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ABSTRACT: Polyisobutylene (PIB)-based bottlebrush poly-
mers were synthesized via ring-opening metathesis polymer-
ization (ROMP) of norbornene- and oxanorbornene-termi-
nated PIB macromonomers (MM) initiated by Grubbs third-
generation catalyst ((H,IMes,)(pyr),(Cl),Ru=CHPh) (G3).
While both MMs reached greater than 97% conversion as
measured by 'H NMR, the rate of propagation of PIB
norbornene was measured to be 2.9 times greater than that of
PIB oxanorbornene MMs of similar molecular weight (MW).
The slower rate of propagation of the oxanorbornene MM was
attributed to interaction between the electron-rich oxygen
bridge and the metal center of G3, which slowed but did not
inhibit polymerization. Both types of MMs demonstrated
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controlled/“living” polymerization behavior, and brush polymers with MWs up to ~700 kg/mol with narrow dispersity (P <

1.04) were achieved.

B INTRODUCTION

Bottlebrush polymers are of great interest owing to their highly
branched polymer topology, well-defined and tailorable
dimensions, and unique mechanical and rheological properties.'
Bottlebrush polymers consist of macromolecular side chains
covalently attached to a polymer backbone and exhibit a chain
extended conformation caused by the steric repulsions between
crowded neighboring side chains.” The morphology of
bottlebrush polymers can be tailored by controlling polymer
composition, graft density, and/or side chain length to achieve
cylindrical,>* spherical,” or wormlike morphologies." Through
proper selection of polymeric side chains, essential properties
including stimuli-responsiveness"” and amphiphilicity,®” can be
incorporated into the bottlebrush polymers. Unlike most linear,
flexible-chain polymers, bottlebrush polymers lack significant
chain entanglement due to steric repulsion of polymeric side
chains, resulting in relatively low viscosity even at very high
Mw.l(),l 1

In general, there are three basic methods of preparing
bottlebrush polymers,'”™"* termed “grafting-from”,'®"” “graft-
ing—onto”,ls_20 and “grafting—through”.z1_23 Of these techni-
ques, the grafting-through strategy is the most versatile route
and involves first preparation of macromonomers (MM) with
polymerizable end-functional groups, followed by controlled/
“living” polymerization to form bottlebrush polymers.”' =
“Grafting-through” affords precise control over the backbone
and side chain length, while ensuring 100% grafting density
since the polymerizeable moiety is inherently bound to each
side chain. However, it remains difficult to achieve brush
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polymers with high degrees of polymerization (DP) and low
dispersities, largely due to the steric hindrance associated with
polymerizing macromonomers.

Lately, numerous examples of bottlebrush polymer syntheses
with near-quantitative MM conversion and narrow dispersities
have been reported via ROMP using ruthenium-based
metathesis catalysts, owing to their fast initiation, high activities,
and excellent functional group tolerance.'' ~'¥'5**735 However,
despite the recent developments regarding brush polymer
synthesis via ROMP, synthesis of norbornene end-functional
MMs still remains a challenge. The two primary approaches
used to synthesize norbornene-functional MMs are “direct-
growth” (DG-MM) and “growth-then-coupling” (GC-MM).™!
The DG-MM approach involves the use of a norbornene-
functional initiator or chain transfer agent to afford
norbornene-functional MMs.'>'>2%3¢73% However, there are
several concerns regarding the DG-MM approach. Copoly-
merization or other reaction of the norbornene olefin during
polymerization must be minimized.” Furthermore, small traces
of difunctional norbornene MMs arising from bimolecular
coupling during radical polymerization generally lead to
undesired brush branching and increased polydispersity of the
resulting brushes.”" Alternatively, the GC-MM strategy involves
creation of a MM precursor in the absence of the norbornene
moiety, followed by postpolymerization end-group functional-
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Scheme 1. Synthesis of PIB (Oxa)norborene MMs and Their Corresponding Bottlebrush Polymers via ROMP
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Figure 1. 'H NMR spectra (600 MHz, 25 °C, CDC;) of monofunctional (A) PIB Br, (B) PIB oxanorbornene, and (C) PIB norbornene MM.

ization (“coupling”) to produce the desired norbornene-
functional macromonomer.

Most ROMP MMs have been prepared using living
polymerization techniques, especially radical and anionic
polymerizations, to achieve precisely MWs and near-quantita-
tive end-group functionality.*’** However, to the best of our
knowledge, there have been no reports on the preparation of
ROMP MMs by living carbocationic polymerization (LCP),
and in particular, we are unaware of any reports on the
synthesis of norbornene-functional polyisobutylene (PIB)-
based MMs. In fact, the only literature reports regarding PIB
and ROMP pertain to ruthenium catalyst recycling by binding
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PIB to the N-heterocyclic carbene ligand of Grubbs II
catalyst.”> Recently, the synthesis of PIB brush polymers has
been reported by RAFT polymerization of PIB acrylate MMs."*
However, this approach required long reaction times (>24 h)
and high initiator concentrations to achieve high conversion.
Furthermore, the polydispersity (D) of obtained PIB brushes
was greater than 2.0.

