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ABSTRACT

Grafting density and graft distribution impact the chain dimensions and physical properties
of polymers. However, achieving precise control over these structural parameters presents
long-standing synthetic challenges. In this chapter, we introduce a versatile strategy to
synthesize polymers with tailored architectures via grafting-through ring-opening
metathesis polymerization (ROMP). One-pot copolymerization of an w-norbornenyl
macromonomer and a discrete norbornenyl co-monomer (diluent) provides opportunities
to control the backbone sequence and therefore the side chain distribution. Toward
sequence control, the homopolymerization kinetics of 23 diluents were studied,
representing diverse variations in the stereochemistry, anchor groups, and substituents.
These modifications tuned the homopolymerization rate constants over two orders of
magnitude (0.36 M ' s™! < knomo < 82 M!s7!). Rate trends were identified and elucidated
by complementary mechanistic and density functional theory (DFT) studies. Building on
this foundation, complex architectures were achieved through copolymerizations of
selected diluents with a poly(p.L-lactide) (PLA), polydimethylsiloxane (PDMS), or
polystyrene (PS) macromonomer. The cross-propagation rate constants were obtained by
non-linear least squares fitting of the instantaneous co-monomer concentrations according

to the Mayo-Lewis terminal model. In-depth kinetic analyses indicate a wide range of
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accessible macromonomer/diluent reactivity ratios (0.08 < ri/r2 < 20), corresponding to
blocky, gradient, or random backbone sequences. Collectively, the insights provided herein
into the ROMP mechanism, monomer design, and homo- and copolymerization rate trends
offer a general strategy for the design and synthesis of graft polymers with arbitrary
architectures. Controlled copolymerization therefore expands the parameter space for

molecular and materials design.
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2-1 Introduction

Molecular architecture impacts the chemical and physical properties of all
polymers. Achieving precise control over the chain connectivity, sequence, and symmetry
presents synthetic challenges as well as rich opportunities for materials design. Over the
past several decades, advances in controlled polymerization have enabled the synthesis of
polymers with complex architectures.'* Graft polymers are a class of such nonlinear
architectures featuring polymeric side chains attached to a polymeric backbone. The
grafting density and distribution of grafts along the backbone determine the steric
interactions between side chains and in turn influence the physical properties. Graft

polymers display many unique properties compared to their linear analogues, such as

5-8 9-12

extended chain conformations,” increased entanglement molecular weights, and
architecture-dependent rheological behavior."*!® Recent studies have harnessed these

properties in a wide variety of applications in photonics,!”"!? drug delivery,?° transport, >
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24 and thermoplastics.>>® Continued progress in synthetic command over polymer

architecture enables further studies of structure-property relationships and inspires new
potential applications.

Graft polymers represent ideal platforms to study how chain connectivity defines
nanostructures and thereby physical properties. Despite the importance of grafting density

and graft distribution, synthetic strategies that permit precise control of these parameters

27-30 31-34

are currently limited. Grafting-to and grafting-from approaches require multiple
steps in which side chains are either attached to or grown from a pre-formed backbone.
Steric congestion along the backbone typically prevents precise control over the molecular
weight, grafting density, and side chain distribution. As a result, the synthesis of well-
defined architectural variants — let alone materials with variable chemical compositions —
is challenging. Grafting-through ring-opening metathesis polymerization (ROMP) closes
this gap by affording wide functional group tolerance and enabling simultaneous control
over side chain and backbone lengths.>>” In this chapter, we will first introduce a ROMP
strategy that provides access to polymers with uniform grafting densities spanning the
linear to bottlebrush regimes (Sections 2-2 to 2-7). We will then expand the scope of
architectural design to graft polymers with tapered and blocky graft distributions (Sections
2-8 to 2-11).

Our approach employs controlled copolymerization of a macromonomer and a
small-molecule diluent. The relative reactivity of the two co-monomers directly dictates
the spatial arrangement of the side chains. For example, if the macromonomer and diluent
copolymerize at approximately the same rate, the side chains are therefore uniformly
distributed along the polymer backbone (Figure 2.1A). Such polymers are widely termed
“cylindrical molecular brushes” due to their steric-induced stiffness and axes of
symmetry.*84? These cylindrical brushes can be modeled as wormlike chains with the same
average cross-sectional radius (Rc) along the entire backbone.** On the other hand, if
the macromonomer and diluent copolymerize at different rates, the resulting gradient
sequences are anticipated to template different side chain conformations. Depending on the
extent of side chain stretching, Rc varies and tapered, non-cylindrical molecular shapes

result (Figure 2.1B). Control over the co-monomer distribution therefore opens

opportunities to manipulate the chain dimensions and physical properties.
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Figure 2.1: Grafting-through ROMP of a small-molecule diluent (white) and a macromonomer (black). Since
the side chains (red) are connected to certain backbone units, control over the backbone sequence directly
determines the side chain distribution: (4) uniform, (B) gradient, etc. The anticipated average cross-sectional
radius of gyration (R.) is indicated. For ease of visualization, chains are illustrated in the limit of fully
extended backbones.

In this work, we provide the first demonstration that varying the stereochemistry
and steric profiles of discrete co-monomers enables the synthesis of well-defined polymers
with tunable grafting density and graft distribution. We will first discuss the
homopolymerization kinetics of three w-norbornenyl macromonomers and three discrete
norbornenyl diluents, then build complexity through controlled copolymerizations. Trends
in the homo- and cross-propagation rates will be outlined to provide guidance for the future
rational design of polymer architectures with arbitrary graft chemistry and distribution. In
Chapter 3 of this thesis, we will discuss the physical consequences of varying the grafting
density and graft distribution in the contexts of block polymer self-assembly and rheology.
Living ROMP enables these diverse studies, providing new opportunities for molecular

and materials design.
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2-2 Monomer Design
In pursuit of control over the graft polymer architecture, the homopolymerization
kinetics of macromonomers and diluents were first investigated. Cyclic olefinic monomers

d,**7 since strict alternation would

that inherently favor alternating sequences were avoide
only afford 50% grafting density and preclude control over the graft distribution.
Norbornene-functionalized  derivatives, which rarely result in alternating

polynorbornenes,*->

were selected for the present study. Relief of the high ring strain in
norbornene, mediated by highly active ruthenium metathesis catalysts, enables grafting-
through ROMP to produce well-defined bottlebrush polymers.’!>* We note that random
copolymerizations of norbornenes have been previously inferred,’>**>° suggesting
potential opportunities for advanced sequence control; however, quantitative sequence
determinations are lacking. For the present studies, w-norbornenyl polystyrene (PS, Mn =
3990 g/mol), polylactide (PLA, Mn = 3230 g/mol), and polydimethylsiloxane (PDMS, Mx
= 1280 g/mol) macromonomers featuring an exo-imide anchor group were prepared
(Figure 2.2). (Synthetic details are provided in Appendix A, Section A-2.) PS and PLA
macromonomers of similar molecular weights have been previously employed in the

synthesis of well-defined bottlebrush polymers,'®?*

making them attractive candidates for
our studies. For the small-molecule diluents, we explored a family of endo,exo-norbornenyl
diesters (dimethyl DME, diethyl DEE, di-n-butyl DBE, each with molecular weight <300
g/mol) that could be easily assembled by Diels-Alder reactions of cyclopentadiene and the
appropriate fumarate (Appendix A, Section A-3). We anticipated different propagation
rates for these norbornenyl diesters,’® amenable to tuning the relative reactivity of diverse

diluent/macromonomer pairs. Section 2.8 of this chapter expands the scope of monomer

design to other types of diluents.



