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ABSTRACT: Poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl metha-
crylate) (PTMA) is an organic radical polymer that is a promising
active material in organic batteries. The proximity of the radical

groups impacts the nature of charge transfer, in which closer ﬁ Q

packing promotes electron exchange; however, the chain

conformation of PTMA is not well understood. Here, the . Conformation expands

conformation of PTMA in, and its thermodynamic interactions & with solvent quality and

with, battery-relevant solvents is determined using small-angle radical loading

neutron scattering (SANS). N-methyl-2-pyrrolidone (NMP) and

50:50 (wt %) ethylene carbonate/dimethyl carbonate (EC/DMC)

mixtures with PTMA of varying radical content (68 vs 98%) and temperature (25 and 60 °C) are examined. Both solvents are theta
solvents for PTMA irrespective of radical loading and temperature. PTMA attains an expanded chain conformation in NMP and a
more compact polymer chain conformation in EC/DMC. Finally, the electrochemical performance of PTMA films formed from EC/
DMC shows improved performance relative to those cast from NMP, which is interpreted to indicate that the compact conformation
of PTMA in EC/DMC enables improved inter- and intrachain charge transfer.

[l Metrics & More |

B INTRODUCTION

Recently, the demand for polymer-based energy storage
systems (ESSs) has been rapidly increasing as a sustainable
replacement for the frequently used Li-ion batteries.”” In

loxy (TEMPO), include its stable nitroxide radical state that,
during the charging process, can convert to either oxoammo-
nium cation or to the aminoxyl anion when utilized as a
cathode or anode, respectively. The reversible redox reaction
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current Li-ion batteries, the cathode usually consists of
inorganic transition metal oxides such as manganese, nickel,
and cobalt, which are found in a finite quantity in nature.
Moreover, Li-ion battery materials suffer from supply chain
issues, poor recyclability, and toxicity.” > Hence, it has become
imperative to look for potential replacements of these
traditional materials used in Li-ion batteries. Active materials
based on organic redox-active moieties can serve as a potential
replacement in Li-ion batteries due to their demonstrated
performance in organic solid state and flow batteries.”
Organic radical polymers often consist of a redox-active
pendant group with a stable free radical that controls the
charge transport and a polymer backbone, which in turn
controls the thermal and mechanical properties of the
polymer.” The redox-active pendant group of the organic
radical polymer can undergo reversible redox reactions
allowing them to serve as alternative materials to the inorganic
materials used in Li-ion batteries.” Among a myriad of organic
radical polymers, poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl
methacrylate) (PTMA) is commonly studied for its ease of
synthesis, fast charge transg)ort kinetics, and high theoretical
capacity of 111 mAh g~»."Y Unique structural features of the
PTMA redox-active moiety, 2,2,6,6-tetramethyl-1-piperidiny-
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of PTMA has been capitalized to observe an o})erational
capacity of almost 100% of its theoretical capacity."

PTMA has been used as a redox-active material for organic
batteries and ESSs; however, there is a lack of knowledge
related to the conformation of this nonconjugated material and
charge transfer mechanisms. With this in mind, the
conformation of PTMA during the fabrication and operation
of batteries is of interest to further understand the factors
impacting charge transfer in organic radical polymers.
Previously, small-angle neutron scattering (SANS) has been
used to reveal the structure of various amorphous polymers in
solution and the melt.'”~"* Using SANS, our previous study
examined the conformation of PTMA in acetonitrile,
documenting the change in PTMA conformation and assembly
as a function of radical loading and the oxidation level."”
However, the conformational changes can also impact the
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Table 1. Summary of the Synthetic Conditions, Degree of Polymerization, Molar Mass, Dispersity, and Radical Loading for the
Synthesized PTMA Samples

polymer name TMPM/CTA/AIBN“ oxidation method DP* M, (kDa)¢ b radical loading (%)?
PTMA-15-72 13:1:0.3 H,0, 15 3.5 1.2 72
PTMA-44—-87 33:1:0.3 44 10.6 1.2 87
PTMA-122-95 98:1:0.3 122 29.2 1.2 95
PTMA-277—98" 330:1:0.7 277 66.6 1.7 98
PTMA-276—68" 330:1:0.7 mCPBA 276 66.2 2.1 68

Molar ratio. Synthesmed using 2-phenyl-2-propyl benzodithioate as a CTA. “Determined using SEC in THF against a polystyrene standard.
“Determined using EPR spectroscopy.

