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ABSTRACT: The synthesis of bottlebrush polymers with topologically precise and fully discrete structures is re-
ported. Key features of the synthesis include the combination of scalable synthesis and separation strategies to
access discrete macromonomer libraries, followed by their polymerization and further separation into topologically
uniform and discrete bottlebrushes. Discrete macromonomer proves crucial for regulating the structural heteroge-
neity of bottlebrushes and their macroscopic properties. When assembled as a monolayer at the air-water inter-
face, bottlebrushes with discrete side chains display high packing density and distinct three-phase Langmuir-
Blodgett isotherms. The impact of precisely regulating side chain dispersity and sequence on polymer properties
was further demonstrated through tailoring the interbrush interactions and thermomechanical properties of well-

defined block bottlebrushes.

INTRODUCTION

As the complexity of polymer structure grows, so do
the challenges for developing fundamental under-
standing of their structure-property relationships.
Branched polymers such as bottlebrush polymers
(BBP, Scheme 1a) are promising material platforms for
ultra-soft interfaces, sensing, and delivery applica-
tions'-¢ because they possess unique entanglement-
free rheology and high functional group density.”® In
the past decade, the synthesis of complex BBPs with
myriad polymeric side chain architectures has been en-
abled by the development of grafting-to, -from, and -
through strategies.%-13 However, such multifunctional
BBPs have disperse backbone and side chains, and
thus, their properties reflect a broad distribution of spe-
cies, not the individual brushes. Each layer of disper-
sity introduced in the BBP synthesis amplifies the num-
ber of species in the mixture in an exponential manner
(Scheme 1b). This challenge is further compounded
by limitations for estimating BBP structure. For BBPs
prepared by grafting-through, the backbone degree of
polymerization (Ngg) is calculated by dividing its aver-
aged total molecular weight (M,) from light scattering
analysis by the M, of the disperse macromonomer.
Given the side chain length is not identical across the
backbone length of BBP,14-16 understanding the impact
of structural precision on BBP heterogeneity and prop-
erties remains a grand challenge.

Scheme 1. Synthesis of topologically uniform, dis-
crete, and block bottlebrush polymers (D: disper-
sity index, Ngs: backbone degree of polymeriza-
tion, Nsc: side chain degree of polymerization).
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Understanding the structure-property relationship of
bottlebrush polymers is crucial for their rational design.
Inspired by the well-defined structure and functional
precision of aggrecan,!7.18 a bottlebrush-like biopoly-
mer, we synthesized a library of topologically uniform
(‘truly cylindrical’'®) precision bottlebrush polymers
(PBP, Dsc = 1.0) using discrete macromonomers
(Scheme 1c¢). Previous studies have shown that dis-
crete oligomers and polymers exhibit strong length-de-
pendent properties distinct from their disperse counter-
parts.20-27 Without controlling side chain dispersity, the
permutation of side chain arrangements in conven-
tional BBPs imposes a significant challenge for under-
standing their structure-property relationships, espe-
cially at the underexplored regime of low Ngs and
Ngc.28-30

Here we report both the properties and topology of
BBPs are significantly impacted by the dispersity of
their side chains. To date, only grafting-through tech-
niques such as ring-opening metathesis polymeriza-
tion (ROMP) can yield BBPs with fully grafted poly-
meric/bulky side chains.31-33 However, the rapid kinet-
ics of ROMP can lead to the assumption that all mac-
romonomer species polymerize at a similar rate. Con-
trary to this assumption, we found the rate of grafting-
through ROMP is impacted by macromonomer size,
especially at Nsc < 10, where the impact of dispersity
is more pronounced. The significant polymerization
rate difference between macromonomer species in dis-
perse mixtures raises the concern of topological accu-
racy and structural heterogeneity in disperse BBPs.
The polymerization of discrete macromonomers de-
scribed in this study addresses this challenge because
it yields bottlebrushes with uniform and tailorable side
chain topology. Importantly, the well-defined structure
of PBPs opens access to truly discrete bottlebrush pol-
ymers (DBP, Dgs & Dsc = 1.0). As we show later, a
scalable strategy to prepare a range of PBPs in linear
and block topology enables us to examine the impact
of side chain dispersity on the physical and thermome-
chanical properties of brush polymers. The broad
scope of this strategy was also illustrated through the
synthesis of acrylate- and styrenic-bottlebrushes.

