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ABSTRACT: We introduce a powerful, widely applicable approach
to characterizing polymer conformational distributions, specifically
the end-to-end distance distributions, P(R..), accessed through
double electron—electron resonance (DEER) spectroscopy in
conjunction with molecular dynamics (MD) simulations. The
technique is demonstrated on one of the most widely used synthetic,
disordered, water-soluble polymers: poly(ethylene oxide) (PEO).
Despite its widespread importance, no systematic experimental
characterization of PEO’s R., conformational landscape exists. The
evaluation of P(R,,) is particularly important for short polymers or
(bio)polymers with sequence complexities that deviate from simple
polymer physics scaling laws valid for long chains. In this study, we
characterize the R,, landscape by measuring P(R,,) for low molecular

weight (MW: 0.22—2.6 kDa) dilute PEO chains. We use DEER with end-conjugated spin probes to resolve R,, populations from
~2—9 nm and compare them with full distributions from MD. The P( R,.)’s from DEER and MD show remarkably good agreement,
particularly at longer chain lengths where populations in the DEER-unresolvable range (<1.5 nm) are low. Both the P(R,.) and the
root-mean-square R,, indicate that aqueous PEO is a semiflexible polymer in a good solvent, with the latter scaling linearly with
molecular weight up to its persistence length (I, ~ 0.48 nm), and rapidly transitioning to excluded volume scaling above I,. The R,
scaling is quantitatively consistent with that from experimental scattering data on high MW (>10 kDa) PEO and the P(R,.)’s
crossover to the theoretical distribution for an excluded volume chain.

B INTRODUCTION

Poly(ethylene oxide) (PEO) is one of the most widely studied
and used polymers, with applications ranging from biomedi-
cine, consumer products, and antifouling coatings to
membrane technologies.' ™ PEO’s utility is in large part due
to its high hydrophilicity stemming from the spacing and
conformations of the backbone ether oxygens that integrate
into water’s hydrogen-bonding network.”” PEO is structurally
a simple polymer comprised of one repeat unit, [-CH,—O—
CH,-], terminated by either [—CH;] or [-OH]. If
terminated by an alcohol, then it is conventionally known as
polyethylene glycol (PEG), and if terminated by methyl
groups, then it is known as PEO, though we will refer to both
as PEO throughout this work. Although the repeat unit of PEO
is structurally simple, PEO has a complex interaction with
water that depends on temperature, molecular weight, and
concentration, exhibiting both lower and upper critical solution
temperatures with a resulting closed-loop, temperature-density
phase diagram with a molecular weight dependence.”” This
complex phase behavior stems from the intricate, temperature-
dependent balance between ether—water and water—water
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hydrogen bonding.®” The local interplay of water along the
chain backbone directly affects PEO’s conformations and
modulates its solubility in water.

While PEO is widely studied as a water-soluble polymer, its
complex behavior in water suggests a diverse conformational
landscape that remains incompletely understood. Here “land-
scape” indicates the ensemble of conformations sampled by a
highly disordered and fluctuating polymer. The distribution of
PEO’s end-to-end distance, R,,, provides one insight into this
landscape, with a rich connection to theories of polymer
physics, but this distribution has not been investigated
experimentally. Understanding the nature of the conforma-
tional landscape is especially important for studies of short
polymer chains, which show deviations from asymptotic
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polymer scaling laws. Moreover, beyond PEO, there is
significant interest in understanding deviations from scaling
theories for more complicated polymers with heterogeneous
sequences, such as intrinsically disordered proteins. Yet
generally, the distribution of conformational states is difficult
to obtain due to the limited suite of experimental techniques
that can directly characterize the full ensemble of conformers.
Traditional scattering techniques are well-suited for looking at
global polymer length scales between all scattering sites in a
system,'’ but they lack direct information about more finely
resolved correlations, such as distances between specific sites,
including polymer ends, or of defined pairs of residues across a
protein.

Our work addresses polymer end-to-end distance ensembles
by directly measuring and computing the end-to-end distance
distribution, P(R,,), of dilute PEO. Specifically, we characterize
PEO’s P(R..) by using both double electron—electron
resonance (DEER) spectroscopy and molecular dynamics
(MD) simulations. Coupling DEER and MD enables a
significantly more detailed understanding of PEO’s R,
conformational landscape, a level of detail that has remained
largely inaccessible using prior experimental or simulation
techniques alone. While the present work addresses PEO as an
important model system, this combined approach should offer
insights into a wide range of other disordered polymers.

Prior experimental investigations of PEO probe averages of
the underlying conformational landscape, such as the average
radius-of-gyration, R,, or the average hydrodynamic radius, Ry,
but do not detail the ensemble of conformational states, as
accessed by P(R,). Data on PEO for average R, and R, from
scattering and size-exclusion chromatography experiments
cover a broad molecular weight regime (~300—1.1 X 10°
Da).''™** Most of these studies focus on high molecular
weight chains (greater than ~10 kDa, 35 data points), with few
on low molecular weight PEO’s (greater than ~10 kDa, 9 data
points).'®'¥72%232* The Jack of data for short chains is likely
due to the increased difficulty in obtaining a reliable scattering
signal for chains with small characteristic dimensions (i.e., R, ~
1 nm). From these data, there is a strong consensus that long-
chain PEO behaves as a polymer in good solvent (ie., an
excluded volume polymer).

