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ABSTRACT

Bottlebrush polymers represent a unique molecular architecture and a modular
platform for materials design. However, the properties and self-assembly of bottlebrush
polymers remain relatively unexplored, in large part due to the synthetic challenges imposed
by the sterically demanding architecture. This thesis describes our work to close this gap,
connecting (1) the synthesis of polymers with precisely tailored molecular architectures, (2)
the study of fundamental structure-property relationships, and (3) the design of functional
materials.

Chapter I introduces key concepts related to polymer architecture and block polymer
phase behavior. Recent developments in the synthesis and self-assembly of bottlebrush block
polymers are highlighted in order to frame the work presented in Chapters 2—6.

Chapter 2 introduces a versatile strategy to design polymer architectures with
arbitrary side chain chemistry and connectivity. Simultaneous control over the molecular
weight, grafting density, and graft distribution can be achieved via living ring-opening
metathesis polymerization (ROMP). Copolymerizing a macromonomer and a small-
molecule co-monomer provides access to well-defined polymers spanning the linear, comb,
and bottlebrush regimes. This design strategy creates new opportunities for molecular and
materials design.

Chapter 3 explores the physical consequences of varying the grafting density and
graft distribution in two contexts: block polymer self-assembly and linear rheological
properties. The molecular architecture strongly influences packing demands and therefore
the conformations of the backbone and side chains. Collectively, these studies represent
progress toward a universal model connecting the chemistry and conformations of graft
polymers.

Chapter 4 discusses the phase behavior of ABA' and ABC bottlebrush triblock
terpolymers. Low-y interactions between the end blocks promote organization into a unique
mixed-domain lamellar morphology, LAMp. X-ray scattering experiments reveal an unusual

trend: the domain spacing strongly decreases with increasing total molecular weight. Insights
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into this behavior provide new opportunities for block polymer design with potential
consequences spanning all self-assembling soft materials.

Chapter 5 describes other physical consequences of low-y block polymer design. The
ternary phase diagrams for ABC, ACB, and BAC bottlebrush triblock terpolymers reveal the
influences of low-y A/C interactions, frustration, and the molecular architecture. Potential
non-equilibrium effects and crystallization in these bottlebrush polymers will also be
discussed.

Chapter 6 describes applications of bottlebrush polymers as functional materials.
Self-assembly enables mesoscale structural control over many materials properties, such as
reflectivity, conductivity, and modulus. The synthetic methods (Chapter 2) and physical
insights (Chapters 3—5) provided in previous chapters illustrate opportunities for materials
design. We will discuss AB brush diblock polymers that self-assemble to photonic crystals
and ABA brush triblock copolymers in solid polymer electrolytes.
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SAXS patterns corresponding to the annealed graft block polymers: (4)
BP-1, (B) BP-2, (C) BP-3. The white “x” indicates the first-order
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Schematic illustration of the relationships between chain dimensions and
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DME!?),-b-(PS?-r-DBE! %), with variable total backbone degrees of
polymerization (Mwb = 2n) and grafting densities (z). (4) Stacked 1D
azimuthally averaged SAXS profiles for z = 1, indicating well-ordered
lamellar morphologies. (B) Experimental data for the lamellar period
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lines). (C) Plot of the scaling exponents (a) as a function of z. A
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(PLA?-7-DBE!?),-b-(PS*-r-DBE! ), of variable backbone degrees of
polymerization (Nob = 2n = 82-533) and grafting densities (z = 0.75,
0.50, 0.35, 0.25, 0.15, 0.12, 0.06, and 0.05). ......cceeereerereneireireneerrenene
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unfilled circles correspond to data for System I (z=1.00), in which the

side chain molecular weights are slightly higher............c.cc.cocovnnnne.

Plots of predicted Nwb required to access d* = 200 nm as a function of

grafting density (z) for (4) System I and (B) System Il.................cccc.c.e.

Figure 3.9: Analysis of scaling trends with grafting density (z) for (4) System I and
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Figure 3.11:
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Figure 3.13:

Figure 4.1:

Figure 4.2:

(B) System I1. (top) Experimentally determined values and lines of best
fit for the scaling exponent (a) versus z. The lines intersect at a critical
ze, associated with a transition in the backbone stiffness. In (b), the
unfilled circle (z = 1.00) indicates data for System 1. (bottom)
Calculated root-mean-square end-to-end distances, normalized by the

backbone statistical segment length (R2/a0), fixing Nob = 100. ................