PIB is an excellent candidate for introduction into
bottlebrush polymers because of its unique properties,
including high flexibility and energy damping, good thermal
and oxidative stability, low gas permeability, good chemical and
solvent resistance, and good biocompatibility.*> Moreover, with
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only several exceptions,”* there have been very few literature
reports of bottlebrush polymers composed of polyolefin side
chains. With the development of LCP of PIB, a broad family of
PIB MMs has been reported, such as (meth)acrylates”’~* and
epoxides.”” Recent work in chain-end functionalization of PIB
offers promising new routes for facile synthesis of function-
alized PIBs with quantitative end-group conversion, precisely
controlled MWs, and narrow B.>'—>*

In this paper, we report the synthesis of norbornene-
functional PIB MMs and their incorporation into bottlebrush
polymers using ROMP. We used a GC-MM synthetic route, in
part because norbornene olefins are known to undergo
carbocationic rearrangement polymerization.55 As shown in
Scheme 1, we used nucleophilic substitution of PIB-Br with
exo-(oxa)norbornene dicarboximides, 1 and 2, followed by
ROMP initiated from Grubb’s III (G3) catalyst to produce
various high MW brush polymers with controlled MW and
narrow D (Scheme 1). We also report the effect of norbornene
bridge group on the ROMP kinetics of PIB norbornene and
PIB oxanorborne MMs initiated by G3 catalyst as measured by
both 'H NMR and SEC kinetic analyses.

B RESULTS AND DISCUSSION

Synthesis of PIB Oxanorbornene (PIB MM1) and PIB
Norbornene (PIB MM2) Macromonomers. The two exo-
(oxa)norbornene dicarboximide precursors (1 and 2) were
synthesized as shown in Scheme S1 (Supporting Information).
While exo-norbornene dicarboximide derivatives such as 2
typically exhibit higher rates of polymerization by ROMP as
compared to their exo-oxanorbornene analogues,™ the high
yield and single-step synthesis of exo-oxanorbornene dicarbox-
imide 1 warranted the investigation of its use in preparing PIB-
based MMs. The structures of both norbornene precursors
were confirmed by 'H NMR (Figure S1) and *C NMR (Figure
S2).

PIB-Br was prepared by end-quenching of living carboca-
tionic PIB at full IB monomer conversion with (3-
bromopropoxy)benzene. PIB (oxa)norbornene macromono-
mers were then synthesized by nucleophilic substitution
reaction of PIB-Br with precursors 1 and 2.” A mild reaction
temperature of 50 °C was adopted to prevent decomposition of
the (oxa)norbornene moiety via retro-Diels—Alder reaction.>®

Structural Characterization of PIB (Oxa)norbornene
Macromonomers. The structures of both PIB MMs were
confirmed by 'H and *C NMR. Figures 1B and 1C show the
"H NMR spectra of the oxanorbornene and norbornene MMs,
respectively. Quantitative substitution of primary bromide for
oxanorbornene is demonstrated in Figure 1B by the appearance
of resonances with the theoretically predicted intensities at 6.50
(s), 5.25 (s), and 2.82 (s) ppm corresponding to vinyl, C,/C,
bridgehead, and C,/C; bridgehead protons, respectively, of the
oxanorbornene moiety. Similarly, evidence of quantitative
conversion to PIB norbornene was demonstrated in Figure
1C by resonances of appropriate intensity appearing at 6.29 (s),
3.28 (s), and 2.68 (s) ppm due to vinyl, C,/C, bridgehead, and
C,/C; bridgehead protons, respectively, of the norbornene
moiety.

BC NMR spectroscopy further verified the structures for
both MMs (Figure S3A,B). For example, in Figure S3A, peaks
at 176.3, 136.7, 81.1, and 47.6 ppm correspond to the carbonyl,
alkene, C;/C, bridgehead methine, and C,/C; bridgehead
methine carbons, respectively. With respect to the norbornene
MM (Figure S3B), the major differences observed were the
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appearance of the methylene peak of the carbon bridge at 48.0
ppm and the upfield shift of the C,/C, methine carbons to 43.0
ppm.

Number-average molecular weights (M,) and D of the PIB
Br precursor and both PIB (oxa)norbornene MMs were
measured by SEC, as shown in Figure S4, and the results are
listed in Table SI along with the Ms calculated by NMR.
Results from the two measurement methods were in close
agreement. The SEC elution curves (refractive index traces) for
the (oxa)norbornene derivatives were nearly identical to the
PIB Br precursor, indicating that no chain coupling or
degradation occurred during postpolymerization modification.