RESULTS AND DISCUSSION

Synthesis of macromonomers and bottlebrush
polymers. Macromonomer libraries were prepared
through a combination of controlled polymerization,
post-functionalization, and separation strategies (see
Supporting Information).22.27.28,.34-38 This multi-step ap-
proach is critical for removing traces of nonfunctional
byproducts and impurities.3® Vinyl monomers were
chosen for this study because of their wide monomer
scope, synthetic versatility, and potential relevance to-
ward other bulky macromonomers (e.g., branched al-
kyl, conjugated).4> A polymeric side chain of Nsc = 10
is comparable to C20 alkyl side chain lengthwise.

All macromonomers and bottlebrush polymers syn-
thesized in this study were characterized using NMR,
size-exclusion chromatography (SEC), and MALDI-
ToF (Table SI-1). As an example, 'TH NMR analysis
confirmed the quantitative conversion of tetrameric
bromine terminated oligo(tert-butyl acrylate) (0TBA4-
Br) into norbornenyl-oTBA4 discrete macromonomers
(T4), as seen in the downfield shift of the chain-end
methine protons from 4.1 to 4.8 ppm and the appear-
ance of the norbornenyl cyclic alkene proton at 6.1
ppm. Ideal integration ratios were seen for all charac-
teristic peaks of discrete macromonomers (Figure S3-
5). The structural purity of discrete macromonomers
was confirmed using SEC and MALDI-ToF (single mo-
lecular peak, calculated for T4 = 664.42, observed =
664.45, Figure $22-23).

With disperse and discrete macromonomers in hand,
bottlebrush polymers with tailored Ngg and Nsc were
synthesized using pyridine-ligated Grubbs 31 genera-
tion catalyst (G3). G3 catalyst is well-suited for kinetic
studies as initial screening confirmed its slower
polymerization rate relative to other G3 variants (~20%
of 3-bromopyridine-ligated G3), in agreement with liter-
ature.4! The averaged total molecular weight of BBPs
and PBPs were estimated using SEC equipped with
multi-angle light scattering detector, and the molecular
mass of unimolecular DBPs was determined using
MALDI-ToF. A stochastic model was constructed to
simulate the molecular weight distributions of the BBP
and the distribution of side chains along the backbone
(see Supporting Information).

The impact of macromonomer dispersity on
polymerization kinetics. Through examining the
grafting-through ROMP kinetics of disperse and dis-
crete macromonomers, we found the propagation rate
constant (k) of short macromonomers (Nsc < 10) to be
inversely proportional to the square root of their chain
length. While length-dependent propagation rate be-
havior was recently observed for disperse macromon-
omers with Nsc up to 50,42 we hypothesized that the
pronounced impact of dispersity, especially on short
polymer chains, will necessitate the use of discrete
systems to obtain accurate and reproducible k, values.
Following standard procedures, macromonomer con-
version was calculated by analyzing the NMR spectra
(olefin protons of terminal norbornene at 6.1 ppm) and
SEC traces®643 of aliquots taken during the polymeri-
zation of macromonomers. Deconvoluting the SEC sig-
nal of disperse system using a Gaussian fitting algo-
rithm suggested that within 30 s, the trimer macromon-
omer is consumed ~25% faster than the pentameric
species (Figure 1b). This finding attracted our atten-
tion because the propagation kinetics of norbornenyl
macromonomers under ROMP condition is fast and
less sterically hindered, and therefore the controlled
chain growth process with increasing macromonomer
conversion is often attributed to similar macromonomer
reactivity.44
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Figure 1. (a) Bottlebrush polymer synthesis via graft-
ing-through ROMP. (b) SEC RI traces of ROMP of dis-
perse tetramer, NB-otBA, at various reaction times. (c)
SEC traces of ROMP of discrete trimer, T3 and pen-
tamer, T5. (d) In[Mo]/[M]; vs polymerization time for dis-
crete macromonomers. (e) kp vs length of the discrete
macromonomers, T2—-T9. The total peak areas of all
SEC traces were normalized to unity.