Reduced zero-shear viscosity (70 / ar) versus Mw for six series with
varying grafting density, z. Unentangled and entangled polymers are
shown with open and filled symbols, respectively. Power-law fits are
shown corresponding to Rouse (dotted line) or reptation (solid line)

SCALINE. .ttt

Dependence of the plateau modulus of graft polymer melts normalized
by the plateau modulus of the analogous linear melt (Ge/ Gejin) on the
average backbone length between grafts (ng). Different conformational
regimes are identified as a function of ng at constant Nsc. (4) Regimes
predicted by Daniel et al. based on theory.>® Adapted with permission
from Nature Publishing Group. (B) Experimental data for (PLA-7-

DME! %) @raft POLYMETS. .....o.ovveeeeeeeeeeeeeeeeeeeee e senes e

(4) Hlustration of a comb polymer at low grafting density, in which the
backbone and side chain are both unperturbed Gaussian coils. The
unperturbed backbone length between grafts, Lgo, and side chain
diameter, dsc, are indicated. (B) Entanglement data plotted as Ne,bb / Ne,lin
versus dsc/ Lg. The black and blue lines correspond to the low- and high-
z limits, respectively. When dsc/ Lg > 1, steric repulsion between the side

chains reduces the density of entanglements.............ccccecererineninencnennenn

Direct comparison of the static and dynamic consequences of grafting
density, z. (left axis, red) Scaling exponent o describing the change in the
block polymer lamellar period with total backbone degree of
polymerization (d* ~ Nvv*). (right axis, blue) Normalized backbone

degree of polymerization between entanglements (Nebb / Nelin). .ooveevennennee.

Molecular structures and relative interaction parameters for (4) LSO and

(B) LSL' brush triblock polymers. .........cccoeeirererieenenieeneeneneeneeeeseenen

Schematic of realistic LSO* chain dimensions used in SCFT calculations.
The side chains are not expected to extend significantly more than their
unperturbed end-to-end distance Roy = ayN,'"> (where ay is the statistical
segment length and Ny is the degree of polymerization of y =L, S, or O).
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Figure 4.8:

Figure 4.9:

The backbone is treated as a worm-like chain of constant persistence

length & and fixed contour length L...........ccccooevirinininiiiiiceeeeeeee,

(4) TEM of LSO* stained with RuOa. (B) Relative contrast from the
stain, relative widths of corresponding layers observed by TEM, and side
chain volume fractions measured by 'H NMR. (C) One LAM3 period
with the expected ABCB domain connectivity and layer widths based on
data in (B). (D) One LAMp period observed in (A4), exhibiting

mesoscopic ACBC domain coOnNECctiVIty.........cocevueererieereneeereeneneeeneenees

Illustrations and SCFT data distinguishing LAM3 and LAMp
morphologies. In A—D, the light, medium, and dark gray layers represent
PLA, PS, and PEO (or mixed PLA/PEQO) domains, respectively. (4, B)
LSO chain packing in (4) LAMs and (B) LAMpr. (C, D) SCFT
composition profiles for LSO* within one normalized lamellar period
(z/dv), where ¢(z) is the relative segment concentration of each
component. (C) yac > y*: LAM3 with d* = 43.5 nm. (D) yac < x“: LAMp
with d* =25.6 nm. (E) SCFT calculations of the normalized free energy
(top) and domain spacing (bottom) versus yac = yLo for LSO*. The
transition from mixed (LAMp) to unmixed (LAM3) morphologies is
first-order, occurring at a critical value x© (dotted line); for yas = 0.080

and yBc = 0.049, 5 = 0.000. ......coorrreierrreeeeeereeeee e

Lamellar periods (d*) versus normalized molecular weight for brush LSO
(this work) and linear ISO and SIO triblock terpolymers (literature data).
Calculated exponents (best fit) to the power law d* ~ M* are included for
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Consequences of varying end block length Nx in LSL' and LSO. (4)
Domain spacing d*. (B) Apparent PLA glass transition temperatures

(T%); for all samples, a single 7 (Tgpro < Tg < TgpLA) Was observed..........

[Nlustration of chain pullout to explain the trends in d* for LSL' and LSO
brush triblock polymers with varying end block length (equivalently,
varying molecular asymmetry). Linear chains are depicted to aid
visualization. As the end block length Nx increases from a fixed parent
LS diblock, d* decreases (here, D* = d*/d* ¢, where d* g is the period

of the parent LS diblock). (4) X = A" (LSL"): short PLA end blocks pull
out of PLA domains into PS domains. (B) X = C (LSO): short PEO end

blocks pull out of mixed PLA/PEO domains into PS domains. ..................

(4) Brush LSO triblock terpolymers samples prepared for reflectivity
measurements: Nc =8, 12, 16, 20 (Table 4.1). (B, C) Reference samples,
including (B) brush diblock copolymers (SO and LS) and (C)
homopolymers of each component (i.e., brush PLA, brush PS, brush

PEO, and the polynorbornene backbone). ...........cccecevvererineninenininieenee

Representative atomic force micrographs (AFM) corresponding to spin-
coated films of LSO-0 on silicon. (4) Under many conditions, the films
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Figure 4.11:

Figure 4.12:

Figure 4.13:

Figure 4.14:
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Figure 5.1:

dewetted, forming islands and holes. The commensurability conditions
differ for brush and linear block polymers. (B) Under optimized
conditions, the films wet the SUbStrate. ..........ooooveeiiiiiiiiie e,

(4) Experimental (black circles) and simulated (red lines) reflectivity
profiles determined for LSO-12 at three different energies: 286, 284, and
270 eV. (B) Composition profile for LSO-12 determined from
reflectivity measurements. The red, green, and blue colors highlight the
correspondence between each block and its SLD. .......cccccvevinineininieennee.

