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ABSTRACT: Metal-mediated ring-opening metathesis polymer-
ization (ROMP) is a common tool used to synthesize the
backbone of bottlebrush polymers by a graft-through approach.
However, examples of ROMP oligomers or polymers as macro-
molecular side chains are limited due in part to the challenges
associated with preparing a macromonomer via the same
polymerization mechanism as the one used to create the main
chain. Accordingly, installation of polymerizable units onto
macromonomers produced vih ROMP has been achieved in a
multistep fashion. In such cases, one metal initiator is used in the
preparation of each macromonomer, thus constituting an overall
usage of the metal complex that is 1:1 with repeat units in the final
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bottlebrush polymer product. By leveraging the modularity of organic initiators in metal-free ROMP (MEF-ROMP), as well as the
differences in monomer selectivities between metal-mediated ROMP and MF-ROMP, we demonstrate a uniquely efficient and low-
metal-use route to bottlebrush polymers. Specifically, we found that norbornene imide-functionalized vinyl ether initiators were
successful in ME-ROMP to produce macromonomers from tetracyclododecene without compromising the norbornene imide unit.
Subsequent metal-mediated graft-through ROMP of the norbornene imide chain end using Grubbs’ third-generation catalyst then
produced high-molecular-weight bottlebrush copolymers. We report the synthetic methods for this sequential ROMP—ROMP
approach, comparative analyses for endo- and exo-isomers of the macromonomers, and thermal characterization of the bottlebrush

polymers.

B ottlebrush polymers (BBPs) make up a structurally
interesting class of copolymers defined by their series of
macromolecular side chains connected by a polymeric
backbone. Beyond the specific side chain and backbone
compositions, additional degrees of freedom in terms of
bottlebrush structure include the molecular weight of the side
chains (Mgc) and backbone (Mgg), as well as the grafting
density. These features can be tuned using a variety of well-
controlled polymerization strategies to produce highly
tailorable macromolecules and functional materials." In
particular, BBPs with a high grafting density of side chains
can display unique properties as a result of their highly strained
geometries.” The rigidity and steric repulsion of these BBPs
result in a macromolecule with few entanglements, which have
found use in applications from viscosity modification’ to drug
delivery.*

Advancements in methods for polymerization of macro-
monomers (MMs) in a graft-through fashion are of particular
interest because they achieve 100% grafting density and can do
so from well-defined MM structures.” ROMP of MMs using
the Grubbs third-generation initiator (G3) has been widely
useful for polymerization of norbornene-functionalized MMs,
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in large part because G3 displays high rates of polymerization,
broad functional group tolerance, and nearly quantitative
conversion of monomer.” The norbornenyl end group can
either be installed on a macromonomer as a postpolymeriza-
tion modification reaction, or by being present during the
polymerization process as a part of the initiator® or a chain-
transfer agent,” as long as the strained cyclic olefin is unreactive
toward the first polymerization mechanism. Making densely
grafted BBPs utilizing ROMP has resulted in a wide variety of
macromolecules with diversity across their side-chain identity,”
anchor group,lo’11 size,'”"? and side-chain functionality.'*
Typically, polymerizations that display living characteristics
and good chain-end fidelity are used to produce the
macromonomers. Examples include atom-transfer radical
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polymerization,'> reversible addition—fragmentation chain
transfer polymerization,'® and ring-opening polymerization.'”