MALDI-TOF MS provided a second method to determine
M,, D, and end-functionality. The MALDI-TOF mass spectra
of monofunctional PIB oxanorbornene and PIB norbornene
MMs are shown in Figures 2A and 2B, respectively. Each
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Figure 2. MALDI-TOF mass spectra of monofunctional (A) PIB
oxanorbornene and (B) PIB norbornene MMs prepared by the dried
droplet method using DCTB as the matrix, AGTFA as the cationizing
agent, and THF as the solvent.

sample displays a single, major distribution of polymeric
species, associated with Ag cations from the AgTFA cationizing
agent, differing only by the number of isobutylene repeat units.
The PIB norbornene MM sample also displayed a weak,
secondary distribution. The data from each mass spectrum were
analyzed by linear regression of a plot of mass-to-charge ratio
(M/z, with z assumed to be 1), measured at the maximum of
each peak of the major distribution, versus degree of
polymerization (M/z vs DP plot).>”
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Table 1. Summary of ROMP of PIB MMs

'H NMR SEC
e fivn final e s final BB M,/ BB M, s
expt MM [MM]/[G3] (min~") (min) LR (min") (min) PR ¢ (Da x 10 %) (Da x 107°) b
1 MM1 100 0.14 4.95 0.97 0.08 8.66 0.89 4.0 401 1.03
2 MM2 100 0.40 1.73 0.97 0.26 2.66 0.87 3.9 392 1.01
3 MM2 NU 0.90 2.0 202 1.02
4 MM2 75 0.89 3.1 300 1.01
S MM2 100 0.89 4.1 400 1.01
6 MM2 125 0.88 5.4 495 1.02
7 MM2 150 0.89 7.1 601 1.04

“Slope of semilogarithmic plot from 'H NMR data (Figure 3B). bCalculated usmg equation ¢/, =1n 2/k

appr Conversion of final aliquot measured in

terms of norbornene olefin consumption from 'H NMR data (Figure 3A). Slope of semilogarithmic plot from SEC data (Figure 6B). “Conversion
of final aliquot from SEC data, measured as (Apg + Appy)/Aapy where Apg and Ay are the integrated peak areas of the bottlebrush and
macromonomers peaks in the RI trace; residual macromonomer fraction, f,.,, was calculated using the equation f,., = (1 — final conv). Measured by
SEC using absolute MW determined by light scattering. Calculated from SEC data using the formula M, 4., = My X final p% X ([MM],/

[G3]o)-

MALDI-TOF MS data for the PIB (oxa)norbornene MMs
are summarized in Table S2. For PIB norbornene MM, the
measured slope value was within 0.1% of the theoretical
molecular weight of the repeat unit (M,,) (56.06 Da), and the
measured intercept value was within 0.6% of the theoretical
value of EG + I + C. The observed close agreement between
measured and theoretical values provides strong evidence that
the PIB norbornene MM possesses the targeted structure and
end-group functionality. Analysis of the weak, secondary
distribution revealed that its end-group mass was inconsistent
with any likely structures, such as residual PIB-Br, and thus we
were unable to provide a positive assignment. For PIB
oxanorbornene MM, the measured slope value was within
about 0.1% of the theoretical molecular weight of the repeat
unit (M,,) (56.06 Da), but the intercept differed from the
theoretical value by about 1.8%, prompting further analysis. An
overlay of the mass spectra of PIB oxanorbornene and PIB
norbornene (Figure SS5) showed that the individual homo-
logues of the two distributions differ significantly in mass,
whereas they should differ by only 2 Da (O vs CH,). On the
basis of the observed difference of about 66 Da, we have
postulated that retro-Diels—Alder fragmentation of the
oxanorbornene moiety occurred during the MALDI-TOP MS
experiment. Thus, the observed distribution in the mass
spectrum of PIB oxanorbornene was actually that of PIB
maleimide. The theoretical value of EG + I + C for the latter
species is 450.12 Da, and the measured intercept of the M/z vs
DP plot is within 0.6% of this value.

M, and D were also obtained from the mass spectroscopy
data. In all cases, these values were lower than the
corresponding values obtained from SEC analysis (Table S1).
This is a common observation and reflects the fact that polymer
chains with higher MW are more difficult to desorb/ionize and
thus are under-represented at the detector.””**

