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1 | INTRODUCTION

Matthew V. Tirrell

Abstract

Structural variation of polyelectrolytes has been shown to play an important
role in altering polyelectrolyte complex (PEC) properties in recent years.
However, molecular-level details such as polyelectrolyte architecture remain
underdeveloped. Here, we use a combination of ring-opening metathesis poly-
merization (ROMP), atom-transfer radical polymerization (ATRP), and postpo-
lymerization reactions to create densely branched bottlebrushes of
poly(dimethylamino ethyl methcacrylate) and poly(tert-butyl methacrylate)
with high molecular weights (MDa), which we then convert into fully charged
and densely branched bottlebrushes of poly(trimethylaminoethyl methacry-
late) (PTMAEMA) and poly(methacrylic acid) (PAA). We investigate the struc-
ture and properties of bottlebrush polyelectrolyte complexes (BPECs) using
optical microscopy, rheology, cryogenic transmission electron microscopy
(Cryo-TEM), and small-angle X-ray scattering (SAXS). Bottlebrush polyelectro-
lyte complexes are white solids, which exhibit gel-like mechanical properties,
which we attribute to sidechain interpenetration. Using a combination of
Cryo-TEM and SAXS, we are able to outline the structural development of
BPECs, detailing how the network topology, sidechain conformation, and
interdigitation spacing changes as a function of salt. Our results provide a
foundation for further exploration of branched architectures within polyelec-
trolyte complexation.

KEYWORDS

bottlebrushes, Cryo-TEM, polyelectrolyte complexes, polyelectrolytes, small-angle X-ray
scattering

have been used extensively in food products and cosmetics
and are promising for applications in underwater adhe-

Mixing oppositely charged polyelectrolytes results in
spontaneous associative phase separation and creates a
polymer-rich phase known as a polyelectrolyte complex
(PEC) that is responsive to unique stimuli such as pH, ionic
strength, and temperature.'™ Polyelectrolyte complexes

sives, drug delivery, and nanoreactors.” "> The ability of
PECs to create hydrated materials with properties ranging
from glassy solids to viscous liquids makes them especially
attractive as a materials platform.'®'” However, it is still
difficult to direct PEC properties through molecular design,
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limiting the adoption of this promising class of materials.
Early PEC studies utilized poorly defined natural polyelec-
trolytes, which exacerbated the difficulties associated with
determining precise structure-property relationships. In
recent years, synthetic techniques for growing well-defined
water-soluble polymers have matured a great deal,
enabling the synthesis of increasingly precise polyelectro-
lytes of various architectures.'®"

Despite the increasing availability of structurally
advanced polyelectrolytes, the majority of PEC studies still
utilize linear blocky, statistical, or homopolyelectrolytes.*> >
As a result, there is a gap in our understanding of how
molecular-level structural details such as polymer architec-
ture influence PEC stability, rheology, and structure. Tun-
ing PEC properties through tuning structural parameters of
polyelectrolytes is an approach that has gained interest
recently since the structure-property relationships obtained
are generally conserved across various polyelectrolyte pair-
ings and allow one to tune PEC properties without altering
the surrounding environment.

Among structural parameters, charge density has
emerged as a fundamental parameter in PEC design. In sta-
tistical copolymers, increased charge density has been
shown to raise PEC stability and strengthen PEC mechani-
cal properties.”****” Branched polyelectrolytes increase
spatial charge density relative to linear polyelectrolytes,
making them attractive candidates for further enhance-
ment of PEC properties. However, there are no reports of
altering charge density higher homopolyelectrolytes using
branched polymers. To realize the promise of branched
polyelectrolytes, macromolecular design is crucial.