Complementary to scattering methods, experimental techni-
ques based on “spectroscopic rulers” provide nanoscopic
information about the local structure of molecules by tethering
probes to sites of interest. The two most common techniques
are fluorescence resonance energy transfer (FRET) and DEER.
FRET is relatively well-established and widely used for the
structural characterization of biomolecules, providing site-
specific information between 2 and 10 nm by measuring the
energy exchange between fluorophores conjugated to target
sites.”™*® FRET detects the fluorophores’ average separation
and hence is most successfully used in cases where binary
changes in macromolecular conformations exist (e.g., folded vs
unfolded, open vs closed protein states, or isolated vs
assembled states).”” ™' Only with the addition of single-
molecule detection (smFRET) can information about the
distribution of distances of an ensemble of polymer
conformations be obtained, though the potential impact of
the large fluorophores on FRET distances must be taken into
account.” As an example of the conformational effect of
fluorophores, small-angle X-ray scattering (SAXS) data for R,
indicates that water is a good solvent for many chemically
denatured proteins that do not show conformational changes

with varying denaturant concentration (e.g., guanidine hydro-
chloride, GuHC], or urea between 1 and 8 M); however, FRET
measurements using dye-labeled variants of the denatured
proteins (e.g., protein L;*>** CspTm 1-66,” 2—66,>° and 1—
54;37 HIV-1 integrase;37 ProTaC;37 IM7 17-70, leqm17-56,
17—56, and 36—70;>° and Im9)3’9 register an expansion in the
mean interdye distance with increasing denaturant concen-
tration."” Interestingly, the same discrepancy exists for aqueous
PEO.*%**1=*3 Both Watkins et al. and Qu et al. used smFRET
to characterize aqueous PEO at varying denaturant (urea or
GuHCI) concentrations, finding an increase in interdye
distances (for Watkins, an ~10% increase) with increasing
denaturant concentration.*”** Riback et al. attributed the
disagreement to the chain-end labeled fluorophores that
enhance chain compaction upon labeling, arising from
fluorophore—fluorophore and fluorophore—chain interac-
tions.”” Importantly, none of these smFRET studies on PEO
convert the smFRET histograms to a P(R,.) of the interdye
distances; rather they report a single descriptor of the
underlying conformational landscape (e.g., typically the mean
or most likely R,, value).

DEER is an experimental characterization method capable of
resolving not only mean distances but also the full distance
distributions between spin probes.*”** As a pulsed electron
paramagnetic resonance (EPR) technique, DEER uses the
dipole—dipole interaction between two paramagnetic centers
and the subsequent spin interaction relaxations to probe
intramolecular distance distributions reliably between 2 and 9
nm.*® DEER has now been used for a wide range of structural
biology applications (e.g., to determine intraprotein distances,
to resolve multiple conformational states, to determine the
structure of large protein complexes by triangulating
interprotein distances, or to study the transitions between
structured (folded) and unstructured (unfolded) states of
biomolecules).***"~>" Surprisingly, there are relatively fewer
applications of DEER to examine and extract information from
the full P(R,,) distribution and even fewer P(R,.) studies of
synthetic polymer conformations.”> >* In fact, the primary
advantage of DEER as a spectroscopic ruler is that it directly
yields the complete distance distribution of the macro-
molecular ensemble. Additional benefits of DEER include
that the spin-probes are significantly smaller than FRET
fluorophores (~2—3 times smaller diameters), and are
identical on both ends, whereas FRET requires two distinct
fluorophores, complicating the labeling process.”® The small
spin probes available with DEER are advantageous for small
and conformationally flexible macromolecules (e.g., low-
molecular-weight PEO) where large probes overwhelm the
conformational states of the small polymers.

As with FRET, DEER has short distance limitations that are
a result of (1) the length of the pump pulse exceedin% the
duration of the dipolar oscillation for short wavelengths;>” (2)
finite bandwidth limitations when a significant portion of the
distance population is below 2 nm;*® and (3) the breakdown in
the underlying assumption of negligible exchange coupling
below 1.5 nm."°® It is interesting to note that below 2 nm,
continuous wave (cw) EPR is a technique complementary to
DEER that can determine mean distances and distributions
between 1 and 2 nm by assessing dipole—dipole couplings
from spectral line broadening.*® At long distances, the DEER
restrictions are less severe, and the maximum resolvable
distance is largely dictated by the decoherence time of the
dipolar signal before the echo intensity is lost in the
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Figure 1. Spin-labeled PEO chemistries in this study. The series of PEO lengths is n = S, 13, and 2S5 for the upper structure, and n = 36 and 59 for

the lower structure.
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Figure 2. Time domain dipolar signal V(t) from DEER experiments for PEO chains with 5, 13, 25, 36, and 59 monomers (220—2600 Da) shifted
vertically for clarity (left). Background-corrected (dimensionality = 3) dipolar signal of the same (right).

background noise. Norman and co-workers have shown that
deuteration of not only the solvent but also the macromolecule
can dramatically lengthen the decoherence time of the DEER
echo signal and hence allows the accessible distance to be
extended up to ~14 nm.””*° Further details on the limitations
of DEER are described in Supporting Information section 2a.