ROMP of PIB (Oxa)norbornene Macromonomers and
'H NMR Kinetics Analysis. Controlled/“living” ROMP of
PIB oxanorbornene (PIB MMI1) and PIB norbornene (PIB
MM?2) was carried out using G3 catalyst owing to its improved
functional group tolerance and high relative rates of initiation
and propagation.''™"? Aliquots were removed from the
polymerization reactions at various times and terminated with
ethyl vinyl ether. Each aliquot was subjected to both '"H NMR
and SEC analysis. As shown in the "H NMR spectra in Figure
S6A,B, high norbornene conversion was achieved for both PIB
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MMs as evidenced by the disappearance of the alkene proton
peaks at 6.50 and 6.29 ppm for PIB MM1 and PIB MM2,
respectively, as well as the increase in intensity of peaks at
5.00—5.90 ppm, which correspond to the cis and trans double
bonds of the polynorbornene backbone of the bottlebrush
polymer. '"H NMR data were used to provide a quantitative
measure of macromonomer conversion, pyyg, by monitoring
the integration of (oxa)norbornene olefinic protons relative to
that of the aromatic protons from the phenoxy moiety of the
MMs, which remains constant. Conversions obtained from 'H
NMR were used to calculate propagation rate constants and
reaction half-lives (Table 1). The conversion vs time plots
(Figure 3A) show that the polymerization rate of PIB MM2 is
faster than that of PIB MMI as the conversion of PIB MM2
reached 97% in 8.7 min, while it took 24.6 min for PIB MM1 to
achieve a similar conversion.

The semilogarithmic kinetic plots (Figure 3B) showed a
linear relationship between In[1/(1 — pyyr)] and reaction
time, indicating G3 catalyst-mediated ROMP proceeds in a
pseudo-first-order, controlled/“living” fashion. The slope for
PIB MM2, i.e., the apparent first-order rate constant, was 2.9
times greater than that for PIB MM1. This result confirms the
slower rates of ROMP of oxanorbornene as compared to
analogous norbornene derivatives. The ether bridge within the
oxanorbornene moiety plays an essential role in slowing the
rate of propagation.”® The ether oxygen is a strong electron-
donating group, which coordinates with the electrophilic Ru
and thus competes with the insertion of oxanorbornene olefin
into Ru=C. However, despite the reduced ROMP rate of PIB
MMI1 near-quantitative (97%) oxanorbornene conversion was
reached within about 25 min.

SEC Kinetics Analysis. An alternative kinetic study was
conducted using an SEC technique.'"'” Figures 4A and 4B
illustrate SEC refractive index (RI) traces of aliquots removed
from the ROMP of PIB MMI1 and MM2 at various times,
respectively. The data clearly demonstrate that as the reaction
proceeds, the MM peak area decreases steadily, while the brush
peak area steadily increases and shifts to lower elution volume.
An apparent SEC conversion, pgk, may be determined at each
aliquot by dividing the integrated area of the bottlebrush
polymer peak, Agg, by the sum of Agy plus the area of the MM
peak, Ay

DOI: 10.1021/acs.macromol.7b01655
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Figure 3. Kinetics of ROMP of PIB MMI and PIB MM2 with G3
catalyst from 'H NMR data ([MM]:[G3], = 100:1, mol:mol), in
CH,Cl, at room temperature: (A) conversion (pyyr) vs time plot; (B)
semilogarithmic kinetic plots.

(1)

We noted, however, that the SEC traces at long times appeared
to approach a persistent, residual fraction of unreacted
macromonomer. Other investigators have observed similar
unreacted macromonomer fractions and attributed them to
nonfunctional oligomers that are missing a polymerizable end
group.”'” An alternative explanation is that the macro-
monomers are fully functionalized, and the unreacted macro-
monomer fraction represents a thermodynamically controlled
equilibrium concentration. In either case, pft- may be
converted to a true SEC converson, pgec, through determi-
nation of the fraction of residual nonfunctional macro-
monomers, f,.:

app
Psec

p =
R e @)

It should be noted that conversion measured by 'H NMR,
Pnmp IS inherently a true conversion since disappearance of the
polymerizable norbornene olefin is being directly monitored.
We next conducted a series of polymerizations in which the
G3 initiator concentration was systematically varied to produce
different [MM2],/[G3], ratios; PIB MM2 macromonomers
were chosen due to their higher rate of propagation. This series
was carried out in part to determine whether the apparent
residual fraction of macromonomer discussed above was due to
nonfunctional oligomers or equilibrium conditions or perhaps
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Figure 4. SEC traces of aliquots taken during ROMP of (A) PIB
MM], expt 1, Table 1, and (B) PIB MM?2 using G3 catalyst, expt 2,
Table 1; the peak at about 14.8 min corresponds to unreacted
macromonomer.

to some other cause such as limited catalyst lifetime'” or
inadequate reaction time. If limited catalyst lifetime were the
cause, then the residual fraction would most likely vary with
[G3]. A relatively long reaction time of 1 h was used to ensure
that macromonomer conversion was not being limited by
ROMP kinetics. The results of this series of experiments are
listed in Table 1, and the SEC RI traces of the final reaction
products are shown in Figure SA. Mgs of the resulting
bottlebrush polymers were observed to be precisely controlled
by the molar ratio of [MM],/[G3],, and the SEC curves were
narrow and monomodal, demonstrating the high initiation
efficiency and absence of chain transfer characteristic of ROMP
mediated by the G3 catalyst. A plot of M, vs molar feed ratio
(Figure SB) was observed to be linear and to pass through the
origin, and the slope was approximately equal to the M, of the
starting PIB MM2, further confirming the controlled/living
nature of the polymerization.

