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ABSTRACT: Elucidating the effect of charge sequence on
polyelectrolyte conformation is important to understanding many
biophysical processes and advancing the design of sequence-
defined polymeric materials. Such effects can be studied using
polypeptoids, which permit the synthesis of polymer chains with
precise monomer sequences. Here, we use single-molecule force
experiments to explore the effect of charge spacing on polypeptoid
conformation. We tested polypeptoid sequences composed of
monomers that are either hydrophilic and uncharged or negatively
charged. We find that the chain persistence length is insensitive to
the net charge and ionic strength. With increasing solution ionic
strength, we observe a good-to-theta transition in solvent quality with a theta point that scales with the charge spacing. Our results
thus reveal a complex interplay between electrostatically driven excluded volume effects and charge-insensitive local conformational
flexibility, which we posit is related to the location of charged groups on the side chains.

■ INTRODUCTION
Biopolymers, such as nucleic acids and proteins, encode their
structure and functionality directly into their sequence. This
has inspired the design of sequence-defined polymeric
materials with engineered structural and functional complexity
that approach those found in nature.1−4 The rational de novo
design of such materials requires a fundamental understanding
of how the monomer sequence influences polymer con-
formation and structure. Specifically, electrostatic effects in
polyelectrolytes have been broadly explored because they can
drive structural formation and interactions with other
molecules in the environment. Modulating a polyelectrolyte’s
charge sequence has been shown to significantly alter its
conformational behavior5−7 as well as its activity in many
biophysical processes.8,9 For example, complex coacervates
formed by chains with longer charge blocks are found to have
higher critical salt concentrations.10,11

Single-molecule force experiments provide a unique
perspective on the behavior of polymers by using applied
tension to probe chain structure and interactions over a broad
range of length scales.12 At intermediate to high forces (2−100
pN), the polymer chain is stretched to near its contour length,
Lc. This regime disallows loop formation, allowing intrachain
interactions only among neighboring monomers; the resulting
elastic behavior thus gives insight into local polymer
flexibility.12 At very low forces (<1 pN), the polymer adopts
“blob” configurations consisting of local self-avoiding random
walks that are globally aligned with the applied force.13 Prior
single-molecule force experiments have exploited these low-
and high-force elastic regimes to investigate the salt-dependent

elasticity and structure of biological polyelectrolytes, such as
single-stranded nucleic acids14,15 and hyaluronic acid.16 While
these studies demonstrate the insights generated through
single-molecule elasticity experiments, the polymers that were
studied do not allow the modulation of key polyelectrolyte
physical parameters, such as charge spacing.
Polypeptoids, or poly(N-substituted glycine)s, have emerged

as a robust synthetic platform to explore the effect of sequence
on chain conformation17,18 because polypeptoids with specific
sequences can be synthesized with high efficiency and
precision.19 Polypeptoids are analogous to peptides, having
the same peptide backbone but with the side chains attached
to the nitrogen instead of the α-carbon. This structure
disallows the backbone−backbone hydrogen bonding preva-
lent in peptides, preventing secondary structure formation and
enabling side chains to be the primary driver of intramolecular
interactions.20,21

Here, we use single-molecule force experiments to test the
effects of charge spacing on polypeptoid conformation. To
isolate electrostatic effects, we test simple polypeptoid
sequences that contain only two types of monomers, either
negatively charged or hydrophilic and uncharged. For single-
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molecule stretching experiments, we use end-to-end click
reactions to create long polypeptoid chains. Our results show,
surprisingly, that the polypeptoid persistence length does not
vary with charge spacing or solution ionic strength. We further
use low-force “Pincus blob” elasticity13 to infer the solvent
quality through the Flory exponent. We find a decrease in the
Flory exponent with increasing solution ionic strength for all
charge spacings, consistent with an electrostatically driven
transition from good to theta solvent. Unlike the persistence
length, the measured theta point is sensitive to the charge
spacing of the polypeptoid sequence. We thus find two
contrasting electrostatic effects, which we suggest can be
reconciled by considering the location of the charges on the
side chains of the polymer. Similarly complex electrostatic
behaviors could occur in other polyelectrolytes with a similar
pendant charge structure, such as peptides.