24

Macromonomers NﬁN .

3 a2
o S \\SA) - | DME (9.35)
CaHo . _>\c'> S 4 PLA(8.60)
Diluents SUw S |
=

< 2 < 2 ¢ 2 E 2f
o= M0 o= —0 o= M}oO

o o 0 o 0 o PS (2.09)
Me Me Et Et "Bu "Bu 0 L - L

DME DEE DBE 0 200 400 600 800

Time (s)

Figure 2.2: (leff) Structures of macromonomers (PS, PLA, PDMS) and diluents (DME, DEE, DBE). (right)
Plots of In([M]o/[M],) versus time, showing first-order kinetics for the homopolymerization of norbornene
monomers (0.05 M) catalyzed by G3 (0.5 mM) in CH,Cl, at 298 K (orange stars: PDMS, inverted red
triangles: DME, green squares: PLA, brown diamonds: DEE, purple triangles: DBE, blue circles = PS). The
numbers in parentheses indicate kobs (10~ s7') under the reaction conditions.

2-3 Homopolymerization Kinetics

ROMP of each monomer in CH2Cl2 (0.05 M) was mediated by the highly active
third-generation olefin metathesis catalyst,”’ (H2IMes)(pyr)2(Cl)2Ru=CHPh (G3, 0.5 mM).
At different time points, aliquots were extracted from the reaction mixture and immediately
quenched in a separate vial containing a large excess of ethyl vinyl ether. Subsequently,
the quenched reactions were analyzed by size-exclusion chromatography (SEC) and 'H
NMR spectroscopy, allowing evaluation of the conversion, molecular weight, and
molecular weight dispersity. (See Appendix A, Section A-4 for standard procedures.) As
shown in Figure 2.2, the depletion of monomers is first-order. Since the rate of initiation
for G3 is much faster than that of propagation under these conditions,”’*® the observed
first-order rate constant (kobs) can be used to calculate the second-order self-propagation
rate constant (knomo) according to Eq. 2-1 (M = monomer):

dM],

T4 =k, [M], =k,...,[G3],[M], Eq. 2-1

homo

For many monomers, the rate constants were determined at least in triplicate. The

calculated values typically varied by no more than five percent (Figure 2.3).
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Figure 2.3: Representative repeated runs to determine Anomo (M~ s") for (4) DME and (B) and PLA. For all
diluents and macromonomers studied herein, the measured rate constants are consistent across multiple runs.

The rate constant knomo, Which is independent of the catalyst concentration, is

directly relevant to our copolymerization kinetic analyses. The homopolymerization

kinetic results are summarized in Table 2.1.

Table 2.1: Homopolymerizations of macromonomers and diluents in CH,Cl, at 298 K.

Monomer Fnomo Expected My Measured My’ p Conv.
M1 (kg/mol) (kg/mol) (%)
PS 4.18 399 375 1.06 94¢
PLA 17.2 323 319 1.01 99¢
PDMS 21.6 128 131 1.02 99¢
DME 18.7 21.0 21.7 1.02 1004
DEE 14.6 23.8 24.2 1.02 1004
DBE 6.90 29.4 29.6 1.02 1004

4 Based on [M]:[G3] = 100:1.
b Determined by SEC light scattering detector.

¢ Determined by SEC differential refractive index detector.
4" Determined by '"H NMR.

Comparing the three macromonomers, PDMS possesses the largest khomo (21.6 M™! s71).

The khomo of PLA (17.2 M s7!) is around four times as large as that measured for PS (4.18

M s71), consistent with previous observations.’> The knomo values of the norbornenyl

diesters trend inversely with the bulkiness of the ester substituents as anticipated. Indeed,
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the knomo measured for DME (18.7 M! s7!) is larger than that of DEE (14.6 M ! s7!) or
DBE (6.90 M ! s71). Collectively, these results reinforce the important role that the
norbornene monomer sterics play in the rate of ROMP. Sections 2-8 and 2-9 will expand

the scope of monomer design and further explore the role of steric effects.

2-4 Developing an Analytical Method for Copolymerization Kinetics
Homopolymerization kinetic analyses indicate that ROMP of each individual
macromonomer or diluent is well-behaved. However, controlling side chain density and
distribution also requires studying the copolymerization kinetics. The copolymerization
kinetics were analyzed based on the Mayo-Lewis terminal model.>*%° The terminal model
assumes that, for a mixture of two monomers Mi and Mz, there are two propagating species
(M1* and M2>*) whose reactivities solely depend on the last-incorporated monomer.> The
copolymerization kinetics can be captured by four propagation reactions involving Mi*
and M2*, each described by a unique rate constant k. Scheme 2.1 shows the relevant
reactions for a mixture of a discrete diluent (M2) and a macromonomer (M1): (A) diluent
self-propagation (M2* — M2*, k22), (B) cross-propagation via addition of M1 to M2* (M2*
— Mi*, k21), (C) macromonomer self-propagation (Mi1* — Mi*, ki1), and (D) cross-

propagation via addition of M2 to M1* (M1* — Ma*, k12).

Scheme 2.1: Propagation reactions for the copolymerization of a discrete diluent (M», dx-DE shown for
example) and a macromonomer (M;) according to a terminal model. M,* and M;* are the corresponding
propagating alkylidene species. (4) Diluent self-propagation (k»), (B) cross-propagation (k21), (C)
macromonomer self-propagation (k11), (D) cross-propagation (ki2).
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The reactivity ratios (r1 = ki1/ki2, r2 = kaa2/k21) are defined by the tendency for the
propagating species to react with the same monomer over the other. As depicted in Scheme
2.2, the copolymerization is inherently directed by the reactivity ratios, leading to
sequences such as alternating, blocky, random, or gradient.

Over the past several decades, a number of methods have been established to
determine the reactivity ratios for copolymerizations. Popular techniques include the
Mayo-Lewis,**%° Fineman-Ross,®' and Kelen-Tiidos®? methods, among others.> The
validity of these linear regression methods has been established in many contexts; however,
we note that they are derived from equations based on the steady-state approximation, with
the assumption that the rates of crossover are identical: that is, ki2[Mi*]{Mz2]: =
k21[M2*]{M1]:. As such, these methods are only strictly valid under steady-state conditions

in which the change in monomer feed is insignificant.®*

Obtaining kinetic data in the
required low-conversion regime is prohibitively challenging for fast polymerization
reactions such as G3-mediated ROMP. Due to this constraint, a new analytical approach

that bypasses the steady-state approximation is needed.