Complementary to both the smFRET and DEER techniques
are MD simulations, increasingly used to enhance signal
analysis by providing atomic resolution.””*"*>*%°1%> Geveral
atomistic force-fields (FF) have been shown to nicely capture
different properties (structural or thermodynamic) of aqueous
PEO, depending on target properties during their para-
metrization;*>™”" excellent comparisons of the current atom-
istic PEO FFs have been given by Laaksonen and colleagues,
Maginn and co-workers, and Sadowski and colleagu(es.63’64’67
Among recently successful models for simulating both PEO
and water are the second-generation General AMBER FF
(GaFF2) and the newer 4-site Optimal Point Charge (OPC4)
water model.”””*> GaFF was originally developed by Wang et
al. for small molecules, and recently underwent a major
reparameterization, including improved Lennard-Jones (LJ)
parameters.”*** The updated ether parameters reflect the
changes proposed by Barbosa et al. to improve the original
GaFF for neat 2- to 5-mer PEO oligomers. Their work
developed LJ parameters that capture neat PEO oligomer
densities (within a few percent relative error), dielectric
constants, thermal expansivities, enthalpies of vaporization, and
conformer populations.®*”*

In this work, we utilize DEER spectroscopy and MD
simulations concurrently to characterize PEO’s R.. conforma-
tional landscape by reporting detailed probability distributions
of R, P(R,.). We demonstrate that this combined approach is
a powerful means to assess the states of the conformational
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ensemble of disordered macromolecules. This also represents
the first experimental study that directly probes the P(R,.) of
PEO in water and enables detailed comparisons to polymer
physics theories for the molecular weight scaling of the
average, root-mean-square R, (R,.), as well as to the full
P(R,,) distributions. In the “Methods” section we discuss the
experimental and simulation protocols used to extract the
P(R..)’s. We present in the “Results” section the P(R..)’s from
DEER and simulation and our investigation of the R,.
molecular weight scaling and its comparison to the available
literature data, followed by a detailed comparison to the
theoretical P(R,,) from asymptotic polymer physics valid in the
high molecular weight limit, and close with a discussion of the
higher-order moments of the distributions. In the Discussion,
we comment on two topics of debate in the literature about
aqueous PEO: (1) whether or not there is an intermediary,
ideal scaling regime in the R,. before the asymptotic, excluded
volume scaling characteristic of high molecular weight chains
and (2) whether or not PEO has a helical structure in water.

B METHODS

Spin-Labeling of PEO. We purchased two variants of PEO for
spin-labeling. The three smallest PEO chains (S-, 13-, and 25-mer) are
from BroadPharm (Bis-PEG-NHS ester), and the two largest (36- and
59-mer) are from Sigma-Aldrich (O,0’-bis[2-(N-succinimidyl-
succinylamino)ethyl]polyethylene glycol), Figure 1. GPC analysis
determined that the polydispersity index of the 36- and 59-mer were
1.017 and 1.015, respectively, Supporting Information section la. We
spin labeled both variants of PEO in the same manner, by dissolving
NHS functionalized PEO in THF, followed by addition of a molar
excess (~10-fold) of 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl (4-
amino-TEMPO), Supporting Information section 1c. We purified the
largest three PEO variants (25-, 36-, and 59-mers) using a 1 kDa
dialysis membrane (Spectra/Por 7 Dialysis Membranes, 1 kDa
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MWCO) in DI water, with five solution exchanges, twice per day. We
purified the smallest two oligomers (S- and 13-mers) using liquid
column chromatography with 9:1 dichloromethane/methanol as the
mobile phase and silica gel as the stationary phase. We lyophilized
each sample after purification to produce a fine, white powder. NMR
analysis verified the presence of PEO ether peaks in each sample
(Supporting Information section 1d).