Scheme 1. Synthetic Route for PTMA-X-R Samples Using 4-Cyano-4 (((dodecylthio)carbonothioyl)thio)pentanoic Acid as the
CTA

TMPM PTMPM-X-CTA PTMPM-X PTMA-X-R
C11H23 OH H202 (30 wt%)
I AIBN NagWO4e2H,0  HO
CTA AIBN NayEDTAe2H,0
o0 toluene o O toluene methanol
\/\/ 75°C,24h 75°C,24h \/\/ 60°C,24h
N N
N H - h
where R' = or !
+ 0]
N N ¢
H 0
performance of PTMA-based electrodes. Therefore, we seek to thermodynamic interactions between the organic radical
expand these studies to provide more direct information on the polymer and solvents. Our analyses also indicate that solvent,
conformation and structure of PTMA in battery-relevant radical loading, and temperature all impact the final
solvents. For example, the performance of a PTMA cathode in conformation of PTMA. Finally, an electrochemical study of
a commonly used battery solvent such as carbonates fades after PTMA as a thin film that is cast from both solvents establishes
a certain number of cycles resulting in poor battery a correlation between the conformation in solution and the
efficiency.’® Moreover, in order to construct the PTMA performance of PTMA.

cathode for an organic radical battery, the PTMA must be
dissolved in a suitable solvent. N-methyl-2-pyrrolidone (NMP) B MATERIALS AND METHODS

is commonly used to process PTMA as an electrode due to its
thermal stability and low volatility."’~"” Frequent use of NMP

Materials. The following materials were received from Sigma-
Aldrich and used without further purification: toluene (anhydrous,

as a solvent to fabricate PTMA-based cathodes further 99.8%), sodium tungstate dihydrate (Na,WO,-2H,0; 99%), ethyl-
motivates the examination of PTMA conformation in NMP enediaminetetraacetic acid disodium salt dihydrate (Na,EDTA-2H,0;
to provide molecular-level insight into the correlation of its 99.0—101.0%), methanol (99.8%), and magnesium sulfate (anhy-
performance in a battery to molecular conformation. drous, 99.5%). 2,2-Azobis(2-methylpropionitrile) (AIBN; 98%) was

received from Sigma-Aldrich and was recrystallized from ethanol
before use. The following materials were received from VWR BDH
Chemicals and used without any further purification: hexanes

Here, we use SANS to elucidate the conformation and
thermodynamic interactions of PTMA in NMP and a 50:50

mixture of ethylene carbonate and dimethyl carbonate (EC/ (>98.5%), dichloromethane (DCM; cyclohexene stabilized,
DMC). We utilized deuterated solvents to improve the >99.5%), aqueous hydrogen peroxide solution (30 wt %; sodium
contrast between polymer and solvent, thus enabling the stannate stabilized), and methanol (>99.8%). 2,2,6,6-Tetramethyl-4-
investigation of the conformation of PTMA in dilute solution piperidyl methacrylate (TMPM; >98.0%) was received from TCI
using SANS. In this current study, the radical loading of PTMA America and used without purification. 4-Cyano-4-(((dodecylthio)-

carbonothioyl)thio)pentanoic acid (97%) chain transfer agent (CTA)
was used as received from Boron Molecular. Ultrapure water (water)
was collected from a Milli-Q water purification system (18 MQ-cm).

Synthesis of PTMA-X-R. The synthetic conditions for the

is varied by using different oxidizing agents (meta-chloroper-
oxybenzoic acid and H,0,). The conformation and polymer—
solvent interactions of PTMA in deuterated NMP and a 50:50

mixture of deuterated ethylene carbonate and deuterated different molar mass PTMA-X-R produced are found in Table 1,
dimethyl carbonate (EC/DMC) at room temperature (RT) where X is the estimated degree of polymerization and R is the radical
and at 60 °C were investigated. Analysis of the scattering data loading obtained from electron paramagnetic resonance (EPR)
by a Zimm plot analysis quantifies the thermodynamic spectroscopy. The synthesis of PTMA-276—68 and PTMA-277—98
interaction of PTMA and the solvents of interest. Additionally, followed the protocol described by Easley et al." For the remaining