Scheme 2.2: Mayo-Lewis terminal model describing the copolymerization of M; and Mo.

k11

M1* + M»] —— M1M1* k11
k12 "=

M1* + M2 —— M1M2* k12

* k21 *

M2 + M»] B M2M1 k22
k22 rp =

MQ* + M2 > MQMZ* k21

J

Case l: ry, r, << 1 (alternating)

M1MsM4MoMy MMy MM MoM 1 MoM MM MMy MMM,
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MM M;MM;M1M41M4M M4 MoMoMoMoMoMoMoMoMo M,
Caselll: ry=r, = 1 (random)

M,MoM4MoMyM4My MM MoM MMMy MMMy Mo MoMy
Case IV: r; < 1 <, (gradient)

MM MoMoM4MaMoMoM M MoMoMyM;M; MoMyM M4 M,
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According to the terminal model, the time-dependent concentrations of Mi, Mz,

M1*, and M2* can be described by the following differential equations:

B d[lz‘[tl]t =k, [M,#1, M, 1, + ko [M, ] [M, ], Eq. 2-2
- MM, DML M) Eq. 23
_d[l\g;*]’ =k M, *], M, ], =k, [M, *],[M, ], Eq. 2-4
~ d[N(Ii;*], = o [M, ¥ IM, ], — ko [M, ], [M, ], Eq. 2-5

While exact analytical solutions for Egs. 2-2 to 2-5 cannot be obtained, numerical solutions
for [Mi], [M2];, [M1*]s, and [M2*]; can be found if the propagation rate constants are
known. In our study, the homopolymerization rate constants k11 and k22 can be
independently measured (Table 2.1). Furthermore, the instantanecous monomer
concentrations [Mi1]s and [M:2]: during the copolymerization can be determined by
quenching aliquots at known times ¢, and in living ROMP, the sum of [Mi*]; and [M2*]:
should be [G3]o. As a result, the best numerical solutions for k12 and k21 can be determined

using a non-linear least-square curve fitting method.

2-5 Copolymerization Kinetics

We first investigated the copolymerization of PS (0.05 M) and DME (0.05 M)
mediated by G3 (0.5 mM) in CH2Cl2 (Figure 2.4A). The conditions, including the
monomer and catalyst concentrations, were identical to those employed in
homopolymerization reactions. Aliquots were extracted at different time points, quenched,
and subjected to SEC and NMR analyses. The SEC traces indicated the continuing
depletion of PS as well as the concomitant growth of the copolymer (Figure 2.4B). In
addition, the instantaneous concentrations of both monomers could be determined by 'H
NMR integration of their distinct norbornenyl olefinic resonances. Plotting In([M]o/[M]/)
as a function of time (Figure 2.4C) suggested that the decay of PS and DME approached
pseudo first order. However, we note that first-order kinetics are only strictly applicable in

the event that both [M1*] and [M2*]; are constant (see Egs. 2-2 and 2-3). With the same
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G3 concentration of 0.5 mM, the propagation rates for PS and DME in the
copolymerization reaction were, respectively, faster and slower than those measured
independently in the homopolymerization reactions (Figure 2.4C). The increase in the rates
of PS consumption in the copolymerization reaction could be attributed to cross-

propagation being faster than self-propagation. Interestingly, the opposite trend was

observed for DME.
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Figure 2.4: (4) Copolymerization of PS (0.05 M) and DME (0.05 M) catalyzed by G3 (0.5 mM) in CH>Cl,
at 298 K. (B) Normalized differential refractive index (dRI) trace from size-exclusion chromatography. (C)
Plots of In([M]o/[M],) versus time as monitored by 'H NMR spectroscopy (filled blue circles = PS, filled red
triangles = DME). Unfilled blue circles (PS), unfilled red triangles (DME), and the solid lines, plotted for
comparison, were obtained from homopolymerization reactions under the same conditions.

To gain further insight, the kinetic profile of the copolymerization of PS and DME
(1:1) was fitted to the terminal model using our analytical methods with known values of
kes-ps, kpme-DME, [PSlo, [DME]o, and [G3]o (Figure 2.5A). The calculated curves of
monomer conversion versus total conversion agreed satisfactorily with the experimental
data (Figure 2.5B). The calculated rate constants and reactivity ratios for various

macromonomer/diluent copolymerization pairs are provided in Table 2.1.
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Least-squares fitting of the copolymerization data for PS and DME (1:1) generates
kps-pmE and kpme-ps values of 7.74 and 13.2 M! s7!, respectively (Table 2.2, Entry 1). The
reactivity ratios (rps = 0.54, rpme = 1.41) indicate gradient copolymerization and can be
used to simulate the instantaneous copolymer composition (Section 2-6). Copolymerizing
PS and DME in a 1:1 feed ratio could therefore be expected to yield a polymer bearing
50% grafting density and a gradient distribution of PS side chains. In order to further
examine the validity of our methods, the copolymerization of PS and DME in a 1:2 feed
ratio was carried out and subjected to the same analyses (Figure 2.5C-D), yielding
comparable kps-pME and kpme-ps values (Table 2.2, Entry 2). As such, these experiments
support the ability of the terminal model to capture the copolymerization kinetics of G3-

catalyzed ROMP.
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Figure 2.5: Non-linear least-square curve fitting for the copolymerization of (4, B) PS (0.05 M) and DME
(0.05 M) and (C, D) PS (0.05 M) and DME (0.10 M) in CH,Cl, at 298 K. [G3]o = 0.5 mM. Calculated fits
(solid lines) show close agreement with the measured values (points). In (B, D), the dashed lines, included
for comparison, indicate ideal random copolymerization (r = 7> = 1).

We next examined the 1:1 copolymerization of PS and DEE (Figure 2.6A-B). The
measured kps-pee (7.73 M s7!, Table 2.2, Entry 3) is very close to kps-pme (7.58-7.74 M
s ), indicating similar chemical reactivity of the propagating species PS* toward DME
and DEE. In sharp contrast, kpee-ps (8.75 M ! s7!) is notably smaller than kpme-ps (13.2—
14.6 M! s71). This observation suggests that the PS* alkylidene steric/electronic effects
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are important in governing the rate of ROMP (perhaps more so than that of the approaching
norbornenyl diester). The calculated reactivity ratios rps (0.54) and rpee (1.67) indicate
gradient copolymerization. In addition, the rps X rpee product of 0.90 suggests an almost
ideal copolymerization process in which each propagating species, PS* and DEE*, has the
same preference for PS over DEE; that is, kps-ps/kps-oME = kpmEe-ps/kpme-DME. The
copolymerizations of PS and DBE in 1:1 (Figure 2.6C-D) and 3:1 (Figure 2.6E-F) feed
ratios have also been examined. The propagation rate constants obtained from these
experiments are approximately equal (Table 2.2, Entries 4-5), as expected, again reflecting
the competence of our analytical methods. The PS/DBE copolymerization is best described
as near-ideal, approaching random, as evidenced by the reactivity ratios (rps = 0.8, rpBe =