Experimental Double-Electron Electron Resonance (DEER).
The samples contained 100 uM spin-labeled PEO in D,0, with 30%
by volume deuterated glycerol added as a cryoprotectant. We added
approximately 40 uL of sample to a 3 mm OD, 2 mm ID quartz
capillary that was flash-frozen in liquid nitrogen before performing
DEER. Flash freezing is necessary for DEER experiments, and the
rapid cooling preserves polymer conformations.”””” We performed
DEER experiments with a pulsed Q-band Bruker ES80 Elexsys
spectrometer, equipped with a Bruker QT-II resonator and a 300 W
TWT amplifier (Applied Systems Engineering, Model 177 Ka); see
Figure 2 for the raw DEER signal traces. We maintained the
temperature at 60 K using a Bruker/ColdEdge FlexLine Cryostat
(Model ER 4118HV-CF100). We applied the following four-pulse
DEER sequence to all samples: 7/ 2—T1— o= (t — pump)— (72 —
t)—7gs—T,—echo. Optimized observer pulses based on a nutation
measurement were approximately 20 ns for 90 pulses and 40 ns for
180 pulses. We applied a linear chirp 7, pulse with a length of 100
ns and a frequency width of 80 MHz. The observed frequency was 90
MHz higher than the center of the pump frequency range. 7, was 180
ns, and 7, was set to 8 us. We acquired the time-domain data with 16
ns time resolution in 500 increments up to 8 s dipolar evolution time
and ran the DEER experiment with signal averaging for ~12 h. The
time-domain DEER signal, V(t), was baseline-corrected using a model
with dimensionality of three. Finding the solution for P(R,.) from
V(t) is a well-known ill-posed inversion problem. Here, we relied on
the “model-free” Tikhonov regularization method with non-negativity
constraints to reconstruct P(R,,) using the LongDistances software.”®
The Tikhonov regularization approach is chosen as it is the most
widely used approach to calculate P(R,, ) from high-quality DEER
data, especially when P(R,.) is uniformly broad and non-Gaussian.
The development of more robust approaches to find solutions for
P(R,.) is an active area of research, which include a global Gaussian
model fitting approach,” Srivastava—Freed Truncated Singular Value
Decomposition (SE-TSVD),*>®! the use of Bayesian statistics to
determine uncertainty,”> or a global parameter-free distribution
approach by DEERLab,** to name a few prominent approaches.
However, for the type of DEER data at hand in this study, the
solutions for P(R,.) by Tikhonov regularization with a carefully
chosen regularization parameter are robust (Supporting Information
section 2b).

Molecular Dynamics (MD) Simulations. We use the second-
generation General Amber FF (GaFF2) for the MD simulations, a
classical, fixed-charged FF that allows for parametrization of a wide
variety of organic molecules.”** We assign fixed point charges to the
TEMPO spin label and PEO using the Gaussian "16 software package
and the RESP charge fitting implemented in AmberTools.*>*® We use
the B3LYP functional and the 6-311++G(d,p) basis set, which has
been shown to work well for assigning RESP charges to Glymes.®>*®
We also include results for AMI-BCC charging, a semiempirical
quantum calculation, on the unlabeled PEO to access the results’
sensitivity to charging. The details of the charge assignment and the
charges sensitivity to the level of theory can be found in the
Supporting Information section 3.

We conduct simulations of dilute (single chain), spin-labeled PEO
chains of varying length—between 1 (46 Da) and S9 (2.6 kDa)
monomeric units in an aqueous solvent (4-site OPC water model) at
300 K.”> We use the OpenMM package on Nvidia P100 and V100
GPUs.”” To ensure system equilibration before collecting data, we
perform simulations in stages (details in Supporting Information
section 4): (1) energy minimization of the initial structure generated
using Packmol,*® (2) NVT annealing at elevated temperature, 500 K,
(3) NVT cooldown to 298 K, (4) NPT equilibration at 298 K, and;
(5) NVT production at 298 K (volume fixed to the average calculated

from the prior NPT equilibration step). We collect atomic coordinates
every 10 ps and postsimulation analyze the trajectories to obtain
thermodynamic and structural property averages (both TEMPO
labeled and unlabeled) using decorrelated samples.

We analyze the simulation data using a custom Python analysis
script along with the MDTraj Python library.*” We calculate the end-
to-end distance, R, either from the two oxygen radicals (on the spin
probes) or from the terminal carbons on the PEO-backbones;
throu;hout, we report the average, root-mean-square (R2)Y? and
(R;)1 ? values, notated simply as R,, and R,. A standard, percentile
bootstrap analysis is used on the P.s to estimate the uncertainty in
the distributions.”” We calculate the persistence length by fitting a
decaying exponential to the ensemble-averaged, bond—bond
(between oxygens along the PEO backbone) orientational correlation
function between bond vectors b; and b;, ,:

Cpp(m) = <M>~ C e me {0, m— 1)

Ibjlb, ! (1)
where 7, is the number of bonds in the chain (in the case of the
oxygen—oxygen bond vectors, it is the number of monomers less
one), b is the average bond—bond vector (ensemble-averaged along
the entire chain), and lP is the characteristic length scale of the decay,
interpreted here as the persistence length.”"*>

B RESULTS

End-to-End Distributions. We study the end-to-end
distances of aqueous PEO chains in the molecular weight
range of 220—2600 Da (5- to $9-mer). We perform DEER on
spin-labeled PEO to obtain the R.. distance distributions,
P(R,.), as a function of molecular weight. The time-domain
dipolar signal V(t) derived from DEER (Figure 2 (left)) is
baseline-corrected (Figure 2 (right)), and the P(R..) is
reconstructed by Tikhonov regularization (see the “Methods”
section). DEER analysis and reconstruction methods are
discussed in Supporting Information section 2b. The
modulation depth for the DEER-derived V() signal is 0.34
on average, and a dipolar evolution time up to 8 us is used.
The signal-to-noise ratio is exceptionally high (1340 on
average). We find robust solutions to P(R..) distributions,
given the high-quality V(¢) data (Figure 3 (top)). The resulting
P(R..) is representative of the ensemble average conformations
of all PEO chains in solution and their respective R, distances.
The position of P(R..) readily distinguishes the different
molecular weight PEOs studied, with the maximum peak
position in P(R..) moving to larger distances as the chain
length grows.