As determined by peak integration of the SEC traces in
Figure SA, the p¥%. was about 89% in all cases (data listed in
Table 1), indicating that f,., assumed a constant value of about
11 mol % irrespective of [G3],. The constancy of this residual
fraction, in spite of the widely varying [PIB MM2],/[G3],
ratios used, is consistent with a nonfunctional PIB fraction or a
thermodynamically controlled equilibrium macromonomer
concentration. MALDI-TOF-MS and especially NMR charac-
terization of the PIB oligomers did not reveal any nonfunc-
tional end groups, of which for PIB there are only a small
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number of characteristic types, e.g, tert-chloride, exo-olefin,
endo-olefin, coupled. It is conceivable, however, that a fraction
of the PIB chains initiated from the monofunctional initiator,
TMPCI, which is slightly slow initiating, could have undergone
rearrangement or isomerization of the carbocationic chain ends
to form sterically hindered and less reactive chain ends,*”®!
resulting in incomplete conversion of PIB-Br by end quenching.
At low concentration (~11 mol %) these end groups might not
be revealed in '"H NMR, even at 600 MHz resolution, and the
resulting nonfunctional PIB chains would remain unreactive
toward (oxa)norbornene precursors and thence the G3 catalyst
during ROMP.

Conversion vs time (Figure 6A) and semilogarithmic kinetic
plots (Figure 6B) were constructed from SEC data for aliquots
removed from ROMP of PIB MMI1 and PIB MM2 (expts 1 and
2, respectively, Table 1). For these plots, true SEC conversion,
Psecy was measured using eqs 1 and 2 with f,., assumed to be
0.11 for both macromonomers. Apparent propagation rate
constants and half-lives were calculated from the slopes of
semilogarithmic kinetic plots and are listed in Table 1. The data
demonstrate the same relative trends observed in the 'H NMR
kinetics analysis; however, the rate constants measured by SEC
were lower than those by NMR. Measured by SEC, the
apparent first-order rate constant for PIB MM2 was 3.25 times
greater than that for PIB MMI.

B CONCLUSIONS

Novel PIB (oxa)norbornene MMs were prepared by reacting
exo-(oxa)norbornene imide with PIB-Br. G3 catalyst-mediated
“controlled”/living ROMP of PIB (oxa)norbornene MMs via a
grafting “through” methodology was conducted successfully at
room temperature, producing PIB bottlebrush polymers with
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Figure 6. Kinetics of ROMP of PIB MM1 and PIB MM2 using G3
catalyst (MM:G3 = 100:1 (mol:mol), in CH,Cl,, at room temper-
ature): (A) conversion vs time plots and (B) semilogarithmic kinetic
plots.

precisely controlled MWs and low D (<1.04). It was
demonstrated that PIB brushes with high MW (700 kDa)
could be achieved by varying the feed ratio of the [(oxa)-
norbornene]y/[G3]y; even higher MW could very likely be
achieved by further increasing the latter ratio, since no
termination or G3 catalyst degradation was observed even at
very high MM conversions. It was demonstrated that the
ROMP propagation rate of PIB norbornene is at least 2.9 times
greater than that of PIB oxanorborne MM with similar MW,
owning to the complex effect between the electron-rich oxygen
atom and G3, which interfered with but did not inhibit the
interaction of Ru=C with the polymerizable oxanorbornene
moiety.

ROMP of PIB (oxa)norbornene MMs represents an
effective, fast, and facile method for the preparation of PIB
brushes. Owing to the exceptional properties of PIB itself, such
as good flexibility and damping, good thermal and oxidative
stability, chemical and solvent resistance, and biocompatibility,
PIB brushes have the potential to be applied in the fields of
rheology modifiers, supersoft elastomers, vibration or noise
damping materials, and polymer therapeutics.