1.16—-1.22) as well as their product (rps x rpse = 0.93—-0.97).
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Figure 2.6: Non-linear least-square curve fitting for the copolymerization of various macromonomer/diluent
pairs: (4, B) PS (0.05 M) and DEE (0.05 M); (C, D) PS (0.05 M) and DBE (0.05 M); (E, F) PS (0.075 M)
and DBE (0.025 M). [G3]y = 0.5 mM, solvent = CHCl,, temperature = 298 K.
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For studies and applications in which uniform grafting density is desired, the ability
to access random copolymers is crucial. The copolymerization reactions of PS with
diluents imply that random copolymerization (71 = r2 = 1) might be achieved when both
self-propagation rate constants are similar (ki1 = k22). To examine this hypothesis, we turned
our attention to the copolymerization of PLA (khomo = 17.2 M ! s7!) and DME (knomo = 18.7
M s7!). These experiments indicate that the rate of consumption of PLA is only
marginally slower than that of DME, consistent with an approximately random
copolymerization (Figure 2.7A-B; Table 2.2, Entry 6). Similarly, random
copolymerization was observed for PLA/DBE (Figure 2.7C-D; Table 2.2, Entry 7) as well
as PDMS/DME (Figure 2.7E-F; Table 2.2, Entry 8). Lastly, gradient copolymers (Table
2.2, Entry 9; repms = 1.11, rpee = 0.43) were obtained by copolymerizing PDMS with DBE
(Figure 2.7G-H). The reactivity ratio product (rppms % rpee = 0.48) indicates a departure
from ideal copolymerization. This observation is seemingly correlated with the large
differences in the self-propagation rate constants. Taken collectively, the copolymerization
of a norbornene-functionalized macromonomer (PS, PLA, or PDMS) with a diluent
(DME, DEE, or DBE) could generate either gradient or random copolymers. Kinetic
analyses reveal similar k12 values (PS = 5.23 - 7.74 M s}, PLA = 16.7-18.8 M ! s,
PDMS = 19.5-19.9 M ! s7!) and disparate k21 values (PS = 5.66-14.6 M! s7!, PLA =
7.95-16.9 M! 57!, PDMS = 15.9-19.9 M! s7!), reflecting the significance of the
alkylidene ligands in directing the metathesis rates. This observation could potentially be
attributed to the different steric, electronic, and ligating environments exerted by the anchor
group (exo-imide for macromonomer versus endo,exo-diester for diluent). The importance
of the anchor group has been recently discussed by Matson and coworkers in the context
of self-propagation rates.%> Sections 2-8 and 2-9 in this thesis will further expand the

understanding of anchor group effects on ROMP kinetics.
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Figure 2.7: Non-linear least-square curve fitting for the copolymerization of various macromonomer/diluent
pairs: (4, B) PLA/DME; (C, D) PLA/DBE; (E, F) PDMS/DME; (G, H) PDMS/DBE (0.055 M). Reaction
conditions: [M]o = 0.05 M unless otherwise indicated, [G3]o = 0.5 mM, solvent = CH,Cl,, temperature = 298
K.

2-6 Instantaneous Copolymer Composition

From the copolymerization kinetics, the rate of monomer incorporation at any given
time could be calculated according to Eqs. 2-2 and 2-3, allowing the prediction of
instantaneous copolymer composition as a function of total conversion. For example,
copolymerizing PS and DME in a 1:1 feed ratio results in (PS-grad-DME ). best described
as a gradient graft polymer (Figure 2.8A). Such a copolymer at 100% conversion possesses,
on average, 50% grafting density (i.e., one polystyrene brush per two norbornene backbone

repeat units). The difference in reactivity ratios leads to richer DME composition at early



35

conversion and higher PS incorporation toward the end. Similar gradient graft polymers
have been previously accessed by grafting-from ATRP methods.>*=* The brush distribution
gradient is much less pronounced in copolymers (PLA-ran-DME). (Figure 2.8B) and
(PDMS-ran-DME)n (Figure 2.8C), in which the side chains are uniformly grafted across
the entire polynorbornene backbone. Lastly, copolymerizing PDMS/DBE in a 1:1 ratio
generates the gradient copolymer (PDMS-grad-DBE). (Figure 2.8D). Unlike (PS-grad-
DME),, our simulations indicate that (PDMS-grad-DBE). is more densely grafted at early
conversion. Coupled with sequential polymerization, copolymerizing PS/DME and
PDMS/DBE could be exploited in the synthesis of normal tapered or inverse tapered block
copolymers.®® The synthesis of such block copolymers and the impact of molecular

architecture on the phase behavior are discussed in Chapter 3.
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Figure 2.8: Simulated copolymer compositions for (4) PS:DME = 1:1, (B) PLA:-DME = 1:1, (C)
PDMS:DME = 1:1, and (D) PDMS:DBE = 1:1. Insets show schematic illustrations of the corresponding
graft polymers; for ease of visualization, the side chains and backbones are shown in the fully extended limit.

2-7 Synthesis of Architectures with Variable Grafting Density

To showcase the synthetic versatility of our approach, we targeted an array of
polymers (PLA?-ran-DME' ), with variable grafting densities (z = 1.00, 0.75, 0.50, 0.25)
and backbone lengths (n = 167, 133, 100, 67, 33). These polymers could be easily prepared
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by mixing PLA, DME, and G3 in different ratios according to Egs. 2-6 and 2-7 (M1 =
macromonomer, M2 = diluent):

z=[M]y /(IM]y +[M; ) Eq. 2-6

n=(M;]y+[M;],)/[G3], Eq. 2-7
These copolymerization reactions were carried out under very mild conditions in CH2Cl>
(298 K, [G3]o = 0.5 mM, 15 min), and complete monomer consumption was verified by
"H NMR spectroscopy. As shown in Figure 2.9, the SEC analyses of the resulting polymers
indicated low dispersities (P = 1.01-1.03) as well as excellent agreement between the

measured and targeted molecular weights throughout the series (Appendix A, Table A.1).
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Figure 2.9: SEC traces of (PLA?-ran-DME'?), where z = grafting density (1.0, 0.75, 0.50, or 0.25) and n =
total backbone degree of polymerization (red: 167, orange: 133, green: 100, blue: 67, purple: 33).