Although ROMP is also a well-controlled polymerization, it
is usually confined to its use in bottlebrush polymer backbone
synthesis and is rarely used to make side chains due to
synthetic challenges. Kiessling and co-workers nicely addressed
synthetic challenges of using metal-mediated ROMP at two
distinct stages of the bottlebrush polymer synthesis by using a
grafting-from approach to alll ROMP polymers.'® Alternatively,
graft-through approaches are attractive, because they ensure
100% grafting density. This approach is also rare for sequential
ROMP—ROMP methods. Inherent in the use of a metal—
alkylidene initiator to make an MM is the fact that it has to be
removed and exchanged for a norbornene chain end (or
similarly ROMP-compatible moiety). For example, MM
synthesis using ROMP has been achieved by Kilbinger and
co-workers'” and more recently by Johnson and co-workers’
using Grubbs-type metathesis catalysts (Figure 1). In each
scenario, macromonomers were synthesized and then a series
of postpolymerization chain-end modification steps were used
to access the desired macromonomer. Although these two
examples clearly displayed successful access to ROMP—ROMP
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Figure 1. Approaches to graft-through all-lROMP bottlebrush
polymers. (Top) Previous metal-mediated strategies for ROMP-
derived macromonomer synthesis involving removal of metal
alkylidene and subsequent installation of a norbornenyl chain end.
(Bottom) Macromonomer synthesis by functional MF-ROMP
initiators presented in this work.
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BBPs, two important considerations are noted. First, sequences
of chain-end modifications can result in less than 100% chain-
end functionalization. Second, each macromonomer uses a
stoichiometric amount of metal—alkylidene (one per macro-
monomer), resulting in a final BBP that necessitates one metal
complex per repeat unit in the backbone. Efficient access to
ROMP—ROMP BBPs is desirable because the rigidity of
having a norbornene-based ROMP polymer as a side chain has
shown promise for making interesting materials. For example,
Johnson and co-workers noted that self-assembly of Janus
diblock BBPs with ROMP side chains resulted in larger
domain spacings as compared to commonly employed
polystyrene side chains of similar molecular weight. A more
streamlined approach to ROMP—ROMP BBP synthesis could
allow for broader applications of these materials, especially in
fields of use where metal-based reagents are limited from either
cost or contamination viewpoints.

Instead of a transition-metal-based initiator, one variant of
metal-free ROMP (MF-ROMP, Scheme 1) can employ an

Scheme 1. (Top) Simplified Mechanism for MF-ROMP;
(Bottom) Initiators, Monomer, and Photocatalyst Used in
MF-ROMP
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organic initiator such asl, but with modularity of the R and R’
groups (Scheme 1).'7** We envisioned the use of tailored
enol ether initiators (e.g, 2a/2b) to enable the strategic
installation of functional groups at the chain end, thereby
producing hemitelechelic ROMP polymers in a single step and
ensuring 100% chain-end functionalization with the norbor-
nene imide (NBI). Of course, this requires that the chain-end
functional group does not display deleterious reactivity under
the conditions of MF-ROMP. Here, we found opportunity in
“failure.” Specifically, MF-ROMP is thus far incapable of
polymerizing NBI monomers for reasons that are not yet
understood. On the one hand, the inability to use NBIs in MF-
ROMP is unfortunate considering their great utility across
multiple ROMP studies and applications. On the other hand,
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Table 1. Summary of MMs Synthesized by MF-ROMP

entry polymer initiator [M]:[1] conv.” (%) M,? (kDa) pe initiator efficiency” (%)
1 endo-MM, 2a 8:1 64 2.52 127 32
2 endo-MM, 2a 9:1 84 3.53 145 34
3 endo-MM; 4 2a 10:1 92 3.82 141 39
4 endo-MMg 3 2a 11:1 97 5.29 1.63 32
S endo-MMg 2a 12:1 96 6.04 1.67 30
6 endo-MM, ¢ 2a 30:1 91 9.57 1.49 46
7 exo-MM ¢ 2b 12:1 83 5.60 1.42 30
8 exo-MMg 2b 13:1 88 5.95 1.35 31
9 ex0-MM,, 2b 30:1 84 9.92 124 41
10 exo-MM,, 2b 70:1 70 13.95 1.48 56
11 exo-MM,, 2b 80:1 72 2043 149 45

“Conversion of 3, as determined by 'H NMR analysis.

bExperimental number-average molecular weight calculated from the experimental weight-

average molecular weight determined by GPC using MALS. “Dispersities determined by GPC analysis. “Initiator efficiency calculated using
theoretical M, based on NMR conversion and M, determined by GPC.