Composition profiles for LSO-12 determined by (4) fitting experimental
reflectivity data or (B) SCFT. The relative segment concentrations of
each component are provided over one normalized lamellar period (z /
d*). (4) Profiles were determined from RSoXR measurements at 270 eV
(—), 284 eV (--.), and 286 eV (....); see Figure 4.10. (B) Profiles were
calculated for PLA (red), PS (green), and PEO (blue). Comparison of
reflectivity and SCFT profiles indicate close agreement between the
measured and predicted results. .........cooevirieinieiiieeeee

NEXAFS analysis of LSO-12 at the carbon edge. Arrows indicate
transitions for PS (C=C ls—nr* for the aromatic rings, £ = 284.5 eV)
and PLA (C=0 1s—m* for the carbonyl, £ =288 V). ...cceecvvvvrvreriereenee.

SCFT composition profile for LSO-12 within one normalized lamellar
period (z / d*), where @#z) 1is the relative segment concentration.
Calculated profiles for PS (green) and the backbone (black) are shown;
PLA and PEO are not included. (See Figure 4.11B.) A schematic
illustration of midblock configurations is provided. The arrow indicates
a decrease in the backbone concentration at the center of the PS domain,
suggesting a large fraction of looping midblocks. ...........ccceveeerirerennennnne.

Schematic illustration of chain configurations over one lamellar period
(d*) for LSO-8 (left) and LSO-12 (right). Relevant length scales are
indicated, including d*, the thickness of the mixed PLA/PEO layers
(di+o), the thickness of the PS layers (ds), and the average distance
between block junctions at the interface (aij). .......cooeverererenencncnenencne

(4, B) Configurations of looping midblocks inferred from reflectivity
measurements for (4) LSO-8 and (B) LSO-12; see also Figure 4.14. As
Nc increases from 8 to 12, the thickness of the PS domain (ds) decreases.
A concomitant increase in the average distance between block junctions
at the interface (aj) is expected. (C) Like SAXS, RSoXR enables
determination of d*. However, RSoXR provides additional information
due to its sensitivity to chemical cOmpoSItion..........ccceevvevveevienieeciereeienenee.

Schematic illustrations of the diverse morphologies identified for linear
ABC triblock terpolymers. Variations in the block sequence and block
volume fractions create an enormous parameter space for materials
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Scheme 5.1: Synthesis of LSO brush triblock terpolymers by ring-opening metathesis

polymerization (ROMP). The block sequence, backbone lengths, and

side chain lengths can be readily varied. .........ccccceeeverieiiniienieieeeeee

Figure 5.2: Ternary phase diagram for reported /inear ABC triblock terpolymers with

Figure 5.3:

similar frustration (Type II) as LSO. The vertices each represent 100%
pure A, B, or C by volume; moving away from a vertex in any direction
represents decreasing the volume fraction of the corresponding
component. The examples include linear PS-6-PB-6-PMMA and PS-b-

P(E-co-B)-b-PMMA triblOCKS. ......ccvruiieiriiieiirieieiceeeeeeeeeee e

Ternary phase diagram for LSO brush triblock terpolymers. The vertices
each represent 100% pure PLA (L), PS (S), or PEO (O) by volume. Each
symbol represents a brush LSO triblock synthesized, annealed, and
studied by SAXS. The colors indicate different morphologies: (red)
disordered, (green) lamellar, (blue) hexagonally packed cylinders. The
shapes indicate different side chain lengths: in the legend on the right,
each triplet indicates [ML, Ms, and Mo], where M; is the number-average
molecular weight (in kg/mol) of each side chain i. Unfilled symbols

indicate samples that could not be unambiguously assigned by SAXS. ....

Figure 5.4: ABC triblock terpolymers can be classified according to the relative

magnitude of yac. (A—C) Each circle above represents a block, connected
A-B-C from left to right. The contrast between circles represents the
relative magnitude of y; that is, black and white is the highest-contrast
pair and therefore represents the highest-y interaction in the system. (4)
If yac is the smallest interaction parameter, the system experiences Type
II frustration. (B) If yac is larger than one of, but not both, ysc and yas,
the system experiences Type I frustration. (C) If yac is the largest

interaction parameter, the system is non-frustrated...........ccccoceevevereneenene.

Figure 5.5: Ternary phase diagrams for (4) brush SLO and (B) brush LOS triblock

Figure 5.6:

terpolymers. The colors indicate different morphologies: (red)

disordered, (green) lamellar, (blue) hexagonally packed cylinders............