The first published attempt at PECs from comb poly-
electrolytes could not demonstrate comb-comb PECs due
to insufficient charge density.”® They attribute this result to
their sparsely branched comb architecture with short side-
chains. Simulations showed that these comb-like polyelec-
trolytes had lower spatial charge density than comparable
linear counterparts, which reduced PEC stability. Here, we
create charge dense bottlebrush polyelectrolytes by combin-
ing ring-opening metathesis polymerization (ROMP),
atom-transfer radical polymerization (ATRP), and postpoly-
merization modification (PPM) reactions to understand the
emergent properties of bottlebrush polyelectrolyte com-
plexes (BPECs). We find that BPECs form solid precipitate
complexes, which behave as mechanically arrested gels, a
feature we attribute to physical crosslinks arising from side-
chain interdigitation. Using a combination of small-angle
X-ray scattering (SAXS) and cryogenic transmission elec-
tron microscopy (Cryo-TEM), we investigate the internal
structure of BPECs and generate a unified picture of the
structure and properties of BPECs as a function of sodium
chloride concentration that will enable future exploration
of branched polyelectrolytes in PECs.

2 | RESULTS AND DISCUSSION

2.1 | Bottlebrush polyelectrolyte
synthesis

To create large, highly branched bottlebrush polyelectro-
lytes, we combined ROMP, ATRP, and PPM reactions.
Our approach, adapted from Yamauchi et al., utilizes
a grafting-from methodology centered around the mono-
mer 2-endo, 3-endo-Bis(2-bromoisobutyryloxymethyl)-
5-norbornene (NB), which serves as a ROMP monomer
due to the norbornene functionality and as an initiator
for ATRP due to the two pendant 2-bromoisobutylate
moieties (Figure 1).° Ring-opening metathesis polymeri-
zation of NB proceeds rapidly to produce Poly(NB) (PNB)
with narrow dispersity (P = 1.01) and predictable molec-
ular weights (targeted DP = 300). From PNB, we graft
neutral sidechains of poly(tert-butyl methacrylate)
(PtBMA) and poly(dimethylamino ethyl methcacrylate)
(PDMAEMA) via ATRP (Figure 1B,C). Neutral side-
chains are converted into polyelectrolytes through quan-
titative detertbutylation and quaternization reactions to
form PNB-g-MANa and PNB-g-TMEAMA, respectively.
For brevity, we will refer to the graft polymers PNB-g-
MANa as PMANa and PNB-g-TMAEMA as TMAEMAx
where X can be S or L for short or long sidechain
TMAEMA. Two sidechain lengths of TMAEMA were
made to evaluate the effect of chain length matching/
mismatching, with the longer TMAEMA sidechains more
closely matching the DP of the PMANa sidechains and
the short TMAEMA sidechains having approximately
half the DP of the longer TMAEMA sidechains
(Figure 1C).

2.2 | PEC morphology and optical
microscopy

Bottlebrush polyelectrolyte complex samples were pre-
pared by sequentially mixing water, NaCl stock solutions,
and polymers followed by rapid mixing. The turbid sam-
ples were then centrifuged to coalesce the BPEC phase
for further studies. All BPECs were created using stock
solutions of water, polymer, and salt titrated to pH 10, to
account for the tendency of PMANa's pKa to shift
upward at higher branching densities.*>*' Previous
reports show the pKa of carboxylic acid containing poly-
electrolytes decreases when complexed with quaternary-
amine containing polyelectrolytes, so we reason pH 10
should be sufficiently basic to ensure the PMANa groups
are charged during complexation.**

Upon centrifugation to separate the complex and
supernatant phase, the complex is observed to be a white
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(A) Scheme for bottlebrush polyelectrolyte synthesis. (B) GPC demonstrating conversion of macromonomer PNB into

bottlebrush PNB-g-tBMA. (C) Table with molecular characterization of bottlebrushes. *Estimated via 'H NMR.
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FIGURE 2
sidechains as a function of added NaCl. Scale bar is 100 pm.

solid (Figure S1). The complex swells with added salt,
remaining white until around 400 mM added salt, where
the BPEC becomes hazy. At 500 mM salt, the complex is
nearly clear. No complex forms at higher salt concentra-
tions. The macroscopic appearance of BPECs was identi-
cal for matched and mismatched sidechains.

We use optical microscopy to visualize BPECs at the
microscale as a function of salt (Figure 2). Microscopy
images showed the BPECs to be cloudy aggregates at all
salt concentrations with a critical salt concentration
(CSC) of 500 mM added NaCl. This microscale morphol-
ogy indicates BPECs form solid-like precipitates or gels.