To obtain accurate propagation rate constants, we
synthesized a library of discrete macromonomers (di-
mer to nonamer, T2-T9) and examined their homopol-
ymerization kinetics. The trimeric T3 polymerizes 50%
faster than the pentameric T5 (Figure 1c), and the
propagation rate of T2 is ~220% the rate of T9 (kp12 =
26 X 108 s, k19 = 11.8 X 103 s, Figure 1d). The
polymerization of each discrete macromonomer main-
tains its living characteristics, as seen in their pseudo-
first-order kinetics and the linear relationship between
In[M]o/[M]: and polymerization time (Figure 1d). Our ki-
netic analysis suggests that the polymerization rate of
discrete TBA macromonomer (N < 10) follows a size-
dependent exponential decay with k, ~ 1//N (Figure
1e).

Importantly, further analysis shows that macromono-
mer dispersity and size-dependent kinetics signifi-
cantly amplify the heterogeneity of conventional BBPs,
because the propagating brush ends encounter differ-
ent ratios of shorter and longer macromonomers over
time. MALDI-ToF analysis of BBP-0oTBA4s reveals a
multimodal distribution of > 70 bottlebrush species, de-
spite the low dispersity as measured by SEC analysis
(P = 1.2) (Figure 2a). In contrast, the MALDI-ToF
spectra of PBP-T4¢ shows a monomodal distribution of

only seven species, a decrease of one magnitude in
sample heterogeneity. To understand the impact of
macromonomer  dispersity and size-dependent
polymerization rate on heterogeneity, we constructed
a stochastic polymerization model using the k, values
for each discrete macromonomer. Accurate and pre-
cise input parameters enable the model to reproduce
the multimodal heterogeneity observed for BBP sam-
ple (Figure S47). The model shows that the propagat-
ing brush ends encounter an increasing hexamer-to-
trimer ratio throughout the polymerization (Figure
$48), including a recent study by Zhu and coworkers,
yield two important insights: (a) conventional BBPs
have tapered or asymmetric side chain arrangements
and (b) the overall heterogeneity of disperse BBP is
significantly impacted by macromonomer composi-
tion/dispersity.
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Figure 2. (a) MALDI-ToF spectra and SEC traces of
bottlebrush polymers prepared from grafting-through
ROMP of disperse tetramer (red) and discrete tetramer
(black). (b) MALDI-ToF spectra of discrete bottlebrush
polymers (DBP-T4,) (c) m/z values of DBPs and iso-
topic distribution analysis of DBP-T4e.

Discrete bottlebrush polymers. To fully under-
stand the impact of heterogeneity on the properties of
brush polymers and advance future simulation models,



access to truly discrete bottlebrushes (P = 1.0) is de-
sirable. The well-defined composition of PBPs enabled
the isolation of fully discrete bottlebrush polymers
(DBP), with single molecular ions observed by MALDI-
ToF analysis correlating to each expected structure.
We were initially encouraged by the unique SEC profile
of PBP-T46, which shows multiple peaks correspond-
ing to bottlebrushes separated by precisely one te-
tramer side chain, despite having a similar overall dis-
persity with BBP-oTBA4 according to SEC analysis
(Figure 2a, see also Figure S31 for other PBP sam-
ples). The clear identification of each PBP species
proves useful for optimizing the isolation of a library of
DBPs in a scalable and consistent manner using recy-
cling preparative SEC (Figure 2b). NMR, SEC, and
MALDI-ToF analysis confirmed the isolation of uni-
molecular brush polymer libraries in near-quantitative
yield. The single molecular ion of DBP-T4s corre-
sponds to the sodium adduct of a bottlebrush polymer
with precisely 24 t-butyl acrylate functional groups (cal-
culated = 4113.56, observed = 4113.96, Figure 2c).
Having homogeneously distributed functional groups
and tailorable three-dimensional structures (Nass/Nsc

—_
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-
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ratio), DBP is a new promising addition to the family of
precision macromolecules for targeted and precision
technologies.