PTMA-X-R polymers, the synthetic protocol was modified to use 4-
cyano-4-(((dodecylthio)carbonothioyl)thio)pentanoic acid as the
CTA (Scheme 1).'%%°

A summary of the synthetic procedure to synthesize PTMA-15—72

a direct fit of the scattering data to the polymer excluded
volume model quantifies the expansion of the polymer in
solution and complements the Zimm analysis. Comparison of

the experim.enta!ly dete_rmined and theoreticallly calculaFed is provided as an example. In a S0 mL Schlenk flask, S g (22.2 mmol)
Flory—Huggms interaction parameters empha51zes the im- of TMPV, 83.9 mg (0.5 mmol) of AIBN, 0.69 g (1.7 mmol) of CTA,
portance of accounting for counterions to understand the and 7.7 mL of toluene were combined at ambient conditions. The
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flask was sealed, and three freeze—pump—thaw cycles were
performed. The flask was left under nitrogen, heated to 75 °C, and
left to react for 24 h. The reaction was cooled to room temperature
and exposed to air to terminate the reaction. The reaction solution
was precipitated in hexanes. The resulting polymer, PTMPM-15-
CTA, was collected and dried under vacuum for 24 h. The CTA end
groups were removed as previously described, by combining 2 g of
PTMPM-15-CTA (8.9 mmol of repeat unit) with 2 g (12 mol) of
AIBN in 80 mL of toluene.'®*° The reaction solution was then heated
to 75 °C and left to react for 24 h. After 24 h, the reaction was
allowed to reach room temperature before being precipitated in
hexanes. The precipitated polymer, PTMPM-15, was collected and
vacuum-dried for 24 h. Finally, PTMPM was oxidized using H,0, by
reacting 0.6 g of PTMPM-15 (2.6 mmol of repeat unit), 218.8 mg
(0.7 mmol) of Na,WO,-2H,0, 115.8 mg (0.3 mmol) of Na,EDTA-
2H,0 in 30 mL of methanol in a 250 mL round-bottom flask
equipped with a condenser. The reaction was carried out at 60 °C for
S min, before 3.0 mL of 30 wt % H,0, was added dropwise. After the
addition was complete, the reaction was left at 60 °C for 24 h. The
solid precipitate was dissolved in DCM, washed with MQ water three
times, and dried over magnesium sulfate for 12 h. The magnesium
sulfate was filtered out followed by precipitation of the resulting
solution into hexanes. The resulting orange solid (PTMA-15—72) was
collected and vacuum-dried overnight.

Chemical Characterization. For NMR, 10 mg of PTMPM-X-
CTA or PTMPM-X was dissolved in 1 mL of deuterated chloroform
and a 400 MHz Bruker NMR was used to collect the 'H NMR
spectra. Size exclusion chromatography (SEC) was performed on a
TOSOH EcoSEC (HLC-8320GPC) with UV (254 nm) and RI
detectors at 40 °C with THF as the eluent with a flow rate of 0.35 mL
min~". The SEC sample was prepared by dissolving 5 mg of PTMA-X-
Rin 1.5 mL of THF. The molecular weights were calculated using a
calibration curve based on polystyrene standards. The SEC columns
were TSKgel SuperHM-M and TSKgel SuperH-RC. Electron
paramagnetic resonance (EPR) spectroscopy was performed on a
Bruker Elexsys at room temperature. For EPR, a reference solution of
1 mM of 4-OH-TEMPO and a sample solution of 1 mM of polymer
repeat unit (PTMA-X) were prepared in chloroform. Using the
ultraviolet—visible (UV—vis) calibration curve previously reported by
Easley et al,, the radical loading of each PTMA-X-R sample solution,
prepared at a concentration of 0.03 M (repeat unit basis) in
chloroform, was calculated at 462 nm.'® Finally, XPS spectra were
collected on powder samples of the PTMA-X-R samples using an
Omicron XPS with an Argus detector using a monochromated Mg X-
ray source (hm = 1253.6 eV). Survey scans were performed with an
analyzer pass energy of 150—1150 eV (1.0 eV steps, SO ms dwell
time). High-resolution scans of nitrogen (N 1s), chlorine (Cl 2p), and
fluorine (F 1s) were collected with a pass energy of 150 eV (0.05 eV
steps, 200 ms dwell time). All spectra were calibrated using the C 1s
photoemission peak (sp>-hybridized carbons) at 284.5 eV. Curve
fitting of N 1s spectra was conducted using a Gaussian—Lorentzian
peak shape after a Shirley-type background correction and the fwhm
of the deconvoluted peaks was constrained.