SAXS data for an LSO brush triblock terpolymer (Na = 25, Nz =22, Nc
= 5) obtained upon heating from 25 to 200 °C at 1 °C/min. The lamellar
morphology (LAMp) is stable throughout the entire experimentally
accessible temperature range. d* varies slightly (<5%) over this range.
No order-disorder transition is observed at any temperature below the

onset Of dECOMPOSILION. ...evverieieierieriiiieieeteeteete ettt ere e ere e

Figure5.7: Variable-temperature SAXS measurements for (4) LSO-14 and (B) LSO-

4. Samples were heated without pressure at 2 °C/min from 25 to 200 °C,
then cooled back to 25 °C at 2 °C/min. Red and blue traces correspond
to measurements before and after heating, respectively. (4) When Nc is
long, the peaks become sharper on heating, but otherwise no changes are
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Figure 5.8:

observed with temperature. (8) When Nc is short, features consistent

with HEX emerge on heating............cccoevevvevienininineeneeeceeeeeeeeeeeeee

Azimuthally integrated 1D SAXS data for an LSO triblock terpolymer
(Na=25, Ns=22, Nc=5) annealed in four different ways: (4) Thermally
annealed at 140 °C between Kapton under modest applied pressure; (B)
thermally annealed at 140 °C in a DSC pan with no applied pressure; (C)
dropcast from DCM onto a glass cover slip; and (D) channel-die
alignment at 140 °C. SAXS data corresponding to all methods indicate
the same morphology (LAM) and period (= 0.5 nm). Note that the
discontinuity at ¢ = 0.065 A in (4) is due to a mask applied when

averaging the raw 2D data. ........cceeveierierieniiniee e

Figure 5.9: Wide-angle X-ray scattering (WAXS) data for the PEO macromonomer

Figure 5.10:

Figure 5.11:

(MM, i.e., linear PEO), brush PLA-PS parent diblock (LSO-0), and 6
selected LSO-Nc triblock terpolymers that self-assemble to LAMp.
(These data were obtained at 25°C; variable-temperature WAXS data is
provided in Figure C.15.) Reflections at 26 = 19.1° and 23.2° for LSO-
Nc (¥, inset) and PEO MM match the (120) and (032) reflections from
a monoclinic PEO lattice.*® The parent diblock (LSO-0), which contains
no PEQ, is amorphous as expected. Crystallization is suppressed in the
LSO brush triblock terpolymers compared to neat PEO. (Note: Minor
peaks at 31.1° and 36.1° are artifacts present in every sample due to the

geometry Of the StAZE.) ...ccviieieieieieieeeeceeeee e

Raw 2D SAXS (left, middle) and WAXS (right) data for LSO-Nc brush
triblock terpolymers. The same set of samples was measured either (/ef?)

3 days after annealing or (middle, right) 365 days after annealing.. ...........

Changes in d* over one year (2016-2017). d*(2017) / d*(2016) is the
ratio of d* measured by SAXS 365 days after annealing and d* measured
3 days after annealing. When the backbone length of the PEO block is
short (Nc < 12), no significant change in d* is observed over time.
However, when Nc is long (Nc > 14), d* decreases, concomitant with

crystallization of the O blocks observed by WAXS. .......ccoviiiiininininnn.

Figure 5.12: Azimuthally averaged 1D WAXS data for LSO-Nc, measured 365 days

after annealing. Reflections consistent with PEO crystals are observed
for Nc > 14 (120 at ¢ = 1.36 A™'; 132,032,212,112at ¢ = 1.67 A™").

Traces have been shifted vertically for clarity. .........ccoceveririnininininenen,

Figure 5.13: Potential types of confined crystallization in the self-assembly of block

polymers with one amorphous block and one semicrystalline block. The
glass transition temperature (7) of the amorphous block, together with
the crystallization temperature (7¢) of the crystallizable block, determine
three cases for confinement (right): hard, soft, and crystallization-

induced microphase SePATAtION. ..........ecuevveriererererieieeeee e
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Figure 5.14:

Figure 5.15:

Figure 5.16:

Figure 6.1:

Figure 6.2:

Scheme 6.1:

Figure 6.3:

Figure 6.4:

Figure 6.5:

(4) Geometry of the wide-angle X-ray scattering stage. The lamellar
normal7zis parallel toZz and perpendicular to the x— p plane. Samples

were measured with the X-ray beam along x. (B) Fiber pattern of PEO

crystals, constructed by rotating the reciprocal lattice along the c-axis.. ....

Schematic illustrations of orientations of PEO crystallites with respect to
the lamellar normal, 7. The X-ray beam is along X, and the gray planes
represent the interface between PLA/PEO and PS domains. (A4)
Homeotropic alignment: the c-axis of the crystals is parallel to 7. (B)
Homogeneous alignment: the c-axis is perpendicular to 7. (C) Random:

no preferred orientation 1S 0bSETVEd. ........ccevveviieieriieiereeeeee e

Comparison of the (left) 2D WAXS data along x, (middle) PEO crystal
orientation, and (right) inferred brush backbone orientation. (4) Nc = 12:
homeotropic alignment is observed. ¢ / n suggests that the PEO block
backbone is orthogonal to 7. (B) Nc = 26: homogeneous alignment is
observed. ¢ Ln suggests that the PEO block backbone is parallel to 7.
(C) Nc = 30: random orientations are observed, consistent with the HEX

morphology identified by SAXS. .....coioiioieeee e

The wavelength of reflection (1) increases linearly with the lamellar
period (d*), which in turn scales with the total block polymer molecular

WEIZNE (M) ettt sttt beesaeaeene s

Predicted lamellar periods (d*) for (4) z = 1.0 and (B) z = 0.5 block
polymers with the same number of side chains (zNvb = 100). Comparing
A and B indicates that decreasing z from 1.0 to 0.5 but maintaining the

same number of side chains increases d* by 30%. .....ccoceverereereneenenne

Synthesis of block polymers with polyhedral oligomeric silsequioxane

(POSS) and octadecyl (C18) side chains by sequential ROMP. ................