■ EXPERIMENTAL METHODS
Synthesis and Conjugation. Polypeptoids were synthesized on a

Prelude synthesizer (Gyros Protein Technologies) using Rink amide
resin (0.54 mmol/g, Novabiochem, San Diego, CA) using a protocol
previously described.21,22 The sequences contained 2-methoxyethyl-
amine (Nme) and β-alanine t-butyl ester HCl N-carboxyethyl (Nce)
submonomers, where the latter was free-based with aqueous
potassium hydroxide and extracted with ethyl acetate. An alkyne
group was included to the C-terminus of the sequence through the
addition of the propargylamine submonomer in the first addition
cycle. The N-terminus was acylated with bromoacetic acid, followed
by a substitution with sodium azide, to form a terminal azide group.
All other reagents and solvents were used as purchased without
further modification or purification. The crude 24mers were purified
with reverse phase preparative high-performance liquid chromatog-
raphy, and the product was confirmed with MALDI (see the
Supporting Information). A 12mer version of the 1/3 charge
sequence was synthesized using the same protocol. The long
polypeptoid click reaction was performed on the polypeptoids
themselves (1 mM) with copper(II)-TBTA complex (prepared in
1:1 water/acetonitrile) (5 mM final) and ascorbic acid (5 mM final)
in 200 μL water under a N2 gas. The excess catalysts and short
polypeptoids were removed using an Amicon Ultra-0.5 centrifugal
filter with a 100 kDa cutoff. The alkyne ends of the long polypeptoids
(∼120 μg/mL) were capped with biotin-PEG3-azide (0.5 mM final)
(Lumiprobe, Hunt Valley, MD), using a click reaction in water with
copper(II)-TBTA complex (0.5 mM final) and ascorbic acid (0.5 mM
final), followed by the same purification protocol above. We
performed gel electrophoresis to characterize the presence of long
polypeptoids,23 finding a broad distribution of chain molecular
weights that ranged up to about 500 kDa (see the Supporting
Information).

Magnetic Tweezers Experiments. Long polypeptoids, at a
concentration of ∼6 μg/mL, were attached to alkyne-coated, PEG-
grafted glass surfaces (Microsurfaces, Inc.) in a solution of copper(II)
sulfate (2.5 mM final) and ascorbic acid (2.5 mM final) in 1×
phosphate-buffered saline with 0.1% Tween-20. The flow cell was
washed with 10 mM tris buffer (pH 7.4) with 0.1% Tween-20. The
biotin ends of the long polypeptoids were attached to 1 μm diameter
streptavidin-coated magnetic beads (Dynabeads MyOne Streptavidin
C1, Invitrogen). The beads were incubated in the flow cell for 10 min,
and then any unbound beads were washed away. The flow cell
containing the attached long polypeptoids in tris buffer was placed on
custom-built magnetic tweezers for single-molecule stretching experi-
ments. Details on the instrument’s setup and force calibration have
been previously described.24−26 Experiments were performed in 1−10
mM tris buffer (pH 7.5), 0−1000 mM NaCl, and 0.01−0.1% Tween-
20. Only freshly made 1 mM tris buffer was used for experiments to
prevent loss of buffering capacity and changes in pH. All experiments
were performed at room temperature (20 °C).

■ RESULTS
Designing and Synthesizing Charge Sequences. We

investigated three polypeptoid sequences, each with equally
spaced charged monomers and a net charge per monomer,
respectively, of 1/2, 1/3, and 1/6 (Figure 1A). The sequences
thus varied in both net charge and charge spacing, which was
accomplished by inserting varying numbers of neutral
monomers between the charged carboxyl groups. Both types
of monomers have the same number of σ-bonds along the
length of the side chains, resulting in similar steric dimensions.
The hydrophilic nature of the neutral side chains is expected to
impart only excluded volume repulsion to the polymer. The
spacing of charges along the backbone (0.6, 0.9, and 1.8 nm,
respectively) is below the Debye screening length in low ionic
strengths (∼3 nm at 10 mM ionic strength), so intrachain
electrostatic interactions were expected to be significant. We
also synthesized a control polypeptoid sequence, consisting
only of the neutral monomers, to investigate nonelectrostatic
conformational behaviors.
After synthesizing individual 24mer polypeptoids, we

quantified their charge state in solution through titration
experiments (see Supporting Information). The measured pKa
values of the carboxylic acid (COOH) groups within the 1/2,
1/3, and 1/6 sequences were 5.51, 4.95, and 4.75, respectively.
These values are similar to the reported pKa of a glutamic acid
protein residue (∼4.25),27 whose chemical structure is
identical to the charged Nce peptoid side chain. Applying
the Henderson-Hasselbalch equation at the experimental pH

