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Synthesis of bottlebrush polymers based on
poly(N-sulfonyl aziridine) macromonomers+
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We synthesized bottlebrush polymers with polyaziridine brushes and a polynorbornene backbone by a

grafting-through approach. Polyaziridine macromonomers were synthesized by aza-anoinic polymeriz-

ation of an N-tosylaziridine, initiated with a norbornene-functionalized sulfonamide anion. These macro-

monomers were then polymerized by ring-opening metathesis polymerization (ROMP) in dichloro-

methane to produce bottlebrush polymers with molecular weights of 136—-456 kDa. To investigate poten-

tial macromonomer aggregation that would hinder grafting-through polymerization, we used dynamic
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Introduction

The unique properties of bottlebrush polymers are well docu-
mented in the literature and often derive from both the struc-
ture of the sidechain and the topology of the bottlebrush
polymer itself." At high degrees of polymerization, bottle-
brush polymers demonstrate a sphere-to-cylinder transition
resulting from the stretching of the polymer backbone,® and as
a result of their unique topology, have found many appli-
cations as lubricants, nanostructured coatings, and photonic
crystals.”'® While several synthetic approaches can lead to bot-
tlebrush polymers, the grafting-through method is particularly
useful as it produces “perfectly” grafted materials."*™** This
approach relies on first synthesizing macromonomers (MM)—
polymers with a polymerizable end-group—which are sub-
sequently polymerized to give the final bottlebrush topology.
Ring-opening metathesis polymerization (ROMP) has proven
particularly effective in grafting-through polymerization due to
the high activity and functional group tolerance of well-
defined olefin metathesis catalysts.">"” Thus, ROMP is com-
monly used in conjunction with other polymerization
methods (e.g., atom transfer radical polymerization,'® ring-
opening polymerization,"® and cross-coupling polymeriz-
ations®) to produce bottlebrush polymers.
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light scattering (DLS) to measure the change in macromonomer aggregation and the growth of bottle-
brush chains during ROMP. We observed that the macromonomers aggregate in solution, but once
ROMP is initiated, these aggregates disperse over the course of the polymerization. This solution behavior
appears to be an example of polymerization-induced deaggregation.

Aza-anionic ring-opening polymerization of
N-tosylaziridines has proven to be a reliable method to
produce linear polyaziridines.””** These polymerizations rely
on the electron-withdrawing ability of a sulfonyl group, which
facilitates nucleophilic attack of the aziridine ring.* As a
result, polymerization of N-tosylaziridines has been used in
thermosetting materials,> block copolymers,™>’ and post-
polymerization modifications.”® Furthermore, the resulting
poly(N-tosylaziridines) can be reduced to produce linear polya-
mines for water purification, non-viral gene delivery, and
further post-polymerization modifications.**** However, aza-
anionic polymerizations have largely been limited to synthesiz-
ing linear polymers. Building on these developments, we syn-
thesized a series of bottlebrush polyaziridines from a norbor-
nene-functionalized poly(N-tosylaziridine) MM prepared by
aza-anionic polymerization of an activated aziridine monomer,
followed by ROMP of the norbornene end-group.

Experimental
Materials

4-Toluenesulfonyl chloride (TsCl), methanesulfonyl chloride
(MsCl), potassium bis(trimethylsilyl) amide (KHMDS), and
2-aminopropanol were purchased from Sigma Aldrich.
Pyridine, potassium hydroxide, and N-Boc-ethylenediamine
were obtained from Oakwood Chemical. Exo-norbornene anhy-
dride was synthesized accordingly to a previously reported pro-
cedure and recrystallized from benzene prior to use.*®
Toluene, dichloromethane (DCM), and diethylether were pur-
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chased from Fisher Scientific. All chemicals were used as-is,
unless otherwise stated.

Measurements

'H and *C NMR data were collected at 25 °C using an Agilent
U4-DD2 400 MHz spectrometer. Chemical shifts in the 'H
NMR and *C NMR spectra were referenced to the residual
solvent resonance signals.