250 mM 500 mM

Optical microscopy of bottlebrush polyelectrolyte complexes of PMANa and PTMAEMA with matched and unmatched

Interestingly, there is no transition from precipitate to
coacervate before the CSC. In general, PECs transition
from solid-like precipitates through liquid-like coacer-
vates before dissolution. Here, however, the complex dis-
solves somewhere between 500 and 525 mM added
NaCl, so the transition from solid to liquid complex
must occupy an extremely narrow phase space if it exists
at all. The microscale morphologies and CSC of BPECs
at matched and mismatched sidechain lengths are indis-
tinguishable. At all salt concentrations, all BPECs stud-
ied here appear as solid precipitates under optical
microscopy.
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FIGURE 3 Frequency sweeps for bottlebrush polyelectrolyte complexes with (A) 0 mM added NaCl at different temperatures (B) 0,

250, and 500 mM added NacCl at 25°C and (C) matched or mismatched sidechain lengths.

2.3 | Rheology
Small-angle oscillatory shear (SAOS) experiments allowed
us to further quantify the physical state and determine the
stimuli-responsiveness of our materials. The BPECs show
gel-like response with storage modulus (G’) above loss
modulus (G”) at all frequencies, temperatures, and salt con-
centrations measured. With no added salt, our materials
begin as soft gels, which further soften as salt is added,
temperature is increased or sidechain length mismatch is
increased (Figure 3). It was initially unclear why these
materials are behaving as gels, as gel-like mechanical prop-
erties are normally observed in systems using relatively
hydrophobic monomers capable of secondary interactions
and prone to aggregation.'”>

Previous reports have observed gel-like rheological
responses in PECs.'?** However, this feature is often
attributed to aggregation at various length scales, usually
driven by hydrophobic interactions between polyelectro-
lytes.'”** Here, we have no obvious source of hydrophobic
interactions capable of inducing physical crosslinks, sug-
gesting the gel-like behavior observed here is not caused by
amphiphilic interactions within the system. There have
been many reports of PECs made from very similar poly-
electrolytes showing liquid-like viscoelastic behavior across
a wide range of molecular weights.***>***> Since it is
unlikely that our rheological response is a result of the
chemical composition of the polyelectrolytes we have cho-
sen here, we speculate that gelation in our system is a
result of the polyelectrolyte architecture. Strong intermole-
cular associations between interdigitated bottlebrush side-
chains could restrict motion and act as physical crosslinks,
which would be a novel mechanism for PEC gel formation.
To fully understand the internal structure of PECs, we uti-
lize Cryo-TEM and SAXS.

2.4 | Internal structure observation via
Cryo-TEM

To better understand the internal structure of our gel-like
BPEC, we performed Cryo-TEM experiments, reasoning
that our bottlebrushes are long and densely branched
enough to be imaged directly. To obtain clear images of
PMANa, PTMAEMA;, and BPECs, we diluted the total
polymer concentration to 0.5 mg/mL. Representative
Cryo-TEM images of PMANa, PTMAEMA,, and BPECs
are shown in Figure 4A.

Cryo-TEM images of the individual polyelectrolytes
reveal densely branched polyelectrolytes with lengths
on the order of 100 nm and widths of approximately
10-15 nm (Figures 4A, S4 and S5). The bottlebrushes are
highly extended, which is expected due to the steric con-
gestion and electrostatic repulsion between the densely
grafted sidechains. The contrast is sufficient in the low
salt case to allow us to estimate the bottlebrush thickness
using ImageJ (Figure 4B). To the best of our knowledge,
these are the first images of bottlebrush polyelectrolytes
without external contrast agent.

With no added salt, the BPECs form densely packed
structures with smooth surfaces. At this salt concentra-
tion, the BPECs exhibit dense interchain packing, with
no discernible features attributable to individual polyelec-
trolytes. The BPEC surface is highly curved, which is sur-
prising given the rigidity of the uncomplexed bottlebrush
polyelectrolytes. The smooth, curved surfaces and
densely packed structure of the low salt BPECs show
polyelectrolyte complexation provides a strong driving
force for association of oppositely charged bottlebrush
sidechains in the absence of added salt, potentially per-
turbing the mainchain conformation of the constituent
bottlebrushes within a BPEC significantly.
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FIGURE 4 (A) Cryo-TEM microscopy of bottlebrushes of PMANa and PTMAEMA and bottlebrush polyelectrolyte complexes with
matched sidechains as a function of added NaCl. Scale bar is 50 nm. (B) Histograms of bottlebrush width acquired via ImageJ analysis of

0 mM added salt bottlebrushes.