Figure 1. (A) Schematic of the polypeptoid sequences. Each sequence contains 2 types of monomers: hydrophilic and uncharged N-methoxyethyl
(Nme) glycine (black circle), and negatively charged Nce glycine (red circle). (B) Attachment scheme to form long polypeptoids through end-to-
end click reactions between 24mer polypeptoids.
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of 7.4 indicates that the side chain groups in all sequences were
∼99% deprotonated.
We used a polypeptoid synthesis scheme designed to

generate long polymer chains suitable for single-molecule
force experiments. Magnetic tweezers experiments require
chains whose contour lengths are at least a few hundred
nanometers, i.e., at least 1500 polypeptoid monomers, which
far exceeds the practical limits of polypeptoid synthesis (well
below 100mers).28 To generate long chains, we incorporated
azide and alkyne terminal functional groups on 24mer
polypeptoids with the desired sequences, then used end-to-
end click reactions (Figure 1B).20,29 This attachment scheme
imposes unidirectionality on the sequences, ensuring even
charge spacing across the entire length of the long
polypeptoids. We chose 24mers for the individual polypeptoid
units as a compromise between synthesis efficiency and
continuous polypeptoid bonding length.
Flexibility of Charged Polypeptoids. We analyzed the

conformations of the various polypeptoid sequences through a
single-molecule force−extension analysis using magnetic
tweezers. For all sequences and solution conditions, the
measured force−extension curves showed a low-force power-
law elastic regime and a high-force regime with reduced
compliance (Figure 2). Guided by theoretical considerations

and analogous results on other flexible polymers,12 we interpret
the low-force regime as corresponding to the elasticity of a
chain of tensile blobs, each of size kBT/f, with looped, random-
walk conformations within each blob.13 At higher forces,
tensile-blob elasticity disappears when all loops have been
pulled out, i.e., at a crossover force where the tensile length
roughly equals the persistence length, kBT/fc ∼ lp. At higher
forces, f > kBT/lp, loops are prohibited, and thermal
fluctuations only modestly misalign the statistical monomers
from the direction of applied force; the lack of significant
misalignment means there is little extension left to gain, and
the compliance decreases as the chain approaches its contour
length.
The elastic behavior of the polypeptoids at high force is

accurately described by the Marko-Siggia wormlike-chain
(WLC) model.30 Particularly, we fit the force−extension data
in this regime to an analytical solution of the WLC model
derived by Bouchiat31 with two fitting parameters: contour
length, Lc, and persistence length, lp (Figure 2). Given that the
average lp is ∼1 nm, the crossover force is fc ∼ 2 pN. Since the
WLC model does not account for swelling (self-avoidance)
interactions, we fit the model only for forces above 2 pN. This
method is self-consistent and the best-fit lp values are not
significantly sensitive to the cutoff choice. On each individual
polypeptoid chain, several force-extension curves were
acquired at different NaCl concentrations. Global WLC fitting
was performed for each chain across all NaCl concentrations
less than 200 mM, in which a single Lc was constrained for all
such curves (since it is not expected to vary with salt), while lp
was fit individually for each curve. Goodness-of-fit metrics that
account for the number of fit parameters indicate that this
global method is modestly better than individual fitting of both
Lc and lp to each force-extension curve; further, the resulting lp
values do not significantly deviate between methods. Elastic
measurements at 200 mM and higher ionic strengths indicate a
small contraction (decrease of Lc) of the chains in those
conditions; such curves are excluded from the global fits and
instead fit individually. Such a contraction at high salt has been
seen previously in other measurements32 and has been
attributed to salt-dependent water solvation effects. Measure-
ments and fittings of various polypeptoid chains showed a
range of contour lengths of 300−1000 nm, corresponding to
chain sizes of 1000−3300 peptoid monomers, i.e., molecular
weights of 125−410 kDa. Details of fitting parameters and
residuals are discussed in the Supporting Information.
The persistence lengths of the polypeptoid sequences, as fit

in the manner described above, are reported in Table 1. The
measured values are similar to those observed in previous

Figure 2. Force-extension data of a single polypeptoid molecule with
a net charge per monomer of 1/2 in a solution of 1 mM tris, pH 7.4,
and the indicated concentration of NaCl. The solid line is the WLC
elastic curve using the best-fit contour length Lc and using the average
lp found from fitting to all curves measured in NaCl concentrations of
less than 200 mM; fits were done only for forces above 2 pN. The low
force extrapolation of the WLC model (dotted line) assumes ideal
chain behavior; that this roughly matches the 500 mM NaCl data
indicates this is a theta condition.