Scanning electron micrographs of cross-sections of POSS-5-C18 films.
See Table 6.1: (4) Entry 2, (B) Entry 3, and (C) Entry 4. Ruthenium

tetroxide (RuO4) was used to preferentially stain POSS domains. ............

Brush block polymers self-assemble to lamellar arrays with large periods
(d*). Blending with low-molecular-weight linear homopolymers
(identical to the side chains of the brush polymer) swells the structures,

INCTEASING ™. ..ottt

(4) Scanning electron micrographs of cross-sections of (PLA)143-b-
(PS)155 brush block polymer films with ¢up = 0, 0.30, 0.45, 0.55, 0.65,
and 0.68 (left to right). Below each image is a plain-view photograph
showing increasing A with increasing ¢up. Scale bars are 500 nm. (B) d*
increases with added homopolymer (HP). d* values were obtained by
SAXS and correspond to the films in 4. (C) SCFT composition profile
showing the relative concentrations [¢(z)] of brush block polymer and
HP segments within one normalized lamellar period (z / d*). The profile
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corresponds to the gup = 0.45 sample in A—B. Blue: PS brushes and HP;
green: PLA brushes and HPr; red: polynorbornene backbone. Solid
lines correspond to the brush polymer, and dashed lines correspond to

| 5 1 T

Figure 6.6: Plots of d* versus Nyb for graft block polymers and blends with symmetric

equivalents of linear homopolymers. ¢rl is the relative backbone
concentration. A (red circles) represents neat z = 1.00 block polymers
(¢ret = 1.0, A1-AS); B (vellow circles) represents neat z = 0.75 block
polymers (¢ret = 1.3, B1-B4); and C (green circles) represents neat z =
0.50 block polymers (¢rel = 1.9, C1-C4). B and C were each blended
with sufficient amounts of homopolymer to dilute ¢rel to 1.0 (unfilled
triangles). Each series was fit to a power law (d* ~ Nvv*), and the scaling

exponents a are provided in the upper right corner. ............cccoeceveruenuennene.

Figure 6.7: Plots of d* versus Nob for graft block polymers and blends with symmetric

Figure 6.8:

equivalents of linear homopolymers. ¢rl is the relative backbone
concentration. B (yellow circles) represents neat z = 0.75 block
polymers (¢rel = 1.3, B1-B4); C (green circles) represents neat z = 0.50
block polymers (¢ret = 1.9, C1-C4); and E (blue circles) represents neat
z=0.25 block polymers (¢rel = 3.3, E1-E7). C and E were each blended
with sufficient amounts of homopolymer to dilute ¢rel to 1.3 (unfilled
squares); E was also blended to reach ¢ret = 1.9 (unfilled diamonds).
Each series was fit to a power law (d* ~ Nvb”), and the scaling exponents

o are provided on the right. ...

(left) Schematic illustration and (right) chemical structure of gPS-gPEO-
gPS (SOS) brush triblock cOpolymers..........cccvevieviereenierieneeieseeeeeeenie.

Figure 6.9: Differential scanning calorimetry data for SOS brush triblock copolymers

as functions of LiTFSI loading: (4) gPS11-gPEO7s-gPS11 and (B) gPSis-
gPEO119-gPS1s. Traces are shown for a 5 °C/min ramp rate on heating

and are shifted vertically for clarity..........ccocooveverininininiee,

Figure 6.10: Normalized ionic conductivity (¢/omax) for gPS11-gPEO7-gPS11/LiTFSI

Figure 6.11:

and gPS15-gPEO119-gPS15/LiTFSI blends, relative to linear PEO (Ma =

300 KDA). 1vveeooeeeerreeeeseeeeeeeeeeeeeeeeeeeeseessessese e eeeeseesesesseeeeees e eeeeeeees

Dynamic mechanical analysis of neat gPS11-gPEO7s-gPS11, presenting
the storage (G') and loss (G") moduli as functions of temperature and

TTEQUENCY ((0). ceveeeveeieieeeieieeee ettt et st

Figure 6.12: (A4) Brush polymer ion gels were prepared by blending gPS-gPEO-gPS

brush triblock copolymers with an ionic liquid, [BMI][TFSI].
Disordered micelles of gPS in a continuous matrix of gPEO and
[BMI][TFSI] result. (B) Azimuthally averaged small-angle X-ray
scattering data from four different gPS-gPEO-gPS brush block
polymers at polymer concentrations ¢sos = 0.33. The backbone degrees
of polymerization for each block are provided. Solid block lines
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represent fits to a model using a hard sphere form factor and Percus-
Yevick structure factor. Traces are shifted vertically for clarity. ................ 169

Figure 6.13: Dynamic mechanical analysis of ¢sos = 0.16 ion gels containing gPSis-
gPEO119-gPS15 (red) or gPS3-gPEOss-gPSs (black) at 25 °C, presenting
the storage (G") and loss (G"") moduli as functions of frequency ().......... 170