Small-Angle Neutron Scattering (SANS) Experiments. The
solvents used for SANS experiments are N-methyl-2-pyrrolidinone-d,
(d-NMP), d¢-dimethyl carbonate (Cambridge Isotope Lab), and d,-
ethylene carbonate (CDN Isotopes, Inc.). SANS experiments of
PTMA-276—68 polymer in N-methyl-2-pyrrolidinone-d, (d-NMP)
and a 1:1 (w/w) mixture of d,-ethylene carbonate and d-dimethyl
carbonate (d-EC:d-DMC) were performed at the National Institute
for Standards and Technology’s Center for Neutron Research using
the NG-7 beamline with a q range of 0.0042—0.41 A~'. The SANS
experiments of PTMA-15—72, PTMA-44—87, PTMA-122-95, and
PTMA-277—-98 polymers in N-methyl-2-pyrrolidinone-d, (d-NMP)
were performed at the high flux isotope reactor (HFIR) at the Oak
Ridge National Laboratory on the CG-2 GP-SANS beamline with a q
range of 0.003—0.7 A™'. Here, q = 4n/A sin(6), where, q is the
momentum transfer vector, 4 is the neutron wavelength and 0 is the
scattering angle. The raw data obtained at NIST was reduced using
NCNR SANS reduction package,m whereas the raw data from HFIR
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was reduced using the reduction protocol prepared by the instrument
scientist. The scattering data of PTMA-X-R was corrected for sample
transmission, and the scattering of the empty cell, solvent scattering,
and the background. The fitting procedures were performed using
SasView software.””

Group Contribution and Flory—Huggins Interaction Param-
eter. The Hansen solubility parameters (HSPs) for PTMA-276—68
and PTMA-277—-98 are reported in Table 2 and were estimated using

Table 2. Dispersion (d,), Polar (,), Hydrogen Bonding
(6y), and Total (8,.,;) Hansen Solubility Parameters for the
Polymers and Solvents Utilized

. 6d 5p 511 (Stot:il
material (MPa'’?) (MPa'/?) (MPa'’?) (MPa'?)

PTMA-276—68 19.2 4.7 7.5 212
PTMA-277—98 19.1 47 7.8 21.1
NMP* 18.0 123 7.2 22.9
EC” 19.4 217 5.1 29.6
DMC* 15.5 39 9.7 187
EC/DMC (1:1)" 17.5 12.8 7.4 24.1

“Values from ref 27. YEstimated as a 50:50 mixture.

the Hansen group contribution method and values previously
published by our group for the nitroxide radical and oxoammonium
cation.'®** Additionally, the Hansen solubility parameter values for
NMP, EC, and DMC were taken from Hansen and are summarized in
Table 2 below.”* It was assumed that the solvent deuteration did not
alter the Hansen solubility parameters. Previous studies also showed
that small polarizability and vibration energy difference in C-D and C-
H result in little to no impact on the solubility parameter of
solvents.”>*

Using the total Hansen solubility parameters, the Flory—Huggins
(polymer—solvent) interaction parameter, y, is determined for each
polymer—solvent combination using eq 1.