B EXPERIMENTAL SECTION

Materials. Hexane (anhydrous, 95%), methanol (anhydrous,
99.8%), methylene chloride (anhydrous, 99.8%), titanium tetra-
chloride (TiCl,) (99.9%), 2,6-lutidine (99.5%), anisole (anhydrous,
99.7%), (3-bromopropoxy)benzene (anhydrous, 98%), tetrahydrofur-
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an (THF) (anhydrous, 99.9%), ethyl vinyl ether (99%), maleimide
(99%), pentane, dichloromethane-d, (CD,Cl,), diethyl ether, furan
(99%), second-generation Grubbs catalyst, pyridine (99%), potassium
carbonate (K,CO;), ethyl acetate (99%), maleic anhydride (99%),
dicyclopentadiene (99%), urea (99%), toluene (99%), 1,2-dichlor-
obenzene, and silver trifluoroacetic acid (AgTFA) were purchased
from Sigma-Aldrich and used as received. trans-2-[3-(4-t-Butylphenyl)-
2-methyl-2-propenylidene Jmalononitrile (DTCB) was purchased from
Tokyo Chemical Industry Co. and used as received. Magnesium sulfate
(MgSO,) (anhydrous), sulfuric acid (98%), and chloroform-d
(CDCl,) were purchased and used as received from Fisher Scientific.
Acetonitrile-d; (99.8%) was purchased from Cambridge Isotopes and
used as received. Isobutylene (IB, BOC Gases) and methyl chloride
(Gas and Supply) were dried by passing the gaseous reagent through a
column of CaSO,/molecular sieves/CaCl, and condensing within a
N,-atmosphere glovebox immediately prior to use. The monofunc-
tional initiator, 2-chloro-2,4,4-trimethylpentane (TMPCl), was synthe-
sized as previously described®® by bubbling HCI gas through neat
2,4,4-trimethyl-1-pentene (Sigma-Aldrich Co.) at 0 °C and was stored
at 0 °C prior to use.

Instrumentation. Nuclear magnetic resonance (‘'H NMR and "*C
NMR) experiments were performed on a Varian 300 MHz or a Bruker
Ascend 600.13 MHz (TopSpin 3.5) spectrometer. All 'H chemical
shifts were referenced to TMS (0 ppm), and all "*C shifts were
referenced to CDCly (77.16 ppm). Samples were prepared by
dissolving the polymer in either chloroform-d or acetonitrile-d; (5—
7%, w/v) and charging this solution to a S mm NMR tube. For
quantitative proton integration, 16 transients were acquired using a
pulse delay of 27.3 s. In the end-group analysis, the signal due to the
ultimate methylene protons adjacent to the phenoxy moiety (1.79
ppm, 2H, singlet) was chosen as an internal reference for functionality
analysis.

Real-time Fourier transform infrared (RT-FTIR) monitoring of
isobutylene polymerizations was performed using a ReactlR 4Sm
(Mettler-Toledo) integrated with a N,-atmosphere glovebox (MBraun
Labmaster 130) equipped with a cryostated heptane bath. Isobutylene
conversion during polymerization was determined by monitoring the
area above a two-point baseline of the absorbance at 887 cm™,
associated with the =CH, wag of isobutylene.

Number-average molecular weights (M,) and polydispersities (PDI
= M,,/M,) were determined using a gel-permeation chromatography
(GPC) system consisting of a Waters Alliance 2695 separations
module, an online multiangle laser light scattering (MALLS) detector
fitted with a gallium arsenide laser (power: 20 mW) operating at 658
nm (miniDAWN TREOS, Wyatt Technology Inc.), an interferometric
refractometer (Optilab rEX, Wyatt Technology Inc.) operating at 3S
°C and 685 nm, and two PLgel columns (Polymer Laboratories Inc.)
connected in series. For characterization of macromonomers, two
mixed E columns (pore size range 50—10° A, 3 yum bead size) were
used; for the bottlebrush polymers, two mixed D columns (pore size
range 50—10* A, 5 um bead size) were used. Freshly distilled THF
served as the mobile phase and was delivered at a flow rate of 1.0 mL/
min. Sample concentrations were ca. 15—20 mg of polymer/mL of
THEF, and the injection volume was 100 uL. The detector signals were
simultaneously recorded using ASTRA software (Wyatt Technology
Inc.), and absolute molecular weights were determined by MALLS.
For PIB macromonomers dn/dc was calculated from the refractive
index detector response and assuming 100% mass recovery from the
columns; for PIB bottlebrush polymers, the dn/dc was set to the
known value for PIB of 0.1080 mL/g.

Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) was performed using a Bruker
Microflex LRF MALDI-TOF mass spectrometer equipped with a
nitrogen laser (337 nm) possessing a 60 Hz repetition rate and SO 4J
energy output. The PIB samples were prepared using the dried droplet
method: separately prepared THF solutions of DCTB matrix (20 mg/
mL), PIB sample (10 mg/mL), and AgTFA cationizing agent (10 mg/
mL) were mixed in a volumetric ratio of matrix/ sample/cationizing
agent = 4:1:0.2, and a 0.5 yL aliquot was applied to a MALDI sample
target for analysis. The spectrum was obtained in the positive ion
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mode utilizing the Reflector mode microchannel plate detector and
was generated as the sum of 900—1000 shots.