Molecular weight analysis of the macromonomer was con-
ducted using an ACQUITY Advanced Polymer Chromatography
(APC) system consisting of Omnisec light scattering and refrac-
tive index detectors, and ACQUITY APC XT 2.5 pm columns
heated to 40 °C with a dimethylformamide (DMF) mobile
phase. Data analysis was performed using the OMNISEC soft-
ware version 11.10 (Malvern Panalytical). The molecular
weight of the macromonomer was calculated using traditional
calibration with 5 polymethyl methacrylate standards (M, =
1810-146 500 g mol ).

Size-exclusion chromatography (SEC) of the bottlebrush
polymers was performed using Wyatt Technologies TRIOS 1I
light scattering and Optilab T-REX refractive index detectors.
Two Agilent Technologies PLgel 10 pm mixed-bed columns
heated to 50 °C were used with a mobile phase consisting of
N,N-dimethylacetamide (DMAc) with 50 mM lithium chloride
as the eluent and a Shimadzu LC-20AD with pump operating
at 1.0 mL min~'. Data analysis was performed using Astra
version 7.2.2.10 software (Wyatt Technologies). The dn/dc of
the bottlebrush polymers were measured offline in DMAc with
the Optilab T-REX differential refractometer using a series of
bottlebrush polymer solutions of concentrations 1-5 mg mL ™",
The MM is not soluble in DMAc, thus residual MM from the
grafting-through polymerization was removed by filtration
prior to molecular weight analysis.

Dynamic light scattering was conducted using a Malvern
Instruments (Worchestershire, UK) Zetasizer Nano-ZS.
Samples were filtered using 0.22 pm filters before analysis.
Following a 2-minute equilibration, samples were recorded for
120 seconds, and three accumulated runs were averaged to
obtain the particle size distribution. The raw correlation func-
tions for these DLS experiments are included in the ESI
(Fig. S127).

Synthesis of 2-methyl-1-tosylazirdine monomer

2-Methylaziridine was synthesized in a two-step reaction
according to a modified procedure previously reported for tosy-
laziridine.?® In the first step, TsCl (29.08 g, 152 mmol, 2.2
eqiv.) was dissolved in pyridine (200 mL) in a salt-ice bath and
allowed to stir for 20 min. 2-Aminopropanol (5.2 g, 69 mmol,
1.0 equiv.) was dissolved in 10 mL of pyridine and added drop-
wise to the stirred solution. Following the complete addition
of 2-aminopropanol, the reaction was allowed to warm to room
temperature and stirred for 15 h. DI water (100 mL) was added
to dissolve the solid. The reaction mixture was extracted with
DCM (150 mL x 3) and washed with 3 M HCI (100 mL x 3). The
organic layers were dried over MgSO, and concentrated. The
resulting oil was purified using flash column chromatography
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(80:20, hexanes:acetone, Ry = 0.142) to provide a yellow-
orange oil in 85% yield.

In the second step, the ditosylated product from step 1
(12.62 g, 32.9 mmol, 1.0 equiv.) was dissolved in 150 mL of
toluene in an Erlenmeyer flask. KOH (6.4 g, 115.4 mmol, 3.5
equiv.) was dissolved in 30 mL of DI water. The KOH solution
was added dropwise to the Erlenmeyer flask and allowed to
stir at 22 °C for 1 h. 100 mL of H,O was added and the reaction
was extracted with diethyl ether (50 mL x 3). The combined
organic layers were washed with NaHCO; (20 mL x 2), dried
with MgSO,, and concentrated in vacuo to afford the tosylated
2-methyl aziridine monomer as a white solid (70% yield). 'H
and ®C NMR of the purified product matched previously
reported literature spectra.®” 'H NMR (400 MHz, CDCl;, 6):
1.26 (d, 3H), 1.55 (s, 1H), 2.02 (d, 1 H), 2.45 (d, 3H), 2.62 (d,
1H), 2.83 (m, 1H), 7.34 (m, 2H), 7.82 (m, 2H). "*C NMR
(100 MHz, CDCl;, 8): 16.7, 21.6, 34.7, 35.8, 127.8, 129.7, 144.4
(Fig. S3 and S4%).