The impact of dispersity on inter-brush interac-
tions and properties. A question remains regarding
the impact of side chain and backbone dispersity and
their effect on the properties of bottlebrush polymers.
Using a previously established method,2845 we con-
stricted inter-brush interactions to a two-dimensional
Langmuir-Blodgett (L-B) monolayer and examined
three samples, BBP-0oTBA4s (Dsc = 1.1), PBP-T4s
(Psc = 1.0,) and DBP-T4¢ (Boveran = 1.0). Even for a
short Ngs of 6, only samples with discrete side chains
(PBP and DBP) exhibit previously unseen45-48 sharp
liquid-to-solid phase transition. Notably, the packing
density of brush polymers at the air-water interface in-
creases significantly as the structure becomes fully dis-
crete (Figure 3a). Indeed, the impact of dispersity is
important for brush polymers, especially for low Nsc
and Ngg.
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Figure 3. (a) Langmuir-Blodgett (L-B) surface pressure-area isotherms of bottlebrush polymer, BBP-0tBA4s (red),
precision bottlebrush polymer, PBP-T4¢ (blue), and discrete bottlebrush polymer, DBP-T4¢ (green). (b) L-B iso-
therms of structurally different isomers with Nsc =~ 4 and Ngs =~ 30; BBP-0tBA43, (dashed red), PBP-T43, (blue), b-
PBP-T220T810 (brown), and b-PBP-T85T220T85 (black). (c) Interaction potential energy as a function of backbone
distance between parallel bottlebrushes, calculated for samples having disperse (BBP-0tBA43,, red) and discrete
(PBP-T43, blue) side chains. (d) L-B isotherms of PBPs with Ngg = 30 with different discrete side chain length,
PBP-T23 (brown), PBP-T43 (blue), and PBP-T83¢ (purple). L-B isotherms of topologically uniform (e) PBP-T4s and
(f) PBP-T43, with phase transition to close-packed structures labeled. Phase transitions from regime i to ii (gas-to-
liquid phase) and ii to iii (liquid-to-solid phase) were determined by taking the first derivative of the isotherms and
are indicated with green and orange arrows, respectively. Schematics of bottlebrushes are indicated in the plot
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Interestingly, the distinct first-order phase transitions
from gas-to-liquid and especially liquid-to-solid re-
gimes are also observed for larger PBPs. All PBP sam-
ples exhibit this unique behavior regardless of their
side chain (Nsc = 2 to 8) and average backbone length
(Nss = 6 to 30) (Figure 3b, d). In contrast, all disperse
side chain samples do not display sharp phase transi-
tion from liquid-to-solid regime, presumably due to side
chain dispersity-induced topological defects. We spec-
ulate that the uniform topology of PBPs imparts homo-
geneous backbone stiffness and inter-brush interac-
tions. To understand the impact of side chain interac-
tions on packing behavior, brush-brush pair potentials
were calculated for coarse-grained models of bottle-
brushes with disperse and discrete side chains (BBP
and PBP, Ngg = 30, Nsc = 4). As expected, the disperse
side chains of BBP pair interact first at a brush-brush
distance of 8 nm gradually, while the side chain-side
chain interactions of PBP pair starts at a much shorter
distance of 5 nm, followed by a steep potential change
to a minimum potential at ~ 3.8 nm (Figure 3¢, Figure
$49). The uniform rigid rod-like behavior of PBP sam-
ples and their higher packing density were also con-
firmed through coarse-grained molecular dynamics
studies (Langmuir-Blodgett simulations, Figure S50).

Notably, PBP samples display packing behavior that
scales proportionately with their side chain length (Fig-
ure S41), which confirms their uniform backbone stiff-
ness and rod-like behavior upon compression at the
air-water interface (Figure 3d). Owing to their discrete
side chains, the phase transition point from liquid-to-
solid for PBP-T4s, is precisely 5 times that of PBP-T4¢
(80 vs 16 nm2/molecule, Figure 3e-f and Figure S42).
Collectively, our results highlight the first observation
of both early interactions between bottlebrushes (gas-
to-liquid) and the eventual side chain-side chain inter-
action upon compression (liquid-to-solid), with the
overall packing efficiency being strongly impacted by
topological uniformity.