exo-7-Oxanorbornene-2,3-dicarboximide (1). Precursor 1 was
synthesized using a variation of a published procedure.*** A solution
of maleimide (4.75 g, 48.9 mmol) and freshly distilled furan (25.0 mL,
343 mmol) in EtOAc (100 mL) was prepared in a 250 mL three-
necked round-bottomed flask equipped with magnetic stir bar and
reflux condenser. The reaction was purged with N, for 30 min and
then heated at 80 °C overnight (18 h). The reaction was then cooled
to room temperature, and pentane (S0 mL) was added, followed by
cooling to —10 °C for 6 h affording 1 (6.69 g, 83%) as colorless
crystals; mp 168—170 °C dec. '"H NMR (300 MHz, CD,CN): § 8.88
(s, 1H), 6.49 (s, 2H), 5.14 (s, 2H), 2.84 (s, 2H). '*C NMR (75 MHz,
CD;CN): 5 178.34, 137.78, 82.24, 50.02.

exo-5-Norbornene-2,3-dicarboxylic Anhydride (2a). A 500 mL
three-necked round-bottomed flask equipped with a magnetic stir bar,
condenser, and addition funnel was charged with maleic anhydride
(98.06 g, 1.00 mol) and 1,2-dichlorobenzene (100 mL) and heated to
200 °C. Subsequently, a solution of dicyclopentadiene (69.41 g, 0.525
mol) in 1,2-dichlorobenzene (40 mL) was added dropwise over 1 h
while maintaining the reaction temperature at 200 °C. The reaction
was then heated at 230 °C for 2.5 h, followed by cooling to room
temperature (12 h). The resulting crystals were isolated by vacuum
filtration and recrystallized three additional times from toluene to give
2a (464 g, 28%) as needlelike crystals. "H NMR (300 MHz, CDCL,):
5 629 (s, 2H), 3.41 (s, 2H), 2.97 (s, 2H), 1.63 (d, ] = 9.8 Hz, 1H),
1.40 (d, J = 10.1 Hz, 1H).

exo-5-Norbornene-2,3-dicarboximide (2). Intermediate 2a (41.20
g 251 mmol) and urea (16.58 g, 276 mmol) were weighed into a 250
mL round bottomed flask equipped with magnetic stir bar and reflux
condenser. The reactor was evacuated of air and backfilled with argon
and then heated at 150 °C for 2 h. Melting of the reactants was
accompanied by vigorous evolution of gas, which was vented through
an oil bubbler. The crude product was purified by dissolving in water
(700 mL) at 90 °C, followed by recrystallization at room temperature
giving 2 (31.60 g, 77%) as off-white crystals that were dried overnight
in vacuo; mp 163—164 °C. 'H NMR (300 MHz, CDCL): § 8.57 (s,
1H), 6.26 (s, 2H), 3.27 (s, 2H), 2.71 (s, 2H), 1.55 (d, ] = 10.0 Hz,
1H), 1.43 (d, ] = 9.6 Hz, 1H). *C NMR (75 MHz, CDCl,): § 178.76,
137.94, 49.36, 45.31, 43.10.

Third-Generation Grubbs Catalyst (G3, 3). Second-generation
Grubbs catalyst (500 mg, 0.12 mmol) was weighed into a scintillation
vial containing a small magnetic stir bar followed by the addition of
pyridine (0.474 mL, 5.88 mmol) in the presence of air. After S min,
pentane (20 mL) was added to the vial resulting in precipitation of a
bright green solid. The vial was placed in the refrigerator (5 °C)
overnight. The green G3 catalyst (3) was isolated by vacuum filtration,
washed with pentane (20 mL), dried in vacuo, and subsequently stored
under argon in the dark at 5 °C. Yield: 400 mg, 93%.

Monofunctional Primary Bromide-Terminated PIB Precursor
(PIB-Br). Monofunctional PIB Br precursor was synthesized by living
isobutylene polymerization/alkoxybenzene quenching. Polymerization
and quenching reactions were performed within a N,-atmosphere
glovebox equipped with a cryostated heptane bath. Synthesis of 4K
PIB Br was carried out as follows: To a 1 L four-neck round-bottom
flask, equipped with an overhead stirrer, thermocouple, and ReactIR
probe, and immersed in the heptane bath, were added 131 mL of
hexane, 196 mL of methyl chloride, 0.1S mL (1.3 mmol) of 2,6-
lutidine, 3.40 mL (20.0 mmol, 2.97 g) of TMPC], and 105 mL (1.31
mol) of IB. The mixture was equilibrated to —70 °C with stirring, and
polymerization was initiated by the addition of 0.82 mL (7.5 mmol) of
TiCl,. Essentially full monomer conversion was reached in 42 min
according to RT-FTIR data, at which time 9.5 mL (60.0 mmol) of 3-
bromopropoxybenzene was charged to the reaction (3 equiv per chain
end). Additional TiCl, (3.67 mL, 33.4 mmol) was added to catalyze
the quenching reaction, resulting in a total TiCl, concentration of 2
equiv per chain end. The quenching reaction was allowed to proceed
for S h. At the end of this time, the catalyst was destroyed by careful
addition of excess prechilled methanol (~30 mL). The resulting
polymer solution was washed with methanol and then precipitated