Figure 6.14: Ionic conductivities for brush polymer ion gels, normalized to neat
[BMI][TFSI]. Closed and open symbols represent gPS3-gPEQOss-gPSs
and  gPSis-gPEO119-gPSis  samples,  respectively.  Polymer
concentrations are 9 (0 and m), 16 (A and A), 23 (o and @), and 29 wt%

Figure 6.15: Electrocatalytic reduction of CO2 to CO in gPS-gPEO-gPS brush
polymer ion gels. The catalyst, Re(bpy)(CO)sCl, dissolves in the
continuous gPEO / [BMI][TFSI] MatrixX. .....c.cccceveeeereerienienieeiesieeeesieennns 172

Figure 6.16: Cyclic voltammetric scans of brush polymer ion gels comprising gPSis-
gPEO119-gPS15, [BMI][TFSI]. (4) Ion gels containing no additives
(black); 14.3 mM Fc (green); or 14.3 mM Fc and 15.3 mM CoCp2*
(blue). (B) Ion gels containing 14.3 mM Fc and 1 atm CO:2 (black); 5
mM Fc and 10 mM Re(bpy)(CO)3Cl (blue); or 7.1 mM Fe, 14.3 mM

Re(bpy)(CO)3Cl, and 1 atm CO2 (Feen). .....eveueveeeereeieirieireieeeeeeeenes 173
Scheme A.1: Synthesis of cis-5-norbornene-exo-dicarboxylic anhydride (A.1). ........... 179
Scheme A.2: Synthesis of N-hydroxyethyl-cis-5-norbornene-exo-dicarboximide

INIEIALOT (AL2). ooiieiiieiiie ettt e e et e e et e e s re e e sbeeeeaseeeeaneas 180
Scheme A.3: Synthesis of w-norbornenyl poly(p,L-lactide) (PLA) macromonomer......180
Figure A.1: '"H NMR spectrum of PLA macromonomer in CDCls..............c.ccocovunev.e 181
Scheme A.4: Synthesis of N-propargyl-cis-5-norbornene-exo-dicarboximide (A.3). ....182
Scheme A.S: Synthesis of PS-Br (A.4) by atom-transfer radical polymerization........... 182
Scheme A.6: End group conversion: PS-Br to PS-N3 (A.5) c.cooeviiniiiiniiiiiniceee 183
Scheme A.7: Synthesis of w-norbornenyl polystyrene macromonomer (PS). ............... 184
Figure A.2: '"H NMR spectrum of PS macromonomer in CDCls...........c.ccccevevererunnesne, 185
Scheme A.8: Synthesis of N-(hexanoic acid)-cis-5-norbornene-exo-dicarboximide

. N ) TSRS 185
Scheme A.9: Synthesis of w-norbornenyl poly(dimethyl siloxane) macromonomer

(PDIMIS). ettt ettt ettt e e e se e ne e 186
Figure A.3: '"H NMR spectrum of PDMS macromonomer in CDCls. .............co.o........ 186
Scheme A.10: Synthesis of w-norbornenyl poly(ethylene oxide) macromonomer

(PEO). .ttt sttt et st 187
Figure A.4: 'H NMR spectrum of PEO macromonomer in CDCls. ............cccco.......... 187

Scheme A.11: Synthesis of endo,exo-norbornenyl diester diluents (1a—1d). 188
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Scheme A.12: Synthesis of endo,exo-norbornenyl diester diluents (1e—1j). .................. 188
Scheme A.13: Synthesis of endo,endo-norbornenyl diester diluents (2a-2d)................ 189
Scheme A.14: Synthesis of exo,exo-norbornenyl diester diluents (3a-3d). ................... 190
Scheme A.15: Synthesis of endo-norbornenyl imide diluents (4a—4¢)...........ccceuvennenne. 190
Scheme A.16: Synthesis of exo-norbornenyl imide diluents (5a—5¢)..........ccccveerurennnnne. 191

Figure A.5: Differential scanning calorimetry (DSC) data for PSi00, DBE100, and
two copolymers thereof: (PS100-6-DBE100) and (PS>-ran-DBE®-)x0.
The data were collected on the second heating cycle using a 10 °C/min
ramp rate, and glass transition temperatures (7g, open circles) were
identified from the corresponding derivative curves. Both copolymers
exhibit a single 7 between the Tgs of the pure components, indicating
successful incorporation of both PS and DBE. The Ty of PSioo-b-
DBE 00 (which has a guaranteed blocky sequence) differs from the 7
of (PS**-ran-DBE%%)0 in terms of both position and shape,
suggesting that (PS*>-ran-DBE")x00 is at least not blocky and instead
likely random as eXpected. ........cocuevvvieriieiiienieeieesie et 193

Figure A.6: Stacked 'H NMR spectra obtained during the pyridine titration
experiments. To an NMR tube containing a CD2Cl2 solution of the
monopyridine complex (11.2 mM) was titrated with a CD2Cl2 solution
containing both pyridine (1.47 M) and the monopyridine complex
(11.2 mM). The concentration of the monopyridine complex remained
constant during the titrations. The chemical shifts of the benzylidene
'H resonance was monitored at 298 K and could be employed to fit the
pyridine binding constant (Kbinding = 1/Keq,1). cveeeeeeereienienienenenenenenene 195