At a higher molecular weight, the shape of P(R,.) becomes
less sharp and broadens, that is, the chain and its ends
experience greater conformational freedom as the polymer
length increases beyond the persistence length (I,). However,
due to the chain conformational entropy, the probability of
finding R, separations beyond the average are penalized. For
shorter, more rigid chains, the decay is rapid, while for the
longer, more flexible ones the decay is less severe, with
detectable chain-end excursion to larger separations, resulting
in a long-ranged, decaying tail. From polymer physics models
of P(R,.), the appearance of the long-ranged, decaying tail is
expected because the characteristic decay length is related to
(R%)'2, at least in the asymptotic, high molecular weight limit.
The observed broadening from a more peaked to a more
diffuse P(R,,) is indicative of a semiflexible polymer in a good
solvent, in which the polymer chain is swollen by excluded
volume interactions as the molecular weight increases. The
DEER data indicate that as PEO increases in length in a good
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Figure 3. End-to-end distance probability distributions, P(R..),
normalized by their respective maximums for PEO chains with S,
13, 25, 36, and S9 monomers (220—2600 Da). (top) Results from
DEER spectroscopy measurements with +2 standard deviations
represented by shaded regions around the lines. The light gray shaded
regions indicate where the DEER measurements are less reliable, <2
and >9 nm. (middle) MD simulation results for PEO chains with
TEMPO spin labels on the ends. The R, distance is taken to be that
between the radical oxygens on the TEMPO groups; see Figure 1.
(bottom) MD simulation results for PEO chains without TEMPO
spin labels. The R, distance is taken to be that between the last
carbons on the PEO chain. For both sets of simulation results, the
shaded regions around the lines represent +1 standard deviation.

solvent (i.e.,, water), beyond [, it adopts a diffuse structure.
This is contrary to the behavior expected of a poor solvent
associated with chains adopting a compact structure. While
these are well-known polymer physics features for a model
disordered polymer in good solvent, they have not been
observed experimentally as viewed from direct measurements
of P(R,.).

While DEER measurements can resolve P(R,,) between 2
and 9 nm with a high level of accuracy, there is growing
uncertainty in the tails, mainly at small separations, as
discussed in the introduction.”® In this case, simulations are
complementary and informative. Here, we conduct MD
simulations on single aqueous PEO chains of identical lengths

and with TEMPO spin labels (Figure 3, middle), with the R,,
defined as the distance between the radical oxygen on each
probe. As with the DEER P(R,.), the MD distributions show
an expanding R,. conformational space with increasing
molecular weight. Again, a prominent and growing tail on
the high end of the distribution exists, as is expected for a
polymer in good solvent. In fact, the high-end tail in P(R,,) for
all chain lengths is quantitatively consistent with those from
the DEER measurements.

MD distributions show a significant population at short
distances, most notably in the region below 2 nm, which DEER
spectroscopy cannot resolve (see Supporting Information
section 2a for a detailed description of contributing factors).
Specifically, the MD P(R,.) reveals a peak at 1 nm Figure 3
(middle) that corresponds to a hydrophobic attraction
between the largely apolar spin labels, where they associate
so that the radical oxygens are 1 nm apart. Even unlabeled
PEO end-group chemistry influences end aggregation in water;
in fact, the aggregation is stronger for the more hydrophobic,
CHj;-terminated chains (PEO) than for OH-terminated chains
(PEG).”*~*° Importantly, however, the spin labels do not seem
to affect the shape of P(R,,) relative to the DEER data at larger
separations, as can be seen in Figure 3.

The perturbation arising from spin label aggregation and the
probability of observing short R, separations diminish rapidly
with increasing molecular weight, resulting in growing
qualitative (Figure 3, top and middle panels) and quantitative
agreement (Supporting Information section S) between
simulations and experiments. For comparison, we perform
simulations on PEO without spin labels, Figure 3 (bottom),
which lack the 1 nm peak due to end aggregation. This
observation implies that the probes do not simply offset the
average R.’s to higher values and increase their variances, at
least for the shortest chains, but slightly bias the chain statistics
due to their propensity to end-aggregate. We estimate the
probe aggregation strength to be on the order of ~0.7 k,T by
comparing P(R.)s from the labeled and unlabeled MD
simulations (Supporting Information section 6). Because this
attraction is comparable to the thermal energy, for short chains
with a low conformational entropy, a clear population of
conformations exists in which the chain ends interact, possibly
in a transient bound state. However, Jacobson—Stockmayer
(JS) theory predicts a strong molecular weight dependence for
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Figure 4. Scaling of R,, from both DEER spectroscopy and MD simulations compared to prior literature data from various scattering experiments
(light and neutron); see Supporting Information section 7b for details."'™>° The solid, gray line is a power—law fit to the relation for excluded
volume scaling, R, = a(MW)", where v = 0.588 and a = 0.047(4) nm. The dashed, gray line is a power law fit to our simulations of unlabeled PEO,
with the exponent fixed to 1. Left: log—log plot of R,, covering the entire range of available data. Right: linear plot of the data focusing on the low-
molecular-weight regime. Simulation results for the semiempirical, quantum calculation, AM1-BCC (AM1), are also shown, black triangles. +1