Table 2. Summary of Results from Graft-through ROMP to Form Bottlebrush Polymers

entry MM [MM]:[G3] conv® (%)

1 endo-MM, g 10:1 295
2 endo-MM; 25:1 66
3 endo-MM; ¢ 10:1 >95
4 endo-MM; 3 10:1 79

S endo-MMg 10:1 >95
6 endo-MMg 25:1 47

7 endo-MM; 50:1 10

8 endo-MM, 25:1 0

9 exo-MM; ¢ 25:1 >9S5
10 exo-MM; ¢ 50:1 >95
11 exo-MMg 10:1 >9S5
12 exo-MMg 25:1 >95
13 exo-MMg 50:1 >9S5
14 ex0-MMg 75:1 >9S5
15 exo-MMg 100:1 >9S5
16 exo-MM,, 50:1 93
17 exo-MM,, 50:1 92
18 exo-MM,, 50:1 0

M, of BBP? (kDa) DP of BBP® D of BBP?? IE® (%)
478 190 1.71 s
2290 649 127 3
251 65.7 2.36 14
240 45.4 1.54 17
9.9 7.10 1.59 133
132 219 1.34 53
161 26.7 1.44 19
563 101 1.68 24
2550 455 135 10
168 30 2.63 34
691 123 2.09 21
2280 407 127 12
3350 598 1.13 13
3980 710 1.11 14
1040 105 1.68 45
688 493 1.89 94

“Conversion was calculated by integrating the GPC peak areas from the RI detector. Experimental number-average molecular weight calculated
from the experimental weight-average molecular weight determined by GPC using MALS. “Degree of polymerization was calculated by dividing M,
of BBP by M, of MM. dDispersities determined by GPC analysis. “Initiator efficiency (IE) was calculated using theoretical M, based on GPC

conversion and M, determined by GPC.

this presented an opportunity to leverage the complementarity
of MF-ROMP and metal-mediated ROMP. With these goals in
mind, we envisioned a method of ROMP—ROMP BBP
synthesis that exchanged the need for transition-metal catalysts
in MM production for organic initiators that contain a ROMP-
able NBI functionality that is unreactive during MF-ROMP.
This approach would eliminate the need for the postpolyme-
rization installation of a norbornene chain end prior to BBP
synthesis. Using MF-ROMP, MM synthesis can be stream-
lined, and the number of transition metal complexes needed
per BBP chain can be reduced from one per MM (plus one for
the BBP main chain) down to one overall.

B RESULTS AND DISCUSSION

Building from empirical observations that NBI monomers were
not incorporated into polymer chains during MF-ROMP, even
as a comonomer with norbornene, we wanted to investigate
the use of NBIs in custom initiators for MF-ROMP. Toward
this end, we synthesized endo- and exo-isomers of NBI

985

initiators (2a and 2b, respectively) starting from the
corresponding carbic anhydride isomers. Initiators 2a and 2b
were each produced in a 23% overall yield, assuming the
highest isolated yield for each step. Briefly, the reaction
sequence involved imide formation, alcohol oxidation using
Dess-Martin periodinane, and the Wittig reaction to install the
vinyl ether functionality.

With initiators 2a and 2b at hand, we next investigated their
performance in MF-ROMP of tetracyclododecene (TD) 3
(Table 1). We chose TD based on its demonstrated
compatibility with MF-ROMP, resistance to chain transfer
during metal-mediated ROMP, ability to provide valuable
materials with high glass transition temperatures (Tg),25 and
industrial relevance. ME-ROMP of TD was performed under
an ambient atmosphere using pyrylium photocatalyst 4 in a 1:1
v/v mixture of CH,Cl, and 1,2-dichlorobenzene with blue light
irradiation for 1 h. We found that each functional initiator (2a
and 2b) formed oligo- and polyTD MMs with comparable
conversions, initiator efficiencies, and molecular weight
dispersities (D) as those observed in previous reports that