At 250 mM added salt, the BPEC swells and has
rougher surfaces and an internal structure spaces in the
complex are voids within the BPEC or thinner regions
within the BPEC. Upon further examination, it appears
that these are filled regions that are less densely packed
than in the low salt case. This makes sense, as introduc-
ing salt is known to reduce the degree of intrinsic bond-
ing between oppositely charged polymers, lowering the
driving force for sidechain association.

At 500 mM added salt, the BPEC swells, becoming a
swollen disordered network with no obvious surfaces
(Figures 4A and S3). The bottlebrushes in this case are
much more elongated than at other salt concentrations
and connect at joints akin to crosslinks. These large, mul-
tivalent joints could be the physical crosslinks leading to
gel-like rheological behavior in BPECs. If so, one can
imagine how lowering salt would increase the joint den-
sity within the network and raise the modulus of the
material in a manner analogous to crosslink density in
traditional crosslinked polymer networks.

Mismatched complexes adopt similar structures to the
matched complexes in Cryo-TEM, progressing as salt is
added from a densely packed network to slightly swollen
network before finally expanding into a filamentous net-
work (Figure 5). It is difficult to detect differences in the
mismatched and matched BPECs structures using Cryo-
TEM alone.

To the best of our knowledge, these images provide
the first look inside the structure of a pristine polyelectro-
lyte complex with molecular resolution. By growing tens
of thousands of charged repeat units from a single main-
chain, we synthesized polyelectrolytes significantly larger

and more compact than most studied in the literature.
This novel arrangement of charged groups allows us to
directly observe the individual polyelectrolytes and the
network structure adopted bottlebrush polyelectrolytes
upon complexation via Cryo-TEM. However, these
images may not be representative of the BPEC structure
upon centrifugation and only allow us to observe small
sections of BPEC at a time. To better understand BPEC
structure, we use the findings from Cryo-TEM to inform
our interpretation of SAXS.

2.5 | Internal structure analysis
via SAXS

To investigate the structure of our BPEC materials in the
bulk, we performed synchrotron-based (SAXS) as a func-
tion of added NaCl (Figure 6). First, we will discuss the
SAXS results from the length-matched pair in detail and
then compare them with the structural trends for the mis-
matched case. In general, all samples show an upturn at
low g (g < 0.01), suggesting aggregation with Ry > 300 nm
(since the maximum observable Ry = 2pi/Qmin). At high
q (g > 0.05), 1(q) as ~q ', which we attribute to extended
bottlebrush sidechains. Mid q (0.01 < g < 0.05) features
evolve as a function of added salt but can broadly be
described as an R, describing aspects of the bottlebrushes
in every case except 0 mM added salt. At no added salt,
the data are best described qualitatively, whereas the
data for 100-500 mM added salt were amenable to model
fitting via a shape-independent two-level Beaucage
model fit.
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FIGURE 5
NacCl from left to right. Scale bar is 50 nm.

Cryo-TEM microscopy of bottlebrush polyelectrolyte complexes with mismatched sidechains at 0, 250, and 500 mM added

FIGURE 6 (A) SAXS patterns
of bottlebrush polyelectrolyte
complexes (BPECs) taken with 0—
29* 500 mM NaCl added salt taken at
4 m detector distance. Black lines
represent fits from the two-level
Beaucage model. (B) log g vsI of a
BPEC with 0 mM NaCl and arrows

indicating g* and 2q (C) High
q SAXS data for BPECs taken at
2.4 m detector distance.
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With no added salt, I(q) scales with g~ at low g,
indicating a mass fractal network with smooth surfaces
in good agreement with Cryo-TEM images taken at simi-
lar ionic strength. At mid g, a correlation peak appears at
q* ~ 0.0375 A™!, corresponding to an average distance of
16.8 nm. At first, we believed this to be the average dis-
tance between PMANa and PTMAEMA bottlebrushes, as
correlation peaks arising from bottlebrush-bottlebrush
spacings have been reported for solutions of bottlebrush
polyelectrolytes and uncharged bottlebrush melts.>**
However, this interpretation is inconsistent with observa-
tions from the Cryo-TEM images. The average width of
a bottlebrush estimated via Cryo-TEM is approximately
13 nm, which means there would need to be around
4nm of empty space between bottlebrushes