standard error is shown for R,, simulation values.
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the probability of chain cyclization (i.e., ends close enough to
react), showing that it scales as MW" (for a Gaussian chain, 7
= 3/2).”7 Indeed, the aggregation peak at 1 nm (Figure 3,
middle) is strongly molecular-weight-dependent, decreasing
rapidly for chains longer than the 13-mer. We also examine the
fractional error in R,, between both DEER and MD with the
probes to the MD results without them and note at least a 7 ~
3/2 scaling per JS theory (Supporting Information section 5),
resulting from the decreased contribution from short R,
distances to P(R,,). _

Root-Mean-Square R..: Ree. The full polymer R,
distributions carry an immense amount of information (e.g.,
spin-label aggregation). However, the distribution’s second
moment, (R%,) = R%, can be directly compared to universal
polymer scaling predictions of the form:

R, = a(MW)’ (2)

The prefactor, g, is a chemistry-dependent quantity, while the
scaling exponent, v, depends on solvent quality. For a theta
solvent, v = 0.5 (ideal scaling), while for good solvents v ~
0.588 (excluded volume scaling).”””

Figure 4 compares R,, values from both DEER measure-
ments and MD simulations to high molecular weight values
extracted from light- and neutron-scattering experiments in the
literature. The literature data is compiled as follows, with
details in Supporting Information sections 7b and 8. We use
nonlinear, least-squares regression to fit the literature-obtained,
high molecular weight, f{g scattering data to eq 2 with a fixed
excluded volume exponent (v = 0.588), finding a = 0.047(4)
nm; for details, see Supporting Information section 7b. To
convert the literature R, scaling to R,,, we use the asymptotic
relation: RZ, = 6.251~l§ (6 for an ideal chain).”® Supporting
Information section 8 compares literature and simulation Rg
values against molecular weight. Where possible, neutron-
scattering data is compiled from the literature for low
molecular weight PEO chains (<10 kDa, Supporting
Information section 7b). However, there is relatively less
data for the low molecular weight regime examined in this
study (<2.6 kDa) and a large variation within the available
literature data (Figure 4; right, blue squares). In all, the
literature data set covers several decades of PEO molecular
weight data (300—10° Da), and shows a clear asymptotic
excluded volume scaling regime (Figure 4; left, solid line).

Importantly, both the DEER and MD data from the present
study show excellent convergence at higher molecular weights
to the literature-derived excluded volume scaling (Figure 4).
Although expected, the convergence of the DEER data is
notable, as this technique directly probes R,., while scattering

ee)
studies directly probe R, for which the proportionality
constant relating it to R, is only known in the limit of
infinitely long chains. Thus, observing the crossover represents
both experimental confirmation of this relation and the efficacy
of the DEER technique to probe intramolecular correlations.
Moreover, the TEMPO-labeled R,, data from both DEER and
MD are in excellent agreement past the 13-mer, with no fit
parameters in the simulation model. Even the subtle uptick in
R.. at the 36-mer (1.6 kDa) resulting from use of a longer
linker between the polymer and the spin probe for the 36-mer
and longer chains (Figure 1) is detected in both DEER and
MD. The quantitative agreement between DEER and MD for
the TEMPO-labeled chains at or above ~576 Da (13-mer)
again emphasizes the validity of the simulation force fields for
PEO, TEMPO, and water.

The simulations without the TEMPO spin labels also cross
over rapidly to the literature scaling (Figure 4, solid gray line)
as the chain increases in length beyond I,. As a further check of
the scaling behavior, we also fit the unlabeled simulation data
(MW > 576 Da, n = 5) to eq 2, allowing both a and v to float
(Supporting Information section 9). We find a scaling
exponent consistent with excluded volume interactions, v =
0.62 + 0.01, with 99% confidence intervals that encompass the
scaling result from the literature scattering data; see Figure S20
A. In contrast, for the shortest chains comparable to or below
lp, flee scales linearly, v = 1, with molecular weight denoted by
the dashed line in Figure 4. This regime is only present for
chains of ~3 monomers or less, consistent with PEQ’s
flexibility; its I, is on the order of 0.47—0.55 nm as estimated
from single-molecule, force spectroscopy experiments.'*'"!
We estimate the simulation PEO model to have [, of 0.484 +
0.001 nm, in good agreement; details about calculating the
persistence length as well as results for Flory’s characteristic
ratio (C,) can be found in Supporting Information section 10.