DOI: 10.1021/acs.macromol.7b01655
Macromolecules 2017, 50, 74587467


http://dx.doi.org/10.1021/acs.macromol.7b01655

Macromolecules

into 1.5 L of methanol and acetone solution (methanol/acetone, v/v,
95/5). The precipitate was collected by redissolution in fresh hexane;
the solution was washed with DI water, dried over MgSO,, and then
vacuum stripped. Residual solvent was removed under vacuum at 50
°C to yield pure primary bromide-terminated PIB (M, = 4200 g/mol,
b =1.23).

Monofunctional PIB Oxanorbornene (PIB MM1) and PIB
Norbornene (PIB MM2) Macromonomers. Monofunctional
primary bromide-terminated PIB precursor (PIB Br, 15.1 g, M, =
4200 g/mol, PDI = 1.23) was dissolved in 200 mL of freshly distilled
THE, and the resulting solution was transferred to a 500 mL one-neck
round-bottom flask. To the stirred solution were added 40 mL of
anhydrous N-methyl-2-pyrrolidone (NMP), 1.77 g (10.8 mmol) of
exo-S-norbornene-2,3-dicarboximide (2), 2.47 ¢ (17.9 mmol) of
potassium carbonate, and 1.89 g (7.16 mmol) of 18-crown-6. The
mixture was heated at 50 °C under a dry N, atmosphere for 10 h.
Upon completion of the reaction, the THF was vacuum stripped, and
the polymer was dissolved in hexane. The resulting solution was
filtered through a filter paper and slowly added into excess methanol to
precipitate the polymer. The precipitate was redissolved in fresh
hexane, and the resulting solution was washed with DI water, dried
over MgSO,, and then vacuum stripped at room temperature to obtain
pure PIB MM2 (M, = 4500 g/mol, P = 1.21). PIB MM1 prepolymer
(M, = 4500 g/mol, D = 1.22) was prepared using a similar procedure.

PIB Bottlebrushes via ROMP of exo-(Oxa)norbornene-Func-
tional PIB. ROMP was carried out in a mixed 9:1 (v:v)
CH,Cl,:hexane cosolvent system at room temperature. A representa-
tive procedure was as follows: PIB MM2 (500 mg, 1.1 X 10~* mol, 100
equiv) and 4.0 mL of a 9:1 (v:v) mixture of CH,Cl, and hexane were
charged to a vial equipped with magnetic stir bar and septum cap.
Upon dissolution of the polymer, the vial was degassed via four
freeze—pump—thaw cycles and backfilled with argon. Meanwhile, a
stock solution of G3 was prepared in a separate vial equipped with
septum cap. G3 (9.05S mg) was charged to the vial; the vail was
evacuated/refilled with argon four times, and 1.0 mL of previously
degassed 9:1 (v:v) CH,Clythexane (4 X freeze—pump—thaw cycles)
was added to the vial using an argon-purged gastight syringe. The
polymerization was initiated by the addition of 89 uL of G3 stock
solution (1.1 X 107 mol, 1 equiv) to the vial of PIB MM?2 using an
argon-purged gastight syringe. Aliquots (S0 L) were taken from the
reaction at timed intervals and terminated by addition to separate vials
containing 300 uL of CH,Cl, and 2—3 drops of ethyl vinyl ether.

PIB Bottlebrushes via ROMP of exo-Norbornene-Functional
PIB with Various MW. PIB MM2 was used to prepare a series of PIB
bottlebrush polymers with various MW by maintaining a constant
concentration of PIB MM2 and varying the concentration of G3 to
achieve molar ratio of [PIB MM2],/[G3], at 50:1, 75:1, 100:1, 125:1,
and 150:1. A representative procedure was as follows: PIB MM2 (200
mg, 44 X 107° mol, 50 equiv) and 1.6 mL of a 9:1 (v:v) mixture of
CH,Cl, and hexane were charged to a vial equipped with magnetic stir
bar and septum cap. Upon dissolution of the polymer, the vial was
degassed via four freeze—pump—thaw cycles and backfilled with argon.
The polymerization was initiated by the addition of 70 uL of the G3
stock solution described above (8.8 X 1077 mol, 1 equiv) to the vial of
PIB MM2 using an argon-purged gastight syringe. The reaction was
allowed to proceed for 1 h to ensure complete macromonomer
conversion and then terminated by addition to separate vials
containing 300 uL of CH,Cl, and 2—3 drops of ethyl vinyl ether.
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