to accommodate a nearly 17 nm inter-bottlebrush dis-
tance. We observe densely packed BPEC structures at
0 mM added salt via Cryo-TEM with no evidence gaps
between bottlebrushes (Figures 4 and S3). Furthermore,
we observe a higher order reflection at 2q* in the SAXS
pattern consistent with lamellar ordering (Figure 6B).
Taken together, these results suggest portions of the com-
plex adopt a lamellae-like structures with domain spacing
of approximately 17 nm, albeit weakly (Scheme 1A). The
domain spacing suggests a significant but incomplete
sidechain interpenetration. As the 0 mM salt case pre-
sents the strongest driving force for sidechain association,
incomplete interpenetration under these conditions sug-
gests sidechain interdigitation is hindered beyond a cer-
tain length scale, likely due to steric congestion near the
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SCHEME 1

Tllustration of (A) a portion of 0 mM added salt bottlebrush polyelectrolyte complexes (BPEC) aligned in a lamellar fashion

in 2D and (B) illustration of sidechain interdigitation and correlation lengths. Bottlebrush widths are estimated via Cryo-TEM, whereas
mainchain lamellar spacing and sidechain correlation lengths are estimated via g* peak position at mid q and correlation peak position at

high q in SAXS, respectively.

bottlebrush core. It is possible that improved matching of
sidechain lengths and the development of appropriate
annealing procedures could drive BPECs toward more
well-ordered internal structures and greater sidechain
interpenetration at low salt.

With no added salt, we observe scattering from the
bottlebrush sidechains as well as two correlation peaks at
high q. Scattering from the two prominent correlation
peaks obscures the slope at high g in this region, making
it difficult to estimate sidechain conformations for this
salt concentration. The first wide correlation peak at
g~ 022A""' we attribute to inter-sidechain distances
that are reinforced by steric and electrostatic repulsion in
the uncomplexed portions of sidechains, potentially
caused by scattering from tightly bound counterions. This
correlation peak diminishes quickly upon the addition of
salt. We attribute the second -correlation peak at
g ~0.53 A™' to the intermolecular spacing of interdigi-
tated bottlebrush sidechains (Scheme 1B). The intensity
of this peak diminishes upon the addition of salt and
moves to lower g, changing the sidechain interdigitation
spacing from 1.2 to 1.4 nm as salt is added.

Upon the addition of salt, the scattering pattern of
BPEC:s is significantly altered. The most prominent differ-
ence is the feature at mid q. At first, we attempted to
model this feature as a flexible cylinder, but efforts to fit
the data with this form factor failed to capture the highly
negative slope at mid g. The sharp decreases in intensity
where I(q) scales more negatively than q—* can arise from
diffuse electron density boundaries or polydispersity.*’
As these are mixtures of two structurally distinct bottle-
brushes with varying levels of sidechain interpenetration
and poorly defined boundaries between species, both fac-
tors could be leading to the extremely negative slopes of
this feature. To model our data, we applied a shape-
independent Beaucage model fit with two levels set to
describe the low g (g <0.01) and high g (g > 0.01)
regimes.

The Beaucage model is frequently used to fit SAXS
data with a Guinier regime and power law tail, especially
when applying an exact scattering model is challenging
or impossible.*>*! The model fits R, and a Porod expo-
nent P. Here, Porod exponents are available for both
levels of the fit, whereas Ry is only apparent at high
q using the g range available here. Porod exponents allow
one to understand how matter is distributed within a
material, which we use here to understand network
architecture and sidechain conformation.