Table 1. Persistence Lengths, in Nanometers, of Polypeptoids of Different Charge Fractions in Various Solution Ionic
Strengths, Ia

charge fraction I = 8 mM 11 mM 21 mM 51 mM 101 mM 201 mM 501 mM 1001 mM

1/2 1.05 ± 0.03 1.08 ± 0.04 1.01 ± 0.04 1.03 ± 0.02 0.98 ± 0.04 1.00 ± 0.02 1.02 ± 0.02 1.08 ± 0.07
1/3 1.04 ± 0.02 1.10 ± 0.03 1.06 ± 0.06 1.10 ± 0.03 1.02 ± 0.02 1.03 ± 0.04 1.08 ± 0.01
1/6 1.05 ± 0.02 1.08 ± 0.04 1.10 ± 0.02 1.05 ± 0.04 1.05 ± 0.03 1.09 ± 0.01 1.05 ± 0.02
0 1.01 ± 0.03
1/3 (12mer) 1.06 ± 0.04

aEach value is the average of 3−19 different chains and the errors are the standard errors of the mean. I = 8 mM data was obtained in 10 mM tris
pH 7.4. I > 8 mM data was obtained in 1 mM tris pH 7.4, with NaCl added to reach the indicated ionic strength. Charge fraction 0 corresponds to
the control chain containing only neutral monomers. The last row indicates results on a chain formed from 12mers; all other rows correspond to
24mers.
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studies, which range between 0.5 and 1 nm.21,33,34 However,
surprisingly, our results show that lp is independent of the
chain net charge. In addition, the lp of each sequence is
insensitive to salt concentration (Table 1). Further, in all
conditions, the measured lp values of the charged chains are
not significantly different from that of the fully neutral control
chain (Table 1).
The polypeptoid chains studied here have a heterogeneous

backbone chemistry since the azide−alkyne click reactions
form triazoles between every 24 polypeptoid monomers.
Azide−alkyne cycloadditions have been widely explored in
peptidomimetics, and the triazole product is comparable to a
peptide bond in dimensionality, planarity, and polarity.35,36

Nonetheless, it is possible that the triazole linkers have
significantly different conformational properties that could
affect our measurements of the chain flexibility. To examine
this, we synthesized 12mer polypeptoids and assembled them
into longer chains through the same click reactions, thus
creating polymers with twice the density of triazoles. Elastic
measurements showed that, with the same charge spacing, the
12mer polypeptoids do not show any significant change in lp
compared to the 24mer version (Table 1). This indicates that
the measured elastic data are not significantly affected by the
triazole linkers.
Polypeptoid Solubility and Theta Solvent. At low

force, the observed power-law elasticity indicates that the
polypeptoids can be described as a chain of tensile (Pincus)
blobs, with solvent-quality-dependent random-walk behavior
within each blob. Theory predicts that, in this regime, the
extension scales with the force as L ∼ f1/ν−1, where ν is the
Flory exponent.13 We find that the power law elasticity of
polypeptoids is dependent on solution ionic strength (Figure
2), indicating that ν (and thus the solvent quality) varies with
salt. At low ionic strength, the elastic exponent approaches 2/3,
consistent with good solvent behavior (ν = 3/5). For all
sequences, the elastic exponent increases with salt, passing
through 1 between 100 and 1000 mM NaCl, indicating a theta
point (i.e., effective ideal-chain behavior; ν = 0.5) at that salt.
For the 1/2 charge sequence (Figure 2), the low force elasticity
at 500 mM NaCl matches well with the extrapolation of the
high-force WLC fits as the WLC model assumes ideal chain
behavior;37 this is further confirmation of the theta state at this
solution condition. The Flory exponents found from the data,
indicating the good-to-ideal solvent transition of each
sequence, are shown in Figure 3A. Notably, the observed
transition in solvent quality is similar to that of single-stranded
DNA,15 where the elastic exponent was also near 2/3 at lower
ionic strengths and displayed an increase through 1 at high
ionic strengths.
While all three sequences qualitatively exhibit the same