Synthesis of norbornene aza-anionic initiator (Nor-MS)

The aza-anionic norbornene initiator (Nor-Ms) was synthesized
via a two-step reaction. In the first step, exo-norbornene anhy-
dride (1.9 g, 12.0 mmol, 1.0 equiv.) was combined in toluene
with N-Boc-ethylenediamine (2.1 g, 13.6 mmol, 1.1 equiv.). The
reaction mixture was heated to 130 °C with a Dean-Stark
apparatus and condenser for 10 h. After cooling to 22 °C, the
solvent was removed under reduced pressure and the target
compound was purified by recrystallization from MeOH to
afford a white solid (2.1 g, 57% yield).*®

To install the mesylate group, the product from the previous
step (1.0 g, 3.35 mmol, 1.0 equiv.) was first dissolved in 3 mL
DCM with 3 mL of HCl (aq) to remove the Boc protecting
group. After stirring for 30 min, the reaction was placed in an
ice bath. NEt; (4 equiv.) was added dropwise to the stirred
solution and allowed to stir for 30 min. MsCl (0.44 g,
3.8 mmol, 1.1 equiv.) was added dropwise over 20 min. The
reaction was allowed to warm to room temperature and stirred
overnight. The resulting solution was washed with 3 M HCl
(50 mL x 3), NaHCOs;, and brine (100 mL x 3), dried with
MgSO,, and concentrated, resulting in a white solid (35%
yield). 'TH NMR (400 MHz, CDCl,, 6): 1.27 (dq, 1H), 1.52 (dq,
1H), 2.72 (d, 2H), 2.92 (s, 3 H), 3.26 (m, 2H), 3.34 (m, 2H),
3.67 (m, 2H), 4.81 (t, 1H), 6.27 (m, 2H). "*C NMR (100 MHz,
CDCly, 8): 38.2, 40.6, 41.3, 42.9, 45.1, 47.9, 138.8, 178.3 (Fig. S6
and S771).

Synthesis of poly(2-methyl-1-tosylaziridine) macromonomer

Nor-Ms (190.0 mg, 0.668 mmol, 1.0 equiv.), and KHMDS
(134.4 mg, 0.673 mmol, 1.0 equiv.) were dissolved in 3 mL of
DMF and allowed to stir for 10 min. 2-Methyltosylaziridine
(2.34 g, 11.3 mmol, 17 equiv.) was dissolved in 8 mL of DMF
and heated to 50 °C in a scintillation vial. After the monomer
dissolved, the Nor-Ms mixture was added to the monomer
solution in one portion, and stirred for 15 h to ensure com-
plete monomer conversion. The polymerization was termi-
nated by adding a few drops of acidic MeOH. The polymer
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product was collected by precipitation into cold MeOH, and
dried in vaccuo to a constant weight. (MENMR): 4930 kDa, (SEC),

4200 kDa, P: 1.07) (Fig. S8 and S97).

Synthesis of bottlebrush polymers with poly(aziridine)
sidechains

Grubbs third-generation catalyst (G3) was synthesized accord-
ingly to a previously reported procedure and used within 2
days.*>*® To synthesize the bottlebrush polymers, a scintil-
lation vial was charged with appropriate amounts of MM and
DCM. In addition, trifluoracetic acid (2 equiv. with respect to
G3) was added to scavenge any excess pyridine, which would
adversely affect the rate of polymerization."* To initiate the
polymerization, G3 was added in one potion. The polymeriz-
ation continued to stir for 35 min, after which time the reac-
tion was terminated with the addition of a few drops of ethyl
vinyl ether. The bottlebrush polymer was collected by precipi-
tation into diethyl ether, followed by centrifugation (Fig. S117).
Typical yields of the bottlebrush polymers were 35-70%.

Results and discussion

Numerous literature reports describe synthetic routes to substi-
tuted aziridines."' While synthesizing aziridines from the
corresponding epoxide,** a-amino acid,** or olefin** has been
reported, most commonly vicinal amino alcohol derivatives are
transformed to the corresponding aziridine via a Wenker aziri-
dine synthesis.”® Following this approach, we synthesized a
tosylated 2-methylaziridine monomer by reacting aminopropa-
nol with tosylchloride, which provided ditosylated 2-aminopro-
panol. The tosylated aziridine is then easily accessible by react-
ing the ditosylated product with KOH(aq) in toluene, which
provides the target monomer, 2-methyl-1-tosylaziridine, as a
crystalline white solid in good yield (Fig. 1A).