A
X = _(5mtal,s - 5total,p)2 + 0.34

RT (1)
In eq 1, V, is the molar volume of the solvent (in cm®/mol), R is the
gas constant (8.314 cm® MPa/mol K), T is the temperature (in K),
and Jyogyrs and oyl are the total Hansen solubility parameters for the
solvent and polymer, respectively. The molar volumes of NMP, EC,
and DMC are 96.5, 66.0, and 84.2 cm®/mol, respectively. Using these
values, the molar volume of the EC/DMC mixture is 75.1 ¢cm®/mol.
In addition to estimating y from the total Hansen solubility
parameters, it may also be experimentally determined using the
second virial coefficient (A,) from Zimm analysis of the SANS data,
following eq 2.*
x=0S — AZVJ)PZ (2)
where p, is the density of the polymer (in g/ cm?).
Electrochemical Characterization. PTMA-276—68 and PTMA-
277—98 were dissolved in NMP at 2 mg/mL and PTMA-276—68 was
also dissolved in EC/DMC (1:1, w/w) at 2 mg/mL. Twenty uL of
the polymer solution was drop cast onto a glassy carbon electrode and
allowed to dry at ambient conditions for 48 h. After 48 h, the samples
were dried under vacuum for an additional 24 h before electro-
chemical testing. The polymer-coated glassy carbon acted as the
working electrode in a three-electrode beaker cell with a Pt wire
counter electrode and an Ag/AgCl (sat.) reference electrode. The
supporting electrolyte was 0.5 M tetraethylammonium tetrafluor-
oborate (TEABF,) in water. The polymer thin film was conditioned
by cyclic voltammetry (CV) (50 cycles at 50 mV-s™') before
conducting two CV cycles each at varying scan rates (10, 25, S0, and
100 mV-s~'). Chronoamperometry (CA) was performed by a
potential step from 0.3 to 1.1 V and retuning to 0.3 V vs Ag/AgCl
(all voltages were held for 60 s). Additionally, galvanostatic charge/
discharge was performed for 5 cycles at both 20 and 40 pA/cm? All

https://doi.org/10.1021/acs.macromol.4c01134
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Figure 1. Small-angle neutron scattering profiles of (a) PTMA-276—68 in d-NMP at 25 °C, (b) PTMA-276—68 in d-NMP at 60 °C, (c) PTMA-
276—68 in d-EC:d-DMC at 25 °C, (d) PTMA-276—68 in d-EC:d-DMC at 60 °C, (e) PTMA-277—98 in d-NMP at 25 °C, and (f) PTMA-277—98
in d-NMP at 60 °C.

electrochemical measurements were performed using a Solartron (EPR) spectroscopy (Scheme 1 and Table 1). The resulting
Electrochemical Interface 1287 potentiostat/galvanostat. PTMPM-X contained RAFT chain transfer agent (CTA) end

T%le’ CA fdatla was furth;r a(nlgly)zetc,l tg estimate th}el dicfquioﬁ groups (PTMPM-X-CTA). The end groups were removed
coefficient of electron transler (D) by fitting using the Coftre before oxidation to prevent cross-linking.”" Figures S1—S3

ti 3 i i-infinite condition.
equation (cq 3) assuming semiinfinite condition show the 'H NMR spectra for PTMPM-X-CTA and PTMPM-

__ nFACy - nFAC; 5 X. The spectra for PTMPM-15- and PTMPM-44- show

‘= Jat VB =7 JT VD 3) decreases in the peaks associated with the CTA (between 3

. . . and 3.5 ppm), confirming the successful removal of the CTA
where i is the current output from CA (in mA), n is the number of end group

electrons transferred per repeat unit, A is the electrode area (in cm?),
and C§ is the total concentration of redox sites (or repeat units in
mol/cm®). Following the method of Paulse et al, the slope was

After removing the CTA end group, the PTMPM-X
precursors were oxidized with meta-chloroperoxybenzoic acid