decreasing trajectory of solvent quality with ionic strength, the
quantitative details differ. Particularly, the theta salt concen-
tration increases with decreasing charge spacing of the
polypeptoid (Figure 3A). This indicates that the good solvent
behavior stems, at least in part, from intrachain electrostatic
repulsion. We interpret the theta behavior as resulting from
screening of that repulsion by added salt until it is comparable
to attractions within the chain (e.g., hydrophobic, van der
Waals), with higher charge densities requiring more screening
to reach the theta point. This suggests a unified view of the
data might result through an analysis that accounts for the
relative length scales of the charge density (charge spacing b)
and the screening (Debye screening length κ−1). We estimate b

by taking the inter-residue spacing to be 0.3 nm, which is
similar to the range of reported spacings of peptoid and
peptide residues (0.3−0.4 nm).38−41 Given that peptoids have
a higher preference for the cis conformation than peptides,42

and since the cis conformation shortens the residue spacing,
we opted for a spacing on the low side of the range; however,
our results are not significantly sensitive to this choice.
Figure 3B shows the Flory exponent plotted against the

unitless ratio of the charge spacing and charge screening
length, κb. We find that all three sequences collapse onto a
single curve in this analysis, with the theta point corresponding
roughly to κb ≈ 1. This indicates that when the Debye length
becomes less than the length between charges, intrachain
attractions begin to dominate, thus validating the idea that
intermonomer repulsion is key to enabling good solvent
behavior.

■ DISCUSSION
Our results indicate that the effect of charge spacing on a
polypeptoid chain is somewhat nuanced, displaying opposing
evidence regarding the significance of electrostatic effects. On
the one hand, the charged groups show a clear effect in
controlling solvent quality, with the collapse behavior depicted
in Figure 3 specifically showing an effect of intrachain
electrostatic screening. On the other hand, direct testing of
conformational flexibility through high-force elasticity meas-
urements (Table 1) shows no effects of either charge pattern
or ionic strength on lp. Importantly, control measurements
confirm that the chain is indeed charged in the tested

Figure 3. (A) Measured Flory exponents of the 3 charged
polypeptoid sequences versus solution ionic strength. Each point
represents 3−6 force-extension curves from separate polypeptoid
molecules. Error bars indicate standard error of the mean. (B) Flory
exponent data in (A) versus the unitless combination of Debye
screening length, κ−1, and charge spacing, b, of each sequence.
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conditions and that the chemistry used to synthesize long
chains does not affect the measurements; these controls rule
out certain explanations that could reconcile the observations.
It is possible that the two observations could be reconciled

by considering the effect of force on the chain. While the
estimate of Flory exponent relies on very low force ( f < 1 pN)
elasticity, the estimate of lp relies on moderate-to-high force ( f
> 2 pN) elasticity. High force elasticity is generally a probe of
shorter structural length scales in the polymer,12 and prior
simulation studies of polyelectrolytes found that the structure
factors at short length scales are independent of chain charge
density.43,44 Further, a second potentially relevant influence is
that the force itself can alter the short-range chain conforma-
tional flexibility,45,46 possibly masking intrachain electrostatic
effects. However, previous single-molecule studies on other
polyelectrolytes, including single-stranded nucleic acids14,15

and hyaluronic acid,16 were able to elucidate electrostatic
effects in this same force range. The difference between the
present data and these prior works does not rely on the specific
analysis scheme used here (WLC fitting), but it is more
general: specifically, single-stranded nucleic acids and hyalur-
onic acids showed salt-induced changes in the shape of the
force-extension curves that are absent here. We can thus
generally conclude: (1) elastic measurements in the moderate
force regime indeed probe length scales at which charge affects
chain structure and therefore are capable of revealing
electrostatic effects; and (2) any distortion of the chain
structure by the applied force is not significant enough to
conceal such electrostatic effects.
The relevance of these conclusions to the present measure-

ments is strengthened by the comparison to hyaluronic acid16

since the charge spacing of that chain (b ≈ 1 nm) lies in the
middle of the range of charge spacings of the polypeptoid
sequences. Unlike the present data on polypeptoids, moderate-
force elastic measurements of hyaluronic acid exhibited
electrostatically dependent flexibility.16 This indicates that
our technique is capable of revealing electrostatic effects for a
chain with a similar charge spacing, so it argues that some
other aspect of the chain’s chemical structure is likely
responsible for the lack of observed electrostatic effects in
the polypeptoids.
Further, a prior result on polypeptoids, using the same

monomer chemistry as in this work, performed scattering
measurements to conclude that the persistence length of a fully
charged polypeptoid is significantly larger than that of a
polypeptoid with alternating charges.21 However, that result is
not directly comparable to the present data as here we did not
study a fully charged peptoid; further, the comparison is
complicated by the differing techniques utilized, as well as the
relatively large error bars shown in the prior work.21