https://doi.org/10.1021/acsmacrolett.5c00300
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Figure 2. (a) GPC (THF) traces of endo-MM; and crude polymerization products at varying [MM]y/[G3],. (b) GPC (toluene) traces of endo-
MMs of varying sizes and the corresponding crude polymerization products at [MM],/[G3], = 10. (c) GPC (toluene) traces of exo-MM; and
crude polymerization products at varying [MM]o/[G3],. (d) GPC (toluene) traces of exo-MMs of varying sizes and corresponding crude
polymerization products at [MM],/[G3], = SO. (e, f) ROMP conversion of endo-MM; 5 ([MM],/[G3], = 25, light blue) and exo-MM; ¢ ([MM],/
[G3], = 25, pink; [MM],/[G3], = 50, dark blue) by GPC (filled circles) and NMR (empty circles) analysis over time.

used ethyl propenyl ether (1) as the initiator.”*® Tt was
confirmed by 'H NMR spectroscopy using 1,2 dichloroethane
as an internal standard that the alkene signals in the NBI at 6 =
6.08 and 6.28 ppm for 2a and 2b, respectively, did not change
over the course of the MF-ROMP and remained intact after
purification by precipitation into cold methanol (Figures S1—
S4). The integration of the NBI alkene relative to polymer
backbone alkenes also agreed well with the number-average
degree of polymerization (DP) determined by gel permeation
chromatography (GPC) with toluene as a mobile phase. MMs
of different molecular weights were prepared by manipulating
the feed ratio of monomer and initiator to yield the target MM,
denoted as endo-MM, and exo-MM,, with the subscript
indicating the number-average molecular weight (M,) in kDa
(Table 1).

We next carried the series of MMs into graft-through
polymerization experiments using G3 (Table 2). We first
wanted to understand the extent of backbone polymerization
that could be achieved with this method. For direct
comparisons, ROMP of endo-MM; (Table 2, entries 5—7)
and exo-MM (Table 2, entries 11—13) were carried out in a
nitrogen-filled glovebox using initial [MM]:[G3], ratios of 10,
25, and 50 to 1 (Figure 2a,c). We found that the endo-isomer
was challenged to achieve BBPs with high DP, as has generally
been observed for endo-isomers in ROMP and especially in the
case of graft-through BBP syntheses.””>* Only the polymer-
ization that used a 10:1 [MM];:[G3], (Table 2, entry S)
reached full conversion of the MM, as assessed by GPC
analysis. Attempts at using higher [MM],:[G3], (>50:1) with
the endo-MM resulted in bimodal GPC traces, with the longer
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retention time peak corresponding to unreacted MM. To the
contrary, ROMP of exo-MMjy achieved conversions of >90%
even at [MM],:[G3], of 100 to 1 (Table 2, entries 14 and 15).
Dispersities for the bottlebrush polymers were high compared
to other ROMP of small molecules and MMs synthesized by
living polymerizations. However, this is somewhat unsurprising
considering BBPs reflect the propagation of dispersity through
each step of their synthesis.”” While we can expect a relatively
low dispersity in Mg, the side chains reflect the moderate
dispersities common in MF-ROMP (1.30—1.60). The M, of
the resultant BBPs was consistently found to be greater than
the theoretical M,, giving a calculated initiator efficiency of <1.
We also note that in general the GPC traces of the BBPs show
signs of aggregation. We speculate that some deactivation of
the G3 initiator may occur from reaction with residual enol
ether. That said, we also note that the initiator efficiency of G3
does not trend consistently with changes in [MM],:[G3],, and
it is therefore difficult to deconvolute the chemical reactivity
origins of low initiator efficiency from mass transport
phenomena.