determined from the line tangent to the CA data and the origin (mCPBA) or hydrogen peroxide, following previously reported
(0,0).>**° The effective rate constant for electron transfer, kg, was methods to form the PTMA-X-R radical polymers.”**! The
calculated using the Laviron—Andrieux—Savéant equation (eq 4). molar mass (and thus degree of polymerization) and dispersity
6D, were determined for each polymer using size exclusion
off = W @) chromatography (SEC), where the results are shown in
Table 1, and SEC traces are presented in Figure S4. Following
From the peak separation of the CV data at 10 mV s™), the oxidation, the radical loading was determined using X-ray
heterogeneous rate constant, k°, was calculated using the simplified photoelectron spectroscopy (XPS) and electron paramagnetic
method of Nicholson (eq 5). The simplified form assumed the resonance (EPR) spectroscopy. Tables 1 and S1 document the
diffusion coeflicient of the oxidized and reduced species is equal to . . AR
D amount of radical loading and pendant group distribution in
o each PTMA-X-R sample. The XPS and EPR spectra are also
K’ documented in Figures S5 and S6. XPS was critical for
V= (2D, tﬁ,)l/l () determining the distribution of functional groups, amine,
nitroxide radical, and oxoammonium cation groups, for each
PTMA-X-R sample. The different groups result from no
B RESULTS oxidation, oxidation, and overoxidation of the polymer,
Synthesis and Characterization of PTMA-X-R. The respectively. Utilizing the above PTMA-X-R samples, various
precursor to PTMA-X-R, PTMPM-X, was synthesized using analyses were considered to determine the structural character-
reversible addition—fragmentation chain transfer (RAFT) istics of PTMA-X-R in d-NMP and d-EC:d-DMC using SANS.
polymerization, where X is the degree of polymerization and The structural parameters are determined from analyses of the
R is the radical loading from electron paramagnetic resonance scattering patterns, including Guinier’”> and Zimm anal-
6336 https://doi.org/10.1021/acs.macromol.4c01134
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yses®** to describe the size and conformation of the polymer

and Zimm analysis to gain insights on the thermodynamic
interaction parameter between the solvent and the polymer.
The molecular weight dependence of the radius of gyration for
the synthesized PTMA-X-R is determined to elucidate the
effect of radical content on the polymer conformation. Finally,
analysis of the polymer conformation by fitting to the polymer
excluded volume model™ ™% quantitively reveals the compact-
ness of the PTMA-X-R chain, highlighting the variation of the
polymer chain conformation in different solvents at 25 and 60
°C.

Guinier and Zimm Analysis of PTMA-X-R in Solution.
SANS scattering profiles of PTMA-276—68 in d-NMP and d-
EC:d-DMC and PTMA-277-98 in d-NMP at room temper-
ature and 60 °C are shown in Figure 1. To determine the
radius of gyration of the PTMA-X-R polymer in individual
solvents, the Guinier model, documented as eq 6, is used.*>*?

In[I In[I(0 T X Ry

al1(a)] = 1)} ©

Here, R, is the radius of gyration, q is the wave vector and
I(0) is the forward scattering intensity. The Guinier model
emerges from expanding the relationship between the
measured scattering intensity and the Fourier transform of
the density distribution function of a single particle to a power
series, which is only valid at low g, giving I(g) = I(0) exp(—1/3
qugz). Equation 6 is the linearized version of this relationship.
In these equations, I(0) is the forward scattering intensity at q
=0, and corresponds to the total number of scattering particles
(ie., polymer chains) in the scattered volume. The total
number of scattering particles (polymer chains) can be
determined from the scattering particle (polymer) concen-
tration, polymer molecular weight, and specific volume, where
this relationship leads to eq 7, which correlates the I(q = 0) to
the molecular weight of the PTMA-X-R polymer.*

@ X Ap? )

In eq 7, M,, is the weight average molecular weight of PTMA-
X-R polymer, d is the density of the PTMA-X-R polymer, N, is
Avogadro’s number, ¢ is the volume fraction of the PTMA-X-
R polymer in solution and Ap is the difference in scattering
cross-section of the polymer and solvent. The radius of
gyrations and molecular weights of all the PTMA-X-R studied
as obtained from the Guinier analysis are listed in Table 3.

The intraparticle interference of scattering from different
segments of the same chain impacts the measured scattering
intensity. This results in an angular dependence of the
scattering, as shown in eq 8.°>%*

Table 3. Molecular Weight (M,,) and Radius of Gyration
(Ry) from Guinier Analysis of the Scattering of 1 wt %
PTMA-X-R in Respective Solvents

M,
sample name solvent (temperature) (kg/mol) R, = error (A)

PTMA-276—68  d-NMP (25 °C) 155 65 +2
PTMA-276—68  d-NMP (60 °C) 146 66 +2
PTMA-276—68  d-EC:d-DMC (25 °C) 142 71+ 4
PTMA-276—68  d-EC:d-DMC (60 °C) 142 69 £ 3
PTMA-277—98  d-NMP (25 °C) 130 100 + 5
PTMA-277—98  d-NMP (60 °C) 130 96 + 3
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i m| "