We investigate the role of the PEO force field and find that
the method of assignment of atomic partial charges can
produce distinct R, scaling behavior. Specifically, we find that
the charges from the B3LYP calculation give good agreement
with experimental results, performing significantly better than
the less-polar PEO model using AM1 calculated charges. The
AMI charges degrease [, by 6% to 0.450 + 0.005 nm, which
noticeably impacts longer chains; see the 36-mer in Figure 4
(right, black triangles). The observed difference is directly
related to the solvent—polymer interaction, as B3LYP results in
larger partial charge magnitudes and enhances the ether
backbone’s hydrogen-bonding with water (see Supporting
Information section 11 for O,, — Ogg and H,, — O radial
distribution functions, and number of O, and H, per
monomer), resulting in a more rigid polymer and a larger L.

We also use the simulation data to calculate the ratio of RZ,/
R} (&® = Rl/R}, Supporting Information section 13), to
provide insight into the shape of the polymer in solution. An «
value of 2 indicates a sphere, while larger values indicate
increasingly prolate ellipsoids, moving toward a value of 3.46
for a cylindrical rod. In between are polymers for which theory
predicts @ = 2.4S for a theta-solvent (ideal, Gaussian chain
statistics) and @ = 2.5 for a good solvent (excluded volume
chain statistics). For the unlabeled chains, we observe a rapid
rise in o from ~2 for a single monomer, essentially a thin, rigid
rod with ends laying on a sphere, to a maximum of ~2.7 near [,
(Supporting Information section 13), indicating a more
cylindrical shape due to stiffness along the chain backbone
(i.e, a semiflexible polymer). Beyond the maximum, «
approaches 2.5 from above, consistent with excluded volume
scaling for polymers much longer than [, (~600—1000 Da),
although there is too much uncertainty in the data to assess
this definitively.

Scaled End-to-End Distributions. The fully resolved
distributions from experiment and simulation allow us to make
a detailed assessment of PEO’s conformational landscape in
comparison to polymer theory for P(R,,) in the asymptotic,
high molecular weight limit. The theoretical prediction for the
functional form of P(R,,) uses an interpolation between the
low- and high-r limits, colloquially known as des Cloizeaux’s
scaling form:”®

P(x) = P(R,)R,, = ax” exp(—azxgz)47roc2 (3)
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where « is the scaled end-to-end distance (x = R_./R,, where
R, = (R2)"?), 4mx* accounts for the radial degeneracy, and &,
and ¢, are 0.269 and 2.427 for an excluded volume chain
(versus 0 and 2 for an ideal chain). The normalization
condition and second moment constraint ((R2) = 4z
JRLP(R,,.) dR,.) require a; = 0.299 and a, = 1.269 for an
excluded volume chain (0.33 and 1.5 for an ideal chain).

We show P(x) in Figure S from DEER and simulation,
observing that they both approach the excluded volume result

8 2 5 13 e
4 Fl - - - -ideal chain
. — - -DEER
’ = sim.
= n +  sim. wiTEMPO
g 2 . /Y

1 i 1)

Figure 5. End-to-end distance probability distributions scaled by the
average, root-mean-square, end-to-end distance, R.P(R,), for 2, S,
13, 25, 36, and 59 monomers. The solid and dashed lines are the
universal distributions for excluded volume (e.v.) and ideal chains,
respectively.””'%" Error bars are +1 standard deviation.

(Figure S, solid black line) as the chain length increases.
However, the experimental and the spin-labeled simulation
results approach from different directions. The DEER
measurements asymptote by broadening as the molecular
weight increases, though remaining consistently narrower
across all lengths; we attribute this dampened broadening to
limitations in resolving short distances, which is most apparent
for the low molecular weight PEO chains (S-, 13-, and 25-mer)
where simulations show spin-label aggregation. However, the
labeled MD distributions approach the asymptotic form by
narrowing, as probe aggregation becomes increasingly less
important with growing molecular weight. The unlabeled MD
distributions approach excluded volume scaling within
simulation error, with a decreasing signature of residual
stiffness, a narrow, sharply peaked distribution, as molecular
weight increases beyond the persistence length.

Higher-Order Moments. Higher-order central moments
of the scaled distributions in Figure 5 provide further
quantitative descriptors of universal polymer scaling behavior.
Figure 6 reports the variance (0?) and skewness (u?),
describing the distribution’s width and symmetry around the
mean, respectively (see Supporting Information section 14 for
the kurtosis (u*)). It is important to note that higher-order
moments put increasingly more emphasis on the tail regions of
the distributions; these are the regions in both DEER and MD
associated with the greatest sources of error from sampling and
inherent biases.