Reinforcing the NMR and SEC data, differential scanning calorimetry (DSC)
provided further evidence supporting the incorporation of both macromonomer and diluent
(Appendix A, Figure A.5). For example, DSC data collected on (PS°’-ran-DBE®®)200
shows glass transition temperature (7g) at 95 °C, which lies between the T values of PSi00

(102 °C) and DBE 100 (71 °C).
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2-8 Expanding Monomer Design

Section 2-2 introduced endo,exo-norbornenyl dialkylesters as appropriate discrete
monomers (diluents) to control the grafting density of polymers with poly(p,L-lactide)
(PLA, Mx = 3230 g/mol), polydimethylsiloxane (PDMS, Mx = 1280 g/mol), or polystyrene
(PS, Mx = 3990 g/mol) side chains.®’ Across all macromonomer/diluent combinations and
feed ratios, kinetic analyses indicated approximately equal rates of co-monomer
consumption and therefore approximately uniform side chain distributions. (See for
example (PLA*-ran-DME'?), in Section 2-7.) Obtaining non-uniform side chain
distributions requires changing the relative reactivity of the macromonomer and diluent
(Figure 2.1B). We propose that designing new small-molecule co-monomers is the most
convenient route. This strategy avoids potentially tedious end-group modifications to the
macromonomers and retains the synthetic utility of one-pot batch copolymerization. While
semi-batch methods (involving continuous addition of one monomer to another) can afford
wide control over polymer sequences,®®® they require additional instrumentation and
optimization of factors such as feed ratio and feed rate.””! Similarly, while sequential
addition of macromonomers with different molecular weights can also provide access to
tapered architectures,’” this approach requires the preparation of multiple well-defined

macromonomers and fixes the grafting density at 100%.

Scheme 2.3: Expanding monomer design for ring-opening metathesis copolymerization.
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Scheme 2.3 highlights opportunities for monomer design. The polymerizable
strained olefin, anchor group, and substituents can all be readily modified. Substituted

norbornenes were selected for our study due to (1) the ease of modifying the
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stereochemistry and functional groups and (2) the high ring strain, which disfavors
unproductive [2+2] cycloreversion.”?> The importance of the anchor group in

56,74 and

homopolymerization kinetics has been demonstrated for both discrete norbornenes
more recently, w-norbornenyl macromonomers.® In contrast, anchor group effects on the
copolymerization of discrete monomers and macromonomers have not been studied. In
order to investigate these effects, discrete substituted norbornenes with five different types
of anchor groups were synthesized: endo,exo-diester (dx-DE, 1), endo,endo-diester (dd-
DE, 2), exo,exo-diester (xx-DE, 3), endo-imide (d-1, 4), and exo-imide (x-I, 5). For each
anchor group, monomers with different substituents (R) were prepared, including for
example homologous alkyl groups or para-substituted phenyl rings. All monomers can be
prepared in high yields in one or two steps from commercially available starting materials.
(Further synthetic details can be found in Appendix A-3.) These steric and electronic
variations provide a diverse library of co-monomers for ROMP.

The homopolymerization kinetics of all monomers were studied under the same
conditions (Section 2-3). Studying trends in Aknomo With variations in steric and electronic
structure guides monomer design. The first class of monomers studied herein features
endo,exo-diester anchor groups (dx-DE). The homopolymerization kinetics of ten dx-DE
monomers with different substituents were analyzed (1a—1j, Figure 2.10). The monomers
were readily synthesized by esterification of commercially available norbornene endo,exo-
dicarboxylic acid with the appropriate alcohol (1a—d, Scheme A.11). (For the synthesis of
the bulkier monomers le—1j, the acyl chloride derivatives were required; Scheme A.12.)
In a series of monomers with homologous alkyl substituents (R = methyl, ethyl, n-propyl,
n-butyl; 1a—d), knomo decreases with increasing substituent size. Increasing the steric bulk
with isopropyl- and tert-butyl-substituted monomers (1e—f) further decreases knomo. These
results indicate that sterics clearly impact the homopolymerization kinetics: for example,
the methyl-substituted monomer polymerizes over three times faster than the fers-butyl-
substituted analogue (khomo = 18.7 versus 5.36 M s7!). The effects of electronic variations
were also studied. Monomers with ethyl (1b, 14.6 M~'s™!) and trifluoroethyl (1g, 10.5 M
s!) substituents polymerize at approximately the same rate. Comparison of dx-DE
monomers with different para-substituted phenyl rings further reveals that the electronic

effects are minor. dx-norbornenyl diphenylester (1h) has a larger khomo (8.36 M ' s™!) than
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monomers with either an electron-withdrawing para-trifluoromethyl group (1i, 5.14 M
s™!) or an electron-donating para-methoxy group (1j, 7.76 M! s7!). These electronic
variations may exist too far away from the polymerizable olefin to affect khomo. Modifying
norbornene itself rather than the distal substituents (for example, by substituting
oxanorbornene or otherwise changing the bridge position) may result in more apparent

electronic effects.
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Figure 2.10: Homopolymerization rate constants (knomo) for substituted endo,exo-norbornenyl diester
monomers (left to right: 1a—j). knomo decreases with increasing steric bulk (R = Me to ‘Bu, 1a—f). knomo does
not change significantly with electronic changes via fluorination (1g) or para-substitution of a phenyl ring
(1h—j).

Changing the stereochemistry of the diester anchor groups further demonstrates the
effects of steric variations on polymerization rates. (Synthetic details: Schemes A.13—
A.14.) Comparing series with the same substituents (Figure 2.11A) indicates that dx-DE
monomers (la—d) all polymerize significantly faster than the corresponding endo,endo
isomers (dd-DE, 2a—d) and slightly slower than the corresponding exo,exo isomers (xx-
DE, 3a-d). For example, the measured knomo for dx-norbornenyl dimethylester is 18.7 M
s~!, while knomo values for the dd-DE and xx-DE analogues are 2.24 M 's ™! and 30.8 M"!
s~!, respectively. The same anchor group trend occurs for ethyl-, n-propyl-, and n-butyl-
substituted norbornenyl diesters and is anticipated to be independent of the substituent.

In order to further examine the relationship between anchor groups and
homopolymerization kinetics, norbornenyl monomers with endo-imide (d-1) and exo-imide

(x-T) linkages were also synthesized (Schemes A.15—A.16). The x-I anchor group has been



40

widely incorporated in macromonomers toward the synthesis of bottlebrush polymers by
grafting-through  ROMP,>!:%7>-77 motivating our interest in imide-based diluents.
Compared to diester anchor groups, imides are more rigid due to their fused rings and
thereby change the monomer steric profile. The electronic character differs as well, since
the electron density of an imide oxygen is typically greater than the electron density of an
ester oxygen. The interplay of steric and electronic influences will be discussed further in
Section 2-9.

Figure 2.11B compares knomo for monomers with each of the five anchor groups.
The endo/exo rate difference between d-I and x-I is magnified compared to the endo/exo
rate differences observed among the diester-substituted monomers. The khomo values for
methyl-substituted dd-DE and xx-DE are 2.24 and 30.8 M s™! respectively, representing
a tenfold rate difference; in comparison, the knhomo values for methyl-substituted d-1 and x-I
are 0.814 and 82.4 M"! s™! respectively, representing a hundredfold rate difference. Figure
2.11B also shows that the steric effects of the R group are smaller for x-I and d-I compared
to the diester series. For monomers containing the same substituents, the following trend

1n knomo 1s observed: d-1 < dd-DE < dx-DE < xx-DE < x-1.