Designing side chain topology to tailor func-
tions. The spatial feature of polymers determines their
conformational and thermomechanical properties. To
illustrate the importance of macromonomer dispersity
and designer topology, three architectural variants/iso-
mers were prepared via sequential block polymeriza-
tion: PBP-T43, (homo-T4), b-PBP-T250T84¢ (diblock-
T2/8), and b-PBP-T85T22,T8s5 (triblock-T8/2/8) (Figure
4a, S12-15,32-33). Encouragingly, the block size in
these b-PBP samples could be estimated using NMR
analysis (Figure 4a). L-B studies of these variants
clearly demonstrate that a slight change in side chain
topology dramatically affects the interbrush interac-
tions of bottlebrush polymers (Figure 3b, S40). Among
bottlebrush samples with average Nsc = 4, the surface
pressure () increase is observed first for the triblock
at 210 molecule/nm2, followed by the diblock (170 mol-
ecule/nm2), and linear brush (135 molecule/nmz?). The
significantly lower packing efficiency of the triblock

brushes is attributed to the presence of octamer blocks
at both brush ends, which increase voids between di-
mer sections, as also confirmed via coarse-grained MD
simulations (Figure S51). Furthermore, the onset of N
increase for the triblock-T8/2/8 sample at 210 mole-
cule/nm2 (Figure 3b) is comparable to the onset of I
increase for PBP with octamer side chains (PBP-T83o,
225 molecule/nm2, Figure 3d, S40), which suggests
that homo- and multiblock PBPs can be designed to
assemble into monolayers with tailorable void space
(Figure S50, 51).

Importantly, the dispersity and block sequence of
side chains have a significant impact on the thermome-
chanical properties of bottlebrush polymers. To study
the impact of side chain topology on glass transition
temperatures (7Ty), we prepared three poly(styrene)-
based bottlebrush variants/isomers, all of which are
glassy solid at ambient temperature (Figure 4b): dis-
perse BBP-S4;, (disperse-S4, control), PBP-S43
(homo-S4), and b-PBP-S250S81¢ (diblock-S2/8). Differ-
ential scanning calorimetry (DSC) analysis shows that
the disperse-S4 sample has a Ty of 31 °C. To our sur-
prise, the PBP-S43, sample exhibits a significantly
higher Tq of 46 °C, a difference of 15 °C by simply mak-
ing the side chain discrete (Figure 4c). Such a differ-
ence can be explained by assuming that side chain dis-
persity increases free-volume, as indicated by L-B
studies described above. The higher packing efficiency
of the PBP sample observed in L-B studies was also
confirmed by DSC analysis, as the first scan of PBP
and diblock-PBP display small enthalpy relaxation
peaks commonly seen in polymers undergoing molec-
ular relaxation/densification (Figure S$45). Notably,
while the diblock-S2/8 sample has a lower M, and
larger free volume than the homobrush PBP-S4s, it ex-
hibits a higher T4 of = 50 °C. This result suggests the
minor octamer block plays a more significant role in af-
fecting bottlebrush Ty than the major dimer block.
Overall, the striking T, difference between conven-
tional disperse BBP and diblock PBP (ATy= 20 °C) un-
derlines the importance of topological design and its
versatility for tuning thermomechanical properties.
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CONCLUSION

In summary, we describe the synthesis of topolog-
ically precise and discrete bottlebrush polymer librar-
ies, and highlight the importance of side chain disper-
sity. Our kinetic studies support our hypothesis that
macromonomer size and dispersity have a substantial
impact on polymerization kinetics which affects the to-
pology of bottlebrush polymers. Our scalable and effi-
cient strategy to prepare bottlebrush polymers with uni-
form and tailored topology represents a powerful ap-
proach for tuning their physical and thermomechanical
properties. The significant potential of side chain dis-
persity and topology design is illustrated in striking dif-
ferences in monolayer phase transitions, packing

efficiency, and glass transition temperatures between
bottlebrushes having disperse and discrete side
chains. New fundamental insights and precision mod-
els are indeed crucial for enabling a closer integration
between experimental and theoretical studies, espe-
cially for designing complex soft materials with small
three-dimensional features and precise functions, as
we have demonstrated through the first report of topo-
logically precise and fully discrete bottlebrush poly-
mers.
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