For fractal objects such as polymers and polymer net-
works, mass is distributed with respect to distance r as
M(r) ~ r¥ and can be characterized in SAXS via the value
of the Porod exponent (P) in regions where I(q) ~
q7.*>* The two primary types of fractals, surface fractals
and mass fractals, can be easily distinguished via SAXS.
Surface fractals are networks with filled interiors and
fractal surfaces, which are indicated by regions where I
(q) decays with Porod exponents of 3-4 and provide the
fractal dimension of the surface Dy through the relation-
ship P = 6 - Dg. Within a mass fractal, both the struc-
tures that compose the network and the surfaces of those
structures are fractal. Mass fractals are characterized by
Porod exponents of 1-3. Porod exponents closer to 3 rep-
resent more collapsed structures, whereas values
approaching 1 represent extended structures. In the
appropriate g regime, Porod exponents from scattering
data can be related to the Flory exponent (v) though the
relation q"”Y ~ g~ to provide a straightforward relation-
ship between scattering data and polymer conforma-
tion.*? The two-level Beaucage model applied here allows
us to examine the Porod exponents at low g (level 1),
which we attribute to the network architecture adopted
within the BPEC as well as the Porod exponents at high
q (level 2), which we attribute to the sidechain conforma-
tion of the bottlebrushes.

The Porod exponent from level 1 (low q) fits for 100-
300 mM added salt indicate the network adopts as a
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surface fractal morphology with a surface slightly
rougher than the 0 mM added salt case. Between 300 and
400 mM, a transition from surface fractal to mass fractal
occurs, as indicated by a Porod exponent below 3 for the
400 mM sample. At 500 mM, the network adopts an even
more expanded conformation with a Porod exponent of
1.84, indicating the network adopts an expanded confor-
mation between that of a polymer in a melt (P = 2) and a
polymer in a self-avoiding random walk (P = 1.7). This
network evolution is consistent with the traditional
understanding of complex structural development where
the addition of salt breaks intrinsic ion pairs, introducing
water and swelling the network. The structural develop-
ment indicated by SAXS agrees well with the BPEC struc-
tures observed in Cryo-TEM (Table 1; Figure 4A).

Level 2 (high q) allows us to describe the bottle-
brushes and their sidechain conformations. In general,

TABLE 1 Beaucage model fitting results for matched
bottlebrush polyelectrolyte complexes.

mM added %qe ‘;et,,lol) Level 2 (g > 0.01)
NaCl P R, P
100 3.48 9.56 1.32
200 3.58 9.93 1.18
250 3.58 9.90 1.08
300 3.30 10.0 1.09
400 2.15 10.8 1.01
500 1.84 9.74 1.00

(A)

(B)

the R, observed here seems to grow slightly with the
addition of salt. The sidechains of the bottlebrushes
extend as salt is added, evidenced by the decreasing
Porod slope at high g as salt is increased. This is counter-
intuitive, as one would expect the sidechains to adopt a
more collapsed conformation upon the addition of salt.
However, it has also well known that adding salt to a
PEC disrupts polymer—polymer ionic interactions in favor
of polymer-salt interactions, resulting in a reduction in
the relative proportion of complexed regions along a
polyelectrolyte chain within a PEC as salt is added. For
this reason, we believe chain extension upon the addition
of salt suggests a greater thermodynamic penalty for
chain collapse in the uncomplexed regions relative to
complexed sidechain regions, despite the significant ste-
ric congestion in complexed areas.

For the mismatched case, the trends are largely the
same with a few significant differences (Figure 7). First,
at no added salt, there is little to no evidence of lamellar

TABLE 2 Beaucage model fitting results for mismatched
bottlebrush polyelectrolyte complexes.

I (a.u.)

T T Trrrn T T T rrrrn T T L |

0.01 4. 01 0.1
a(A)

L L Level 2 (g > 0.01)
mM added (g <0.01)
NaCl P R, P
100 3.38 8.61 1.6487
200 3.61 8.60 1.33
300 3.04 9.08 1.26
400 1.73 9.77 1.15
-— 0 mM
200 mM
400 mM
FIGURE 7 (A) SAXS patterns of
mismatched bottlebrush polyelectrolyte
complexes (BPECs) taken with 0-500 mM NaCl
added salt taken at 4 m detector distance. Black
i lines represent fits from two-level Beaucage
q ( A-1) model. (B) High g SAXS data for BPECs taken at

2.4 m detector distance.