® xx ® dx dd A R=Me A R="Bu
A 100 B 100 A
A
‘7: : ) ° '.': A A
- 10 ‘ - 10 A
e £
g £
s - A
X &
01 01
T T T T T T T T T
Me Et "Pr "Bu dl  dd dx  oxx x|
Substituent Anchor Group

Figure 2.11: (4) Homopolymerization rate constants (knomo) for monomers with exo,exo-diester (xx, green),
endo,exo-diester (dx, red), and endo,endo-diester (dd, yellow) anchor groups. Comparison of knomo for
monomers with R = Me, Et, "Pr, and "Bu supports the steric influences of stereochemistry and substituent
size. (B) knomo for Me- and "Bu-substituted monomers with each of the five anchor groups; endo-imide (d-1,
blue) and exo-imide (x-I, purple).
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Figure 2.12 and Table A.2 summarize the homopolymerization kinetics for all
monomers studied herein. Variations in the anchor groups and substituents afford a wide
range of knomo Over two orders of magnitude, spanning 0.362 M!'s™! (2d) to 82.4 M 's™!
(5a). This library of monomers can be readily diversified by simple esterification reactions,
providing a versatile platform for tuning the polymerization rates. Understanding the origin
of trends in knhomo provides insight into the ROMP mechanism. While developing a complete
mechanistic understanding is outside the scope of this study, we aim to identify key
components of knomo in order to facilitate applications of this method as well as future

monomer design.

2-9 Origin of Rate Trends

Polymerization rates are determined by a combination of steric and electronic
factors. Our results suggest that steric effects dominate: (1) In a series of monomers with
homologous alkyl R groups, the electronic character is similar but knhomo decreases as the
steric bulk increases (Figure 2.10). (2) knomo 1s relatively insensitive to distal electronic
variations (for example, via para-substitution of phenyl R groups, Figure 2.10). (3) khomo
decreases for endo-substituted monomers compared to the corresponding exo isomers
(Figure 2.11). In agreement with this work, previous studies of the ROMP of norbornene
derivatives have also observed that endo isomers polymerize more slowly than their exo
counterparts.’+78-81

The observed rate trends could be motivated by a combination of factors, including
but not limited to pyridine coordination, olefin coordination, cycloaddition, and formation
of a six-membered chelate involving the ruthenium center and the ester- or imide-
functionalized chain end.®? In order to deconvolute these potential contributions to Ahomo,
we examined the mechanism of ROMP. Based on previously reported results for related

phosphine-based catalysts,3

we propose a dissociative pathway (Figure 2.13) in which
pyridine dissociation (Keq,1 = k1/k-1, Keq2 = k2/k-2) generates a 14-electron intermediate (b)
that can coordinate with a free olefin (c, Keq3 = k3/k-3). The olefin adduct then undergoes
cycloaddition (k4) to form a metallacyclobutane intermediate. Subsequent cycloreversion
yields a Pn+1 alkylidene and regenerates the 14-electron species. From a Van’t Hoff

analysis, Guironnet and coworkers recently reported an equilibrium constant Keq,1 = k1/k-1
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= 0.5 M in CDCl> at 298 K.®¢ In agreement with this work, we observed a similar Keq,1
value from 'H NMR pyridine titration experiments (0.25 M, Figure A.6. The large Keq,1
value indicates that >99.8% of the precatalyst G3 exists as the monopyridine adduct in
solution under the conditions employed in our homo- and copolymerization studies ([G3]o
= 0.5 mM). As a result, the concentration of free pyridine is approximately equal to the
initial concentration of G3 (i.e., [pyr] = [G3]o). We derived a simplified rate expression
corresponding to a proposed dissociative ROMP pathway in which olefin coordination is

the rate-limiting step (Appendix A-7.2):%7

dM Kook
S (631, M), x 22 [G3][M], Eq.2-8

eq,2 pyr]

In this rate expression, Keq.2 corresponds to dissociation of the second pyridine and
is affected by the identity of the alkylidene ligand. At high catalyst concentrations ([pyr]
>> Keq2), a pseudo-zeroth-order dependence on [G3]o is observed.’® At low catalyst
concentrations however, we observed a rate dependence on [G3]o for monomers 5a and 5b

(Figure A.7). Collectively, these kinetic analyses are consistent with a dissociative

pathway.®
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Figure 2.13: Proposed dissociative ROMP pathway for G3. The DFT-optimized structures of three
catalytically relevant ruthenium catalyst species are shown: (4) six-membered Ru—O chelate, (B) 14-clectron
vacant species, and (C) olefin adduct.
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Density functional theory (DFT) methods were employed to address potential
chelation effects. Chelation sequesters the catalyst in an unproductive form (Figure 2.13A)
and therefore slows the polymerization rate.®® For methyl-substituted endo,endo- and
exo,exo-norbornenyl diesters (2a and 3a, respectively), the ground-state potential energy
surfaces corresponding to one productive ROMP cycle were computed (Figure 2.14). The
relative free energies at 298 K (AG) indicate that formation of the six-membered chelate is
more favorable for the endo isomer (AAGehelate = 9.64 kcal mol™!) than for the exo isomer
(AAGcehelaste = 5.87 kcal mol™"). The calculated free energies corresponding to olefin
coordination to the vacant species, AAGbinding, are similar for the endo and exo isomers
(8.86 and 8.91 kcal mol !, respectively). These results indicate that disruption of chelation
by olefin binding should be more favorable for exo isomers than endo isomers (by 3.72
kcal mol™!). This disparity provides a plausible motive for the observed endo/exo rate
differences (khomo = 30.8 M 's™! for 3a, 2.24 M 's™! for 2a). These results are consistent
with previous reports on the ROMP of discrete norbornenyl monomers with similar

82,8490 and are anticipated to be valid whether olefin coordination (k3

ruthenium catalysts
<< ka4) or cycloaddition (ks >> k4) is the rate-limiting step.’! Insights into the rate trends
from mechanistic studies help identify important elements of monomer design and,

therefore, opportunities for controlled copolymerization.
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Figure 2.14: DFT-calculated free energy diagram corresponding to one ROMP cycle for endo- (2a, blue)
and exo-substiuted (3a, red) norbornenyl monomers. The following intermediates were calculated: (4) six-
membered Ru—O chelate, (B) 14-electron vacant species, (C) olefin adduct, and (D) metallacyclobutane. See
also Figure 2.13.
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2-10 Copolymerization Kinetics

In order to analyze the copolymerization kinetics of a macromonomer and a discrete
co-monomer, we adapted the Mayo-Lewis terminal model was adapted for G3-catalyzed
ROMP (Section 2-4).®” The conversion over time of all species (i.e., monomers Mi and M2
and propagating alkylidenes M1* and M2*) can be described by a system of four ordinary
differential equations (Egs. 2-2 to 2-5). Non-linear least squares regression (Section 2-4)
was used to fit the instantaneous monomer concentrations over the entire course of the
copolymerization. Finding the best numerical solutions for the cross-propagation rates k12
and k21 enables determination of the reactivity ratios, 1 = k11/k12 and r2 = k22/ka1.

The relative reactivity, captured by 1 and 72, determines the polymer sequence. 71
and 72 can be tuned by building on insights into homopolymerization rate trends. Monomer
design ultimately enables architecture design: for a polymerizable macromonomer with
any side chain chemistry, a discrete co-monomer can be selected among those in Scheme
2.3 or otherwise designed to target desired backbone sequences. In turn, control over the
backbone sequence directly controls side chain distribution. We will first discuss general
trends and opportunities for copolymerization, then outline potential implications for
polymer architectures by design.