We suggest that our observations on the opposing
significance of electrostatic effects can be reconciled by
considering the location of the charges in relation to the
chain backbone. For single-stranded nucleic acids and
hyaluronic acids, the charges are embedded in their backbones,
maximizing the impact of electrostatics on the backbone
flexibility. However, in the molecular structure of polypeptoids,
the charged carboxyl groups are on side chains of moderate
length, which could reduce electrostatic effects. When the side
chain distance is significant, charge spacing can no longer be
simply defined on the one-dimensional axis along the
backbone; instead, the three-dimensional polymer configu-
ration dictates the true distance between electrostatic groups.

Notably, although the spacing of charged monomers along the
backbone is 0.6 nm in the 1/2 charge sequence, the actual
distance between charges could be as much as 0.9 nm,
accounting for the side chain geometry. This increased
distance would reduce the magnitude of repulsion between
neighboring charged groups, thus minimizing the electrostatic
effect on local chain flexibility (consistent with our results on
lp). On the other hand, the Flory exponent reflects monomer−
monomer interactions on longer length scales and is less
dependent on the location of the charged groups. This
interpretation indicates why we observed electrostatic effects
on solvent quality but not on local flexibility.
Prior works indeed show that the geometry of charged side

chains in polyelectrolytes can influence their conforma-
tions47,48 and secondary structure propensities.49−53 For
example, one prior work noted that, when charged groups
are at a further distance from the backbone, there is a
weakening of the intramolecular electrostatic repulsion.53

However, the effect of the pendant charge specifically on the
polyelectrolyte flexibility has not been extensively explored. To
our knowledge, only the computational study of Ghelichi and
Eikerling47 has discussed the effect of charged side chain length
on the persistence length. They found that the persistence
length decreases with side chain length at lower charge
fractions, yet the effect is opposite for a fully charged
polyelectrolyte. However, the choice of polymer model and
simulation conditions in that study prevents direct comparison
with our results. Generally, future experimental works
observing polyelectrolyte flexibility as a function of the side
chain geometry would be highly valuable.

■ CONCLUSIONS
Through single-molecule stretching experiments, we tested the
effect of charge spacing on the polypeptoid conformation. We
find that local polypeptoid flexibility is insensitive to
electrostatic effects, while the good-to-ideal solvent transition
of all the polypeptoid sequences is dependent on their charge
spacings. We posit that this electrostatic behavior, where only
the polypeptoid solubility and not the flexibility is affected,
could be due to the location of the charged groups on side
chains that are separated by a moderate distance from the
backbone.
Our hypothesis on the effect of side chain length on polymer

flexibility could be useful to the investigation of other synthetic
and biological polyelectrolytes and, indeed, the results of prior
studies have hinted at an effect of side chains. For example,
poly(acrylic acid), whose negative charges are ∼0.24 nm from
its backbone, showed electrostatically dependent flexibility,54

while polythiophenes, whose pendant imidazoles are ∼0.90 nm
away from the backbone, were found to have no influence of
charge fraction on their persistence lengths.55 Further
explorations of this hypothesis could involve other polymers
with significant side chain lengths, such as poly[2-
(dimethylamino)ethyl methacrylate] (∼0.63 nm) or random-
coil polylysine (∼0.59 nm). A direct and systematic
experimental investigation of the effect of side chain length
on polyelectrolyte persistence length would be a particularly
valuable study; one could approach this by designing and
measuring a wide range of pendant charge distances on the
same chemical backbone.
Generally, our results on the charge effects on polyelec-

trolyte flexibility and solvent quality are relevant to their use in
a materials context, including in liquid−liquid phase separation
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(LLPS) behavior.10,56 Notably, the charge fractions of the
polypeptoids in this study (1/2, 1/3, and 1/6) are similar to
those of intrinsically disordered proteins that form biological
coacervates (and in which the charges are also located on side
chains);57−59 thus, the electrostatic effects observed here will
be useful for understanding their LLPS behavior.60 Finally, this
study demonstrates the utility of single-molecule force
experiments for studying polymer sequence-conformation
relationships. This experimental approach could be useful in
the investigation of other sequence effects such as
ampholyticity and hydrophobicity.
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