85U80]7 SUOWILIOD BAIER.D 8|qedt|dde 8Ly Aq peusenob ae seppie YO ‘88N JO Se|ni 1oy Ariq178UIIUO 431 UO (SUORIPUOD-PUB-SWBIALI0D A8 |IMAeIq U1 [UO//:SANY) SUORIPUOD PUe SWB | 3U1 88 *[£202/0T/8T] o Ariqiiauluo Ao1m ‘Ariqi 0Bealyd JO AIsieAIuN Aq 0¥S0£Z0Z'10d/200T OT/I0P/W00" A3 1M ARe.q 1 jeuluo//:Sdy Wwoly papeojumod ‘0 ‘69THZr92



STEVENS and TIRRELL

JOURNAL OF

ordering, possibly due to the poorly matched sidechain
length hindering the development of ordered structures
(Figure 7A). There is a weak correlation peak at
q ~ 0.045 A" indicating an average domain spacing of
approximately 14.0 nm. Interestingly, the first correlation
peak at g ~ 0.22 A' is still present, but much weaker in
this sample (Figure 7B). This could be due to the shorter
PTMAEMA sidechains being more complexed on aver-
age, as PTMAEMA solutions scatter more strongly in this
regime than PMANa (Figure S6). Since these samples
have much shorter PTMAEMA sidechains, a larger frac-
tion of those sidechains could be available for complexa-
tion, leaving fewer uncomplexed sidechains to scatter
and contribute to this correlation peak. The peak attrib-
uted to intramolecular scattering of bottlebrush side-
chains at high g follows identical trends to the peak
found in the matched case, losing intensity, and shifting
to lower g 1.2 to 1.4 nm as salt is added.

The fits from the Beaucage model indicate very simi-
lar trends to the matched case for 100-400 mM samples.
As salt is added, the Porod exponent from high q fits
(level 1) shifts from a surface fractal at 100-300 mM to a
mass fractal at 400 mM (Table 2). The R,'s for mis-
matched BPECs are slightly smaller. Interestingly, the
Porod exponent is slightly larger than that of the matched
case, suggesting that that sidechains in this conformation
can adopt a more compact conformation relative to those
in the matched BPECs. The influence of sidechain length
on sidechain conformations within BPECs would benefit
from a dedicated study. Mismatched BPEC samples
at 500 mM were too soft to handle without disrupting
their internal structure, making SAXS measurements
infeasible.

3 | CONCLUSION

Taken together, our data provide a descriptive picture of
the internal structure and material properties of polyelec-
trolyte complexes composed of oppositely charged bottle-
brush polyelectrolytes. We synthesized long and denseley
branched bottlebrush polymers using a combination of
ROMP and ATRP, which we converted into polyelectro-
lytes using quantitative postpolymerization modification.
Bottlebrush polyelectrolyte complexes of PMANa and
PTMAEMA bottlebrushes form white solids that behave
mechanically as gels that soften with added salt,
increased heat and greater sidechain mismatching. Cryo-
TEM reveals significant interpenetration between bottle-
brushes that could act as joints in the network as it
expands. We hypothesize that these joints act as physical
crosslinks that restrict polymer motion, leading to gel-
like mechanical response. As salt or temperature is
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increased, the density of the joints decreases, leading to
gels with lower moduli. Cryo-TEM images and SAXS data
reinforce each other to provide a cohesive model of the
BPEC structural development upon the addition of salt.
Bottlebrush polyelectrolyte complexes at low salt are
densely packed surface fractal networks with internal
domain spacings of ~17 nm and smooth surfaces that
expand upon the addition of salt. Between 300 and
400 mM added NacCl, the network becomes a mass frac-
tal, which expands upon the addition of salt until dissol-
ving above 500 mM. Sidechains expand as salt is added,
suggesting that sections of the sidechain in interdigitated
regions of the BPECs are more collapsed than sidechain
portions within uncomplexed regions of BPECs. Our
results develop a fundamental understanding of the
structure and properties of polyelectrolyte complexes
composed of bottlebrush polyelectrolytes, enabling future
investigation into the mechanical and structural variation
attainable by incorporating branched polyelectrolytes
into PEC design.
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