In order to study the impact of monomer structure on the copolymerization kinetics,
we selected 13 diluents and copolymerized each with the same w@-norbornenyl
macromonomer (PLA, Mh = 3230 g/mol) (Figure 2.15A). Figure 2.15B arranges these
discrete co-monomers in order of increasing k22. For all copolymerization experiments, the
total backbone degree of polymerization (Nvb) and monomer feed ratio (f) were fixed: given
x equivalents of the diluent and y equivalents of PLA relative to 1 equivalent of G3, Nob =
x +y =200 and f = x/y = 1. The copolymerization conditions, including monomer and
catalyst concentrations, were identical to those for the homopolymerization experiments
described in Section 2-3: [Mi]o = [M2]o = 50 mM, [G3]o = 0.5 mM.”? The kinetics were
monitored in the same way as the homopolymerization kinetics, i.e., by quenching aliquots
of the polymerization mixture. The instantaneous concentrations of the macromonomer
and diluent were determined by integrating the olefin resonances in 'H NMR spectra, and

ki2 and k21 were obtained by non-linear least squares regression. SEC data for all
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copolymers indicate low dispersities (P < 1.1) and similar molecular weights (Figure 2.16,
Table A.3).

1eq. G3

1 <<1 rn=r 1 >> 1
Yo%ﬁf: Monomer design enables architecture design.
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Figure 2.15: (4) Copolymerization scheme: the same macromonomer (PLA, M) was copolymerized with

13 different diluents (M>). The feed ratio (x/y = 1) and total backbone length (x + y = 200) were fixed. (B)
M, arranged in order of increasing k»».
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Figure 2.16: SEC traces for PLA + diluent copolymerizations at full conversion.
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Figure 2.17: PLA/diluent copolymerization data. Left axis, black: self-propagation rate constants (k»: filled
circles, ki1: open circles). Right axis, red: reactivity ratios (72: solid line, r:: dotted line)

Figure 2.17 shows the self-propagation rate constants (k11, k22) and reactivity ratios
(r1, r2) for the copolymerization of PLA (M) with different diluents (M2). (All data,
including the cross-propagation rate constants k12 and k21, are compiled in Table A.4.) k11
is constant throughout the series (= 17.2 M's™!) since M is the same in each co-monomer
pair, while k22 varies over a wide range due to anchor group and substituent effects (2d:
0.362 M 's7! to 5a: 82.4 M 's™"). As k2 increases, 72 also increases. The magnitude of 72
reflects the reactivity of the propagating alkylidene M2* toward free M1 and M2.” In the
case that 72 < 1, for example when PLA is copolymerized with dd-DE or d-I diluents (2d
to 2a, 0.4 <r2 <0.9), M2* preferentially adds M. In the opposite case 72 > 1, for example
when PLA is copolymerized with dx-DE, xx-DE, or x-I diluents (3d to 5a, 1.2 <72 <3.1),
M>* preferentially adds Mz instead. In other words, if a diluent is the terminal unit of the
propagating species, the probability of incorporating either a macromonomer or another
diluent reflects the difference between the homopolymerization rate constants: when k22 <
ki1, r2 <1 and M2* favors macromonomer addition; on the other hand, when k22 > ki1, 2 >
1 and M2* favors diluent addition.”* Translating these trends to the copolymer sequence
also requires examination of r1, which reflects consumption of the other propagating
species M1*. Figure 2.17 shows that, as k22 increases, r1 generally decreases, opposite the
trend observed for r2. These observations suggest that both Mi* and Mx* (1) favor

incorporating M2 when k22 = k11 and (2) favor incorporating M1 when k22 < ki1. In other
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words, both cross-propagation terms (k12 and k21) are functions of the incoming olefin (to
first order) and appear relatively insensitive to the nature of the pendant chain.

We note that, while »1 generally decreases with increasing k22, the trend is not
monotonic. These results highlight the additional complexity that copolymerization
introduces. While informative, the difference between the homopolymerization rate
constants (k11—k22) is not a universal predictor for the values of 1 and 72 (nor therefore the
copolymer sequence). For example, when PLA is copolymerized with a xx-DE diluent, 72
varies but 71 remains the same (= 0.36 £ 0.02), regardless of whether k22 < k11 (3d, 3¢, and
3b) or k22> ki1 (3a). Meanwhile, when PLA is copolymerized with the dx-DE analogue of
3a (i.e., 1a), the self-propagation rates are equal (k22 = ki1) and both 1 and 2 are
approximately equal to 1. These observations suggest that the key interactions identified in
our study of diluent homopolymerization rate trends do not fully capture the relative
reactivity upon copolymerization. The individual second-order rate constants (k11, k12, k21,
k22) are affected by both (1) pyridine binding (Keq2) and (2) chelation and olefin binding
(k3). Both those terms are inherently dictated by the identities of the approaching olefin
monomer and the propagating alkylidene. While elucidating the origin of copolymerization
rate trends is outside the scope of this report, we note that the large disparity between the
molecular weights of the PLA macromonomer and diluents (10- to 20-fold) likely plays a
significant role in the departure from simple chain-end control. Under the copolymerization
conditions (rapid stirring in dilute solution), simple diffusion of free monomers to the
catalyst active site is not expected to limit propagation. However, beyond the anchor group
and substituent effects outlined for discrete diluents, the presence of polymeric side chains
in proximity to the metal center should amplify steric congestion. Excluded volume
interactions and solvent quality may further affect the steric and electronic environment

around the propagating metal center.

2-11 Tuning Graft Polymer Architecture

Monitoring the copolymerization kinetics enables determination of the
instantaneous composition and therefore the graft polymer architecture. Using the
experimentally determined rate constants, the probability of incorporating either a diluent

or a macromonomer at any point in the growing chain can be simulated (Section 2-6).



49

Figure 2.18 plots these probabilities as a function of the total conversion for several
PLA/diluent pairs. If 1 > r2, gradient sequences are obtained. The copolymers are rich in
M at early conversions and rich in M2 at later conversions, producing tapered side chain
distributions (e.g., PLA + 4a, Figure 2.18A). If r1 = 2 = 1, the copolymer backbone
sequence is approximately random and therefore the side chains are uniformly distributed
(e.g. PLA + 1a, Figure 2.18B). Lastly, if 71 < r2, the inverse-tapered graft polymers are
obtained, which are rich in M2 at early conversions and rich in M1 at later conversions (e.g.,

PLA + 5a, Figure 2.18C).

A r=38r=066 B rn=095r=12 C r=0861,r,=3.1

PLA 1a 5a
0.5 >-<
PLA

10 10
Total Conversion Total Conversion Total Conversion

P {incorporation)

0.0
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Figure 2.18: Simulated sequences and (inset) graft polymer architectures for the copolymerization of PLA
with different diluents: (4) 4a, (B) 1a, or (C) 5a. For ease of visualization, the simulated structures show fully
extended side chains and backbones.

