films were subjected to triplicate testing to ensure accuracy of the data.
The resulting stress strain curves were then analyzed with Equation 5.3 using Origin 2016

software.

5.3 Results

5.3.1 Library of polymers and mechanical testing

The possibility of synthetic material below the G~AZ, trend was first opened by addition

of grafted side chains,133: 7 which facilitated disentanglement of polymer melts®” and unveiled the

promise of brush-like architecture for making advanced elastomers,?” thermos plastics,1%2 and
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molecular assemblies.1341%° Fulfilling this potential, we established the foundational [ng., n,,n,]
triplet and transform the previously one-dimensional parameter space of synthetic elastomers into
avast multidimensional landscape of E(4,,,,) correlations. In order to map this landscape, libraries
of brush-like polydimethylsiloxane (PDMS) and poly(n-butylacrylate) (PnBA) elastomers were
synthesized with precise and independently controlled sets of [ny., n,, n,] (See Table 5.2).
Mechanical testing in combination with analytical calculations used to characterize elasticity for
broad frequency and strain ranges and to delineate universal correlations between [ng., n,, n,]
and the mechanical properties of the network libraries. Figure 5.4 displays the corresponding

stress-strain curves.
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Figure 5.4: Tensile curves. a) Tensile true stress versus elongation A = L/L, for PDMS
bottlebrush elastomers with the same (n,, = 14 and n, = 1) and different DPs of the backbone in
the bottlebrush network strand (as indicated). b) Tensile true stress versus elongation A =L/L,
for PDMS comb elastomers with the same (n,, = 600 and ny, = 14) and different values of n, as
indicated. Each curve was collected via uniaxial extension of a 2x2x12 mm dog bone sample at
£ =0.002 s,

The curves were fit by Equation 5.3, with E and g as fitting parameters.

e @ = ¢ (22 = 17 M) ] 53

3

1+2<1—
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At small deformations, Equation 5.3 relates the apparent (E,) and structural (E') Young’s moduli

as
—sa+20-p 5.4

Note that E, =~ E for networks with flexible strands (S < 1). The resulting fitting parameters are

collected in Table 5.2. The implications of this data will be discussed in the next section.

Table 5.2: Mechanical properties of PDMS bottlebrush and comb-like networks.

Ng Nsc Nx E [kPa]” Ee [kPa]” B
1 14 400 3.3 N/A 0.08
1 14 200 8.4 N/A 0.11
1 14 100 18.6 N/A 0.17
1 14 67 30.0 N/A 0.23
1 14 50 40.5 N/A 0.28
1 14 600 2.6 N/A 0.066
2 14 600 7.9 N/A 0.032
4 14 600 24.6 1.2 0.027
8 14 600 42.9 20.1 0.022
16 14 600 60.3 45.0 0.017
32 14 600 70.8 66.0 0.017
64 14 600 79.5 84.0 0.015

“F represents the structural Young’s modulus extracted by fitting a,,,,, (1) curves with Equation
5.3. E, represents the modulus contribution from trapped entanglements by fitting with

—1yy —2
Oerue D) =5 (22 =271 [1+%+2(1_M) ]

EA 3
5.3.2 Newmechanical relations

Tensile tests of the PDMS libraries revealed four distinct correlations between E and A,,,,
as diagrammed by arrows i-iv in Figure 5.5a. The arrows respectively represent: (i) conventional

decrease of E with A4 (i) unprecedented concurrent increase of E and A (iif) regulation of

max’ max’

E at constant A,,,,., and (iv) regulation of 4,,,, atconstant E (shown respectively in Figure 5.5c-
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f). These correlations are particularly unique given the libraries” solvent less, single-component
compositions. Summarized in Figure 5.5g, the diversity of corresponding phenotypes suggests that
nearly any [E, 4,,,,] pair can be realized through formulaic variation of the [n,, n,, n,] triplet.
This ability of brush-like elastomers to independently regulate E and 4,,,, is visualized by plotting

E X2

max

versus n, (Figure 5.5h). Unlike linear-chain elastomers, where all E(4,,,,) correlations
collapse into a single point (i.e., EA2 ., = constant), brush-like systems (exemplified here by
PDMS systems with n,. = 14) collapse onto a universal line defined by the independent control
of property correlations and, thus, embody a unique opportunity for engineering specific
mechanical responses in much wider range than was previously possible in a single component

system.
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Figure 5.5: Novel mechanical relations. a) conventional covariation of E and 4,,,,, b)
simultaneous increase of E and 4,,,,, C) variation of E at constant 4,,,,,., and d) variation ofA

max
at constant E.e) Summary of the measured E(4,,,,) trends including scaling relationships. f) Plot

of 0.52E2,,,, versus n, illustrating the higher-dimensional nature of brush-like architectures
relative to linear-chain elastomers.
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5.4 Conclusion and outlook

The above chapters discuss the properties and applications of brush-like materials while
individually varying one of the indices in the [ng., ny, n,] triplet. These architectures displayed
the potential for supersoft elastomers with high extensibilities and strong strain hardening
potentials. In this chapter, all aspects of the brush-like architecture were brought together to form
a complete understanding of the architecture. A series of materials varying all three aspects of the
[, ngy, n,] triplet were synthesized and used to experimentally verify an expanded list of
modulus extensibility relations. Breaking free from the “Golden Rule”, the brush-like architectures
allow for property combinations formerly belonging to biological materials. This opens up entirely

new categories of dry and functional biological mimics.

Moving forward, brush-like architecture still possess a number of interesting properties to
explore. These structures are known to be supersoft, extensible, and have strong strain hardening
potential, but there is unexplored potential in the damping properties of these materials seen in
Chapter 1 where the bottlebrushes display large frequency ranges of high tangent delta (G”/G’).
This property has the potential to be employed in next generation sound absorbing materials and
adhesives. As seen above, the brush-like architecture achieves a wide range of properties within a
single chemistry, but altering the chemistry opens opportunities for new materials with specialized
responsive and adaptive properties. In the immediate future the work presented in Chapter 5 will
be used to establish a set of universal rules wherein mechanical behavior can be analyzed using
Equation 5.3 and reproduced via a program brush-like mimic. To build on this the effects of
chemical interactions and physical crosslinking seen in Chapter 4 will be added to the complexity
of control mechanisms. | believe that this body of work has successfully laid the ground work for

this ambitious future project and represents a significant addition to the field of materials research.
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