Figure A.7: ROMP of 5a (left) and 5b (right) in CH2Cl2 at 298 K showing the rate
dependence on [G3]o (maroon: [G3]o = 0.5 mM, blue: [G3]o = 0.05
mM, green: [G3]o = 0.025 mM). The slope corresponds to the kobs (s
1). These polymerization reactions have the same [Sa]o/[G3]o and
[Sb]o/[G3]o ratio of 100. Time-lapse kinetic traces were obtained using
our standard homopolymerization procedure............cccccveererveercrveencreeennen. 197

Figure A.8: SEC traces for PDMS + diluent copolymerizations at full conversion. .....201

Figure A.9: SEC traces for PS + diluent copolymerizations at full conversion. ............ 202
Figure B.1: '"H NMR spectra of the co-monomer mixtures for each (PLA%!-7-
DME®%), sample (Table 3.3) prior to initiation. .............ccoevveeerveererrerernnne. 206
Figure B.2: SEC traces for graft block polymers BP-1, BP-2, and BP-3, indicating
essentially identical molecular weights and dispersities...........cccoeeeveenennens 208
Figure B.3: 'HNMR data for graft block polymers BP-1, BP-2, and BP-3, indicating
essentially identical chemical compositions (f = 0.5). .....ccceevevererenenennens 209

Figure B.4: Raw 2D SAXS data for System I. Compare sample IDs in Table 3.1........ 210



Figure B.5: Raw 2D SAXS data for z = 0.05 graft polymers: (a) (PLA%%-p-

DME"**)20, (b) (PS*%-7-DBE®)200. These polymers correspond to
each block of the lowest-grafting-density samples investigated herein.
Even at large Nvb, no evidence of microphase separation is observed,
suggesting that each block is effectively homogeneous. To a first
approximation, y between the backbone and side chains does not appear

SIZNITICANL. ..evvivieeiecieeieetcete ettt e s te e te e e et e esaesreenaesaeeaeenseseensenns

XXX

214

Figure B.6: Raw 2D SAXS for System II. Compare sample IDs in Table 3.2............... 215
Figure B.7: SEC traces for (PLA*7-DME'?), graft polymers, where z = (4) 1.00,

(B) 0.50, (C) 040, OF (D) 0.25. covvvvvoeeeeeeeeeeeessesesessoeceeeeeeeeeeeeeeessessessssssssse

Figure B.8: Van Gurp-Palmen plots of the highest-Mw (i.e., most-entangled) sample

Scheme C.1:

FOT CACK Z. .ot e e e e e e e e e e e e e saeeesaeee

Synthesis of brush triblock polymers by ring-opening metathesis
polymerization (ROMP): (4) LSO, (B) LSL'. Red, green, and blue
structures represent poly(p,L-lactide) (L), polystyrene (S), and
poly(ethylene oxide) (O) side chains, respectively. This color scheme is

USEd 1N ALl fIGUIES. ..ot

Scheme C.2: Synthesis of LSO-Nc brush triblock terpolymers with guaranteed tixed

Na and Ns. A large batch of the PLA macromonomer (L MM) is
polymerized by ROMP to the L brush homopolymer. Addition of the
PS macromonomer (S MM) to the same flask obtains a parent LS brush
diblock copolymer with controlled Na and Ns. The solution of LS is
split to 10 vials, and an appropriate volume of a stock solution of PEO
macromonomer (O MM) is added to each vial. In this way, 10 different
LSO brush triblock terpolymers are obtained, each with the same Na
and Ns and variable Nc. LSL' brush triblock copolymers were
synthesized in the same way (replacing O MM with L MM in the last

7<) ) SO TSRS

Figure C.1: Size-exclusion chromatogram (SEC) of LSO* (Na =28, N =27, Nc =

5). The peaks are unimodal and narrow, indicating low molar mass
dispersity. Complete consumption is observed at each stage prior to

addition of subsequent blOCks...........ccevevieriinininie,

Figure C.2: SEC traces of 10 LSO-Nc triblock terpolymers with fixed Na and Ns and

Figure C.3:

Figure C.4:

variable Nc. For these triblocks, Na = 26, N = 24, and 0 < Nc < 20

(TADIE 4. 1). ettt

SEC traces of 10 LSL'-Na' triblock copolymers with fixed Na and Ns
and variable Na'. For these triblocks, Na =30, Ng =28, and 0 < Na <24

(TADIE 4.2). oo oo eeeeeeeeee e eesessseseeeeee e

(4-C) TEM images of different sections of LSO*. (D) Higher-
magnification image of one area in (C). All images show a three-color,
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Figure C.5:

Figure C.6:

four-layer lamellar morphology with the same relative domain

thicknesses and contrast. Compare Figure 4.3A. .......ccocovevirivenenenennnn

Structures and relevant domain spacings indexed by SAXS. Black and
white layers represent two different domains; for simplicity in
visualizing the parameters, only two domains are illustrated for lamellae
(whereas LAM3 and LAMp each have three domains). The substrate is
shown at the bottom of each sample, and the arrow indicates the
direction of the X-ray beam. (4) LAM stacked normal to the beam. The
relevant spacing is d*, the lamellar period discussed in this report. (B)

LAM stacked in-plane with the beam. The relevant spacing is d. ............