The ROMP copolymerization strategy outlined herein provides a general approach
to architecture design for any side chain chemistry. In principle, given any polymerizable
macromonomer, a diluent can be designed to access any desired sequence. Although the
magnitudes of r1 and 2 cannot presently be predicted de novo, insights into the
relationships among r1, 72, and diluent structure should guide the selection of appropriate
macromonomer/diluent pairs. In order to further illustrate these design principles, the
copolymerization kinetics of various diluents with either a PDMS (Mn = 1280 g/mol) or
PS (Mn=3990 g/mol) macromonomer were also studied. PDMS and PS polymerize faster
(ki1 =21.6 M!'s7!) and slower (ki1 = 4.18 M s7!) than PLA, respectively. The selected
diluents all homopolymerize slower than PDMS (k22 < k11, with the exception of 3a) and
faster than PS (k22 > ki1). The self-propagation rate constants and reactivity ratios are
provided in Figure 2.19 and compiled in Tables A.5—A.6. SEC data are provided in Tables
A.7-A.8 and Figures A.8—A.9.
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Figure 2.19: Data for the copolymerization of M; = PDMS (left) or PS (right) with different diluents. Left
axis, black: self-propagation rate constants (k2: filled circles, k11: open circles). Right axis, red: reactivity
ratios (72: solid line, ri: dotted line).

Copolymerizations of PDMS with each of the selected diluents generally follow
the same trends outlined for PLA/diluent copolymerizations. As k22 increases while ki1
remains constant, 72 increases and r1 decreases. In other words, as k22 increases, both M1 *
and M2* increasingly favor incorporating Mz instead of Mi1. The xx-DE diluents (3a, 3d)
are again outliers, leading to smaller values of 71 than diluents with any other anchor group.
As a result, at least for copolymerizations with PDMS or PLA macromonomers, the xx-
DE anchor group inherently favors gradient sequences that are Maz-rich at early conversions
and Mi-rich at later conversions. Copolymerizations of PS with any of the selected diluents
reveal a similar kinetic preference for gradient sequences. Unlike copolymerizations with
either PLA or PDMS, regardless of the relative magnitude of k2 (2.7 < kaa—kin <78 M™!
s, 2 remains constant (= 1). The constant magnitude of 72 suggests that M>* displays
similar reactivity toward PS and any diluent. Meanwhile, since Mi1* favors incorporating
M: (r1 < 1), gradient sequences result.

The copolymerization kinetics for PLA, PDMS, and PS collectively illustrate how
different diluents can be used to control the graft polymer architecture. The magnitudes of
r1 and 72 determine the backbone sequence, which can be alternating (r1 = 2= 0), blocky
(r1,72>> 1), gradient (r1 >> r2 or r1 <<r2), or random (1 = 72 = 1).%* The backbone sequence

in turn directly determines the side chain distribution. Figure 2.20 illustrates the wide range
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of distributions obtained by copolymerizing PLA, PDMS, or PS with selected diluents.
The relative reactivities of the macromonomers and diluents are interpreted in terms of the
quotient r1/r2, which reflects the kinetic preference for the chain end (either M1* or M2*)
to incorporate M1 over Ma.

PLA/diluent copolymerizations obtain r1/r2 ranging from 0.20 (PLA + 5a) to 5.8
(PLA + 4a). Copolymerizing PDMS with 4a, one of the slowest-polymerizing diluents
studied herein, produces a remarkably large difference between 1 and r2: r1/r2 = 19. This
large disparity in reactivity results in a highly gradient — potentially even blocky —
distribution of side chains. Since 71 >> r2, the graft polymers are densely grafted (i.e., rich
in M) at early conversions and loosely grafted (i.e., rich in M2) at later conversions.
Copolymerizing PS with Sb, one of the fastest-polymerizing diluents introduced in this
report, also affords a wide gap in reactivity: r1/r2 = 0.084. Compared to PDMS + 4a, the
inverse-tapered sequence is obtained. The ability to invert the gradient direction may not
affect the properties of homopolymers, but it is valuable in the design of block polymers
and other multicomponent materials. In Chapter 3, we will demonstrate the physical
consequences of varying the sequence distribution in the context of block polymer self-

assembly.
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Figure 2.20: Reactivity ratio map. The copolymerization kinetics studied for PLA, PDMS, and PS are
interpreted in terms of the quotient r1/r», plotted on the x-axis. For ease of visualization, the simulated
structures show fully extended side chains and backbones.
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2-12 Conclusion

Grafting-through ring-opening metathesis polymerization (ROMP) provides a
versatile strategy for the design and synthesis of polymers with tailored side chain
distributions. Controlled copolymerization of an @-norbornenyl macromonomer and a
discrete norbornenyl diluent constructs graft architectures through the backbone; as a
result, the backbone sequence directly dictates the side chain distribution. Since tuning the
backbone sequence requires changing the relative reactivity of the co-monomers, we first
investigated steric and electronic effects on the homopolymerization kinetics of 23
diluents. Varying the stereochemistry, anchor groups, and substituents varies the
homopolymerization rate constants over two orders of magnitude (0.36 M s™! < knomo <
82 M! s7!), reflecting a wide scope of monomer reactivity. These small-molecule
monomers can be readily prepared and diversified, providing a convenient library for future
development. In order to provide further guidance, we identified rate trends and studied
their origins through complementary mechanistic studies. Density functional theory (DFT)
calculations suggest that formation of a Ru—O six-membered chelate (which sequesters the
catalyst in an unproductive form) is significantly different for endo and exo isomers. Future
studies will expand our understanding of the ROMP mechanism for both diluents and
macromonomers. Other factors that could affect the ROMP kinetics, including for example
solvent quality and additives, will also be explored.

Building on these results, we studied the copolymerization kinetics of selected
diluents and a poly(p,L-lactide) (PLA), polydimethylsiloxane (PDMS), or polystyrene (PS)
macromonomer. The co-monomer concentrations were monitored by 'H NMR, and the
cross-propagation rate constants were calculated by non-linear least squares regression
based on the Mayo-Lewis terminal model. Trends involving the measured self-propagation
rate constants and the calculated reactivity ratios (71 and r2) were identified. In general, for
the 26 co-monomer pairs studied, the greater the difference between homopolymerization
rates, the greater the gradient tendency (71/r2 >> 1 or r1/r2 << 1). The backbone sequence —
and therefore the polymer architecture — can be tailored simply by choosing the appropriate
diluent among the library introduced herein or by designing an appropriate monomer. We
note that, at present, de novo prediction of the reactivity ratios from the macromonomer

and diluent chemical structures is not possible. However, we anticipate that the versatility
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of this design strategy, coupled with the broad functional group tolerance of ROMP and its
living character, should enable the design and synthesis of graft polymers with almost any
desired graft chemistry and graft distribution. The design strategy outlined herein provides
extensive customizability in terms of polymer structure and functionality, illuminating new

opportunities for molecular and materials design.
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