+ 2A,0
w (8)
In eq 8, K = Ap®V, /N, is the contrast factor, V,, is the molar
volume of PTMA-X-R (202.5 cm®/mol), ¢ is the volume
fraction of PTMA-X-R in solution, N, is the Avogadro’s
constant, M,, is the PTMA weight average molecular weight, A,
is the second virial coeflicient which describes the polymer—
solvent interactions. A common method to analyze small-angle
scattering data is the Zimm plot that employs a double
extrapolation of the data to both zero concentration and zero
scattering angle where Zimm analysis provides information on
the quality of the solvent, as well as serves as a supplement to
the Guinier analysis by providing the M, and R, of the
polymer. An example Zimm plot is provided in Figure S7.

However, our initial Zimm analysis, the results of which are
tabulated in Table S2, shows a significant variation in the
molecular weight of PTMA-X-R in different solvent conditions.
This is physically unreasonable and must be an artifact of the
analysis. To identify this artifact, the concentration depend-
ence of the scattering of PTMA-X-R in each solvent was
investigated. Scattering theory shows that the q dependence of
the scattering intensity of a sample (I(q)) is directly
proportional to the contrast between the scattering particle
and its surroundings (Ap?), the concentration of scattering
particles (c), the form factor that accounts for intraparticle
correlations of a scattering particle (F(q)) and the structure
factor that accounts for interparticle correlations between
scattering particles (S(q)), as shown in eq 9.

1(q) ~ Ap* x ¢ X F(q) x S(q) ©)

For our experiments, Ap?® is the difference in the scattering
length density of the solvent and the polymer. The scattering
length density (SLD) of each atomic species can be calculated
from its density and atomic composition. Initially, the SLD of
PTMA-X-R, and the solvents d-NMP and d-EC:d-DMC are
calculated to be 0.918 x 107% 6.20 X 107% and 5.40 x 10~°
A2 respectively. F(q) in eq 9 is the form factor that depends
on the structure/conformation of the PTMA polymer. Lastly,
S(q) is the structure factor that details the particle-to-particle
interaction, where, in our samples, since the polymer solution
is dilute, the S(q) is 1.

Therefore, if the coherent scattering of PTMA-X-R in a
given solvent is normalized by the concentration of the
polymer, eq 9 shows that the scattering profiles should overlap.
When normalized to concentration, the PTMA-276—68
dissolved in d-EC:d-DMC at 25 °C shows the expected
collapse of all scattering curves, as shown in Figure 2. In
contrast, the normalization of the scattering curves with
concentration of all other solutions showed a decrease in
scattering intensity with an increase in concentration, as shown
in Figure 3, with additional examples provided in Figure S8.

Equation 9 shows that the most likely parameter that could
account for this unexpected result is an incorrect value of the
scattering length density of the solvent, which translates to an
incorrect value of Ap® in eq 9. We interpret this to indicate
that the molecular composition of the solvent is not pure NMP
or EC/DMC, but must include the presence of counterions
associated with the PTMA."® These counterions alter the SLD
of the solvent and must be accounted for. Moreover, this also
emphasizes that the scattering length densities of the solvent
for a series of concentrations are not constant; rather, it varies
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Figure 2. Normalized SANS scattering profile of PTMA-276—68 in d-
EC:d-DMC provides a master curve.
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Figure 3. Normalized SANS scattering profiles of PTMA-277—98 in
d-NMP emphasizing the absence of scaling with concentration.

with the amount of counterion in the solvent. The results show
that the SLD of the solvent decreases with increasing PTMA
(and counterion). To account for this deviation of the solvent
SLD from the SLD of the pure solvent, the corrected SLD,
which accounts for counterion present, is determined from eq
10.

2
Ap theoretical X I(O)experiment

I(O)theoretical (10)

In eq 10, AP omected” is the corrected contrast between solvent
and polymer to account for the presence of the counterion
whereas Apy.omeiical” 18 the theoretical contrast between the
pure solvent and polymer, I(0)egperimentar i the forward
scattering of the experimental SANS profile of PTMA-X-R
polymer and I(0)ycoretical is the forward scattering of the SANS
profile obtained using eq 6, where M,= molecular weight of
the PTMA-X-R polymer obtained from Guinier analysis=
~142 kg/mol, d = density of the polymer, Ny= Avogadro’s
number, @= volume