Raw 2D SAXS data for LSO-Nc indexed (/eff) to the P1 space group
along the perpendicular direction, corresponding to lamellae stacked
normal to the beam (LAML.) and (right) to the P1 space group along the

parallel dIreCtiON. ........ocuieieriieieeeeeeeee e

Figure C.7: Azimuthally integrated 1D SAXS patterns for LSO-Nc (fixed Na, Ns and

Figure C.8:

Figure C.9

Figure C.10:

Figure C.11:

variable Nc), which obey d* ~ M ¥ The large change in the position
of g* (and therefore d* = 2m/g™*) across the series is emphasized by the
gray box. All traces correspond to samples that self-assemble to

majority LAM. Compare Fig. C.10 (LSL"). c.coceveiininiiiiicincececceee

TEM images of (4) LSO*, (B) LSO-4, (C) LSO-10, and (D) LSO-14.
All self-assemble to lamellar morphologies, consistent with SAXS. For
LSO-Nc, the domain spacings were calculated by averaging over 20
periods, and the same trend is observed by TEM and SAXS. As Nc
increases, d* decreases: d*(LSO-4) = 19.1 nm, d*(LSO-10) = 17.8 nm,
d*(LSO-14) = 17.7 nm. The magnitudes of the periods are smaller than
those obtained from SAXS, likely due to compression of the sample
upon sectioning. The three-phase contrast is clear for LSO* but is

challenging to obtain for all Images. ........cccccevveverieineinencneeeee

Raw 2D SAXS data for LSL'-Na' indexed (/ef?) to the P1 space group
along the perpendicular direction, corresponding to lamellae stacked
normal to the beam (LAM.) and (right) to the P1 space group along the

parallel dIrECtION. ........couiiuiriiiieiieieeee e

Azimuthally integrated 1D SAXS patterns for LSL' brush triblock
copolymers with fixed Na and Ns and variable Na. The LSL' series was
synthesized from a common parent LS diblock in the same way as LSO
with variable Nc. The large change in the position of ¢* (and therefore
d* = 2m/q*) across the series is emphasized by the gray box. All traces
correspond to samples that self-assemble to majority LAM (i.e., LAM>).

Compare Figure C.7 (LSO). .coovieiiieieieeeeeeeeeeeeeeeee e

DSC data for 10 LSO-Nc triblock terpolymers (0 < Nc < 20). Traces
correspond to data collected upon heating from —85 °C to 120 °C at 20
°C/min. We note that under these conditions, the glass transitions of
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Figure C.12:

Figure C.13:

Figure C.14:

Figure C.15:

pure PLA, PS, and PEO are not observed. Open circles (©) indicate the
positions of Tg, determined from the corresponding derivative curves.
As Nc (and therefore the PEO content) increases, Tg decreases. Compare

Fig. C.12 (LSL'). ettt

DSC data for 10 LSL'-Na' triblock terpolymers (0 < Na' < 24). Traces
correspond to data collected upon heating from —85 °C to 120 °C at 20
°C/min. We note that under these conditions, the glass transition of PS
is not observed. Open circles (©) indicate the positions of Ty, determined
from the corresponding derivative curves. As Na' increases, the Tg

remains the same (£1 °C). Compare Figure C.11 (LSO). ...cccvevvvevenennene

SCFT composition profiles calculated over one lamellar period for two
triblocks that self-assemble to LAMp: (4) LSO-6 and (B) LSO-20. The
relative segment concentrations ¢(z) of each component are shown (red:
PLA, green: PS, blue: PEO). SCFT predicts a small proportion of PEO
blocks mixed in PS domains when Nc is small, consistent with the chain
pullout model for the unusual d* trend. Profiles were calculated using
xLs =0.080, yso =0.049, yLo=-0.010, and different C block dispersities

(10 (S O TP

SCFT composition profiles calculated over one lamellar period for a
linear LSO triblock terpolymer in which each block has the same
molecular weight as the corresponding block in LSO*. The relative
segment concentrations ¢(z) of each component are shown (red: PLA,
green: PS, blue: PEO). Compare Figure 4.4: both brush and linear LSO
triblock terpolymers show a transition from LAM3 to LAMp controlled
by the magnitude of yLo. Profiles were calculated using yLs = 0.080, yso
=0.049, and yro = 0.034 = 4° (the calculated transition between LAM3
and LAMp where each phase is equally stable). (4) For large yLo > x©,
SCFT predicts pure domains (LAM3). (B) For small yro < x¢, SCFT

PIEAICES LAMP. ..c.eioiiitieiieiieiieiieiteteteee ettt et eae e eae e eae s

Variable-temperature WAXS data for (4) PEO macromonomer (MM,
Mn=2000 g/mol) and (B) brush triblocks LSO-4 and LSO-14. For each
sample, the intensity at scattering vector so = 26 = 20.2° was determined
at 30 °C (before heating) and at 60 °C. At 60 °C, all samples are
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