Experiments comparing the time to reach high conversion
were carried out for both endo- and exo-MMs at a [MM],:
[G3], ratio of 25 to 1, as well as 50:1 for exo-MMs (Figure
2e,f). Conversion was measured by both 'H NMR spectros-
copy and GPC. The signal-to-noise ratio for GPC analysis was
higher than that of 'H NMR analysis of the MM chain end and
is likely a more accurate assessment of conversion. GPC results
also likely underestimate conversion, as there is a slight overlap
in MM and BBP peaks. Although the polymerization did not
display living characteristics and deviated from linear pseudo-

https://doi.org/10.1021/acsmacrolett.5c00300
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first order kinetics (Figures S7—S9), we were interested in the
rate of reaction since slower propagation in ROMP of MMs
has commonly resulted in reduced conversion.'' The same
trend was observed here, with endo-MM;; reaching a final
conversion of 66% by GPC after 4 h, whereas exo-MM; ¢ was
able to achieve nearly quantitative conversion within 30 min.
Next, we explored the effect of Mgc on conversion in graft-
through ROMP. Each isomeric variant displayed a strong
dependence on the Mg, with the endo-MMs reaching high
conversions only when the Mg was less than 6 kDa and low
[MM],:[G3], was employed (Figure 2b,d). When endo-MM,
was used with a [MM]:[G3], of 10:1, no BBP was detected
by GPC analysis. Interestingly, the ROMP of exo-MM,s
proceeded smoothly, even with a M,. = 14 kDa and [MM]:
[G3], = S0:1. Increasing the M, to exo-MM,, however,
resulted in no BBP polymer according to GPC analysis.

We also wanted to explore the effect of ROMP—ROMP on
the thermal properties of the polymers. Though the MMs were
soluble in THF, high molecular weight BBPs were discovered
to be insoluble in THF, and could be purified by precipitating
into cold THF to yield the high molecular weight BBP with
high purity, as determined by 'H NMR and GPC analysis
(Figures S26 and S27). We also synthesized analogous linear
polymers of TD by polymerization with the Grubbs first-
generation initiator with molecular weights comparable to the
bottlebrush polymers. We compared exo-MMy, two sizes of
BBPs, and linear polyTD analogues via differential scanning
calorimetry (DSC) (Figure 3).
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Figure 3. Experimental T, data of exo-MMg (red), BBP (dotted
traces) at M,s 212 (orange) and 916 kDa (yellow), and analogous
linear pTD (solid traces) at 289 (orange) and 729 kDa (yellow).

Although both BBPs and linear analogues had T, values
higher than exo-MM; due to being significantly higher in
molecular weight, the T, values of BBPs were lower than their
linear analogues by 30 to 35 °C. This is consistent with other
such comparisons and is ascribed to an increase in the available
free volume and, consequently, increased segmental motion as

. . . 3,30—-32
a result of the increase in the number of chain ends.
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B CONCLUSIONS

We have demonstrated the application of functional initiators
in MF-ROMP and leveraged the complementarity of metal-
free versus metal-mediated ROMP to produce ROMP—ROMP
BBPs. NBI-functionalized enol ethers of endo- and exo-variants
were used successfully as initiators in MF-ROMP without any
measurable ring-opening of the NBI moiety. After purification,
these MMs could be directly polymerized with G3 to form
BBPs. We identified a strong dependence of conversion on
Mg for both endo- and exo-MMs, as well as an upper limit to
the achievable graft-through DP for endo-MM:s, whereas graft-
through polymerization of exo-MMs was able to achieve high
conversion even at a [MM]y:[G3], of 100:1. We found that
the T, values of BBPs increased with increasing M,, though
they are 30 to 35 °C lower than linear polyTD analogs of a
similar molecular weight. The ease of MM synthesis and
reduction of G3 catalyst required for BBP formation makes this
a potentially useful approach for the synthesis of ROMP—
ROMP polymers. Additionally, functional initiators in MEF-
ROMP present an efficient new approach to the chain-end
functionalization of ROMP products.
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