Sulfonamide anions, which can be generated by deprotona-
tion of a sulfonamide with potassium hexamethyldisilazide

A. Synthesis of N-tosylaziridine Monomer

TsCl KOH
HZN\)\ — > TsHN\)\ LN
OH byridine, ~20°C, 15 h OTs  Toluene, it, 1 h AL

85% 70%

B. Synthesis of Poly(N-tosylaziridine) Macromonomer

o ©
NMs
N~ o
K
1.n]_N-Ts
2. Acidic MeOH
DMF, 50 °C, 10 h

0
Ts))\
N\/\N{YN L NHTs
fo) Ms

Fig. 1 Synthesis of (A) 2-methyl-1-tosylaziridine monomer and (B) poly
(2-methyl-1-tosylaziridine) macromonomer.
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(KHMDS), efficiently initiate aza-anionic polymerizations of
activated aziridine monomers.”*?”*® This polymerization
places the sulfonamide initiator on the a-end-group of the
polymer chain. Here, we used a norbornene containing a
methanesulfonamide (MS) group as the initiator, which
enabled the synthesis of polymers with a terminal, polymeriz-
able norbornene (Fig. 1B). Because the propagating sulfona-
mide anion is weakly nucleophilic, the aza-anionic polymeriz-
ation achieves high monomer conversions without side-reac-
tions (e.g, reaction with the norbornene),*® resulting in com-
pletely linear polymers with high end-group fidelity. "H NMR
end-group analysis confirmed successful polymerization: the
broad peaks between 7.6-7.9 and 7.1-7.3 ppm correspond to
the aromatic tosylate protons in the MM backbone, which indi-
cated an average degree of polymerization (DP) of 22 when
compared to the norbornene olefin signal at 6.2 ppm. End-
group analysis by NMR indicated an M,, of 4930 ¢ mol™*, and
SEC analysis indicated an M, of 4200 g mol™" (M} ™*: 4721 ¢
mol ™, P: 1.07) (Fig. S97).

We used this macromonomer to synthesize bottlebrush
polymers via grafting-through ROMP initiated by third-gene-
ration Grubbs catalyst (G3), which polymerized the MM nor-
bornene chain-end (Fig. 2A). We first investigated the grafting-
through ROMP kinetics ([MM]:[G3] = 100: 1) using '"H NMR.
Because the tosylate group in the MM backbone is unchanged
during ROMP, we monitored the reduction in the norbornene
peak relative to the tosylate signals to determine the macro-
monomer conversion. These experiments revealed pseudo
first-order kinetics with respect to the [MM], and the polymer-
ization achieved approximately 70% conversion in 30 min after
which time the MM conversion plateaued (Fig. S107). This
observation is consistent with previously reported kinetics for
bottlebrush polymers synthesized by ROMP of a norbornene
imide."* The low conversion achieved with this MM (particu-
larly when targeting higher DPs, as discussed below) could be
due to several factors. For example, the MM contains an amine
in every repeat unit that could limit the lifetime and activity of
the catalyst, thus preventing higher conversions.*”™*°

To probe the conversion limitations with this macro-
monomer, we performed additional bottlebrush polymeriz-
ations in which we targeted higher DPs (Table 1, entries 2-5).
Following polymerization, we observed a reduction of the peak
corresponding to the norbornene olefin in the '"H NMR, and
the evolution of signals corresponding to the polynorbornene
backbone (Fig. S111). We achieved higher MM conversions
(~70%) when targeting bottlebrush polymer DPs less than 300,
while we achieved only ~60% conversion in 35 min when tar-
geting DPs of 400 and 500. Entries 1-3 indicate that this MM
may exhibit a conversion limit around 70% in 35 min.
However, MM conversion decreased rapidly with increasing
[MM]: [G3], suggesting that the bottlebrush polymer is limited
to a DP ~100 MM units. This observed ceiling in DP is in
agreement with previously reported syntheses of bottlebrush
polymers containing a norbornene imide.'* End-group ana-
lysis of these materials was challenging because the benzyli-
dene end-group overlapped with the signals from the tosylate

This journal is © The Royal Society of Chemistry 2022
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A. Grafting-Through Bottlebrush Synthesis
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B. Representative SEC Trace

SEC-DMAc

15 17 19 21
Retention Time (min)

Fig. 2 (A) Grafting-through synthesis of bottlebrush poly(2-methyl-1-tosylaziridine)s and (B) representative SEC trace (Table 1, entry 1) of resulting

bottlebrush polymer.