We find excellent asymptotic, long-chain agreement between
DEER and MD estimates of the distribution variance and
skewness and, through the simulations, are able to pinpoint
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Figure 6. Second and third moments of the scaled, end-to-end
distance probability distributions in Figure 5. The solid and dashed
lines are the moments numerically calculated from the universal
distributions for ev and ideal Gaussians chains, respectively. Error bars
are +1 standard deviation.

small spin-label effects present only for short chains. The
variance, which characterizes the magnitude of R, fluctuations
and hence the diversity of the conformational ensemble,
increases with molecular weight for both the DEER and
unlabeled MD results; however, for short chains the DEER-
measured variance is smaller, which as discussed originates
from its inability to probe distances below ~2 nm. The labeled
MD simulations, in contrast, show a nonmonotonic behavior,
owing to the weak probe-aggregation at distances below ~2
nm. The skewness is nearly zero for all DEER and MD
measurements, showing a weak if any preference for chain
excursions to longer lengths relative to the average, and more
consistent with excluded volume polymer scaling than that of
an ideal chain.

B DISCUSSION

The present experimental and simulation results support the
picture that short PEO oligomers are stiff objects that grow
linearly up to [, (~100 Da), then quickly transition over to the
characteristic excluded volume scaling of a polymer in a good
solvent, consistent with literature experimental scattering data.
However, some literature studies suggest that dilute, PEO
chains exhibit ideal scaling (i.e., v = 0.5) up to a molecular
weight of 1600 Da, based on measured hydrodynamic radii
(Ry), single-molecule elasticity measurements, and molecular
simulations.'®'°>'°>'% Polymer theory does allow for an
intermediate, ideal scaling regime if the thermal blob size, &y, is
greater than [, where &y is the length scale at which excluded
volume interactions begin to swell the polymer chain.'"*
However, the Ry scaling ought to be interpreted cautiously, as
R, is known to yield an effective scaling exponent, v, that is
smaller than the true v.”® Single-molecule elasticity measure-
ments, while providing high-quality data, rely on scaling
theories to estimate the crossover boundaries, often not
accounting for proportionality constants that prevent a precise
comparison. In the present study, it is possible that buried in
the narrow transition regime (~100—600 Da) in Figure 4 is an
ideal scaling regime that is more finely resolved in single-
molecule force spectroscopy measurements.'*”'"> Further-
more, several prior simulation efforts for aqueous PEO using
other force fields (Supporting Information sections 7 and 8)
find systematically lower R,, and Rg compared to both our data
and the literature scattering data; their scaling more closely
resembles the less polar, AM1-charged PEO model, suggesting
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poorer solvent quality (i.e., a smaller v), which could reveal an
expanded intermediate, ideal scaling regime. Nevertheless,
scaling from both our data and the literature scattering data
indicate that excluded volume scaling is reached for chains
above ~600 Da. This scaling also agrees with experimentally
measured second virial coefficients for aqueous PEO chains in
the range of 600—10 000 Da using a freezing point depression
technique reported by Wang et al.'"

A persistent topic of discussion in the literature is whether
PEO adopts a helical conformation in water.'®'> Our data
suggest that the PEO backbone does show weak helicity but
only locally along the chain. Specifically, our simulations of
PEO ranging from dimers up to a 59-mer reveal a significant
fraction (~30%) of —-C—O—C—C—0O—C— dihedral sequences
that are trans—gauche—trans (tgt) in water (Supporting
Information section 12), which is the preferred sequence of
PEO’s strongly helical crystal structure.'””'”® Thus, in water
the disordered PEO shows remnants of the preferred
sequencing in the crystalline state; however, given its
remarkable flexibility in solution, reflected by its small lP,
these helical segments are weakly correlated. These observa-
tions might explain the seemingly inconsistent data of both
Oesterhelt and Alessi insofar that it is difficult to detect such
weak structural correlations and that aqueous PEO’s flexibility
allows for chains of any reasonable length (our data suggest
chains >1.1 kDa (25-mer) are in the excluded volume regime)
to adopt chain conformations consistent with an excluded
volume coil, even in the presence of locally helical backbone
conformations.'”’

B CONCLUSION

Using DEER spectroscopy in conjunction with MD
simulations, we provide a detailed picture of the end-to-end
distance conformational landscape of dilute, aqueous PEO, a
model semiflexible, disordered synthetic polymer, reporting full
P(R,.)’s for the ensemble of chain structures in the molecular
weight range of 0.22—2.6 kDa. We find excellent agreement
between the DEER and MD P(R,.)’s, both of which reveal
similar trends and increasingly quantitative agreement as the
chain length grows, while providing a compelling argument
that PEO behaves as an excluded volume polymer. The root-
mean-square, average end-to-end distance, Ree, from both
DEER and MD approaches the asymptotic, excluded volume
scaling of the literature scattering data from high molecular
weight PEO chains. Moreover, we find that the shape of the
measured and simulated P(R.)s for the longest chains
compare favorably to the theoretical distribution for an
excluded volume chain. We find that the effect of the spin
labels on the polymer conformations drops off rapidly with
chain length. Overall, we believe the combination of DEER
and simulation to be a powerful approach, together able to
provide detailed information about the rich conformational
landscapes of macromolecules and their specific intramolecular
correlations.
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