Table 1 Characterization of bottlebrush polymers

MTheor) b M(SEC) c

n n

Entry [MM]:[G3] % Conv* (kgmol™) (kgmol™)  Bf

1 100:1 72 430 136.2 1.26
2 200:1 71 860 303.8 1.28
3 300:1 70 1200 408.6 1.34
4 400:1 61 1400 425.0 1.37
5 500:1 59 1700 456.5 1.40

“ Determined by the "H NMR. ? Determined by [MM]: [G3] and % con-
version.  Molecular weight determined from size exclusion chromato-
graphy (DMAc, dn/dc determined offline in DMAc).

groups on the sidechains. Nevertheless, SEC of these materials
revealed bottlebrush molecular weights between 136-450 kDa
and D < 1.5 (Fig. 2B). The b of these bottlebrush polymers is
higher than many previously reported bottlebrush polymers,
which we believe is due to MM aggregation in dichloro-
methane (see light scattering experiments discussed below).
The insolubility of the MM in other common ROMP solvents
(e.g., EtOAc and i-PrOAc) hindered efforts to surmount this
issue.”

We used dynamic light scattering (DLS) to investigate MM
aggregation in this polymerization (Fig. 3). Initially, the MM
exists as large aggerates that are approximately 955 nm in dia-

meter. Early in the polymerization after the addition of G3,
DLS indicates the formation of unimolecular polymer chains
(4 nm), which we believe correspond to the initiated bottle-
brush polymer. At 10 minutes, the large aggregates are almost
completely gone, while a single species approximately 12 nm
in diameter remains. This species continues to grow to 16 nm
at 50 min, at which time the polymerization was terminated.
The raw correlation functions for these DLS experiments are
included in the ESI (Fig. S12+).

This (de)aggregation behavior is unusual, as polymerization
typically reduces solubility or promotes aggregation.’’* In
this case, however, we observed polymerization-induced deag-
gregation. We hypothesize that this deaggregation is driven by
changes in the conformation of the polyaziridine brushes
caused by polymerization of the end-group. Because the bottle-
brush topology enforces an extended-chain conformation,
polymerization both forces the polyaziridine chains into an
elongated conformation and orients the w-chain-ends toward
the solvent. These changes promote solubilization of the
growing bottlebrushes and disperse the aggregates of the
macromonomers. While polymer topology is known to strongly
influence solubility properties in a variety of materials,”* >’ to
the best of our knowledge these experiments are the first
example demonstrating the evolution of such a solubility
change over the course of a macromonomer polymerization.

1 min 3 min 10 min 30 min 50 min
4 nm
n 5nm ”12nm ”14nm N16nm
220 nm
295 nm
Al \

Fig. 3 DLS intensity percent during ROMP. Initially, the MM forms large aggregates, however once ROMP is initiated, the MM aggregate size
decreases, and the evolution of growing bottlebrush polymer chains is observed.

This journal is © The Royal Society of Chemistry 2022
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Conclusions

In summary, we demonstrated the controlled synthesis of a
polyaziridine MM via the aza-anionic ring-opening polymeriz-
ation of an activated aziridine. The high efficiency of the aza-
anionic polymerization enabled precise control over the MM
molecular weight and dispersity [M£15EC): 4200 g mol™, P:
1.07). The subsequent grafting-through polymerization of the
polyaziridine MM achieved between 60-70% conversion in
35 minutes and resulted in bottlebrush polymers that exhibi-
ted controlled molecular weights. Finally, we observed an
unusual deaggregation behavior during ROMP using DLS in
which aggregates of MM were converted to fully dispersed bot-
tlebrush polymers over time. Overall, this study sheds light on
the synthesis of novel amine-containing bottlebrush polymers
and can guide the future design of functional materials with
this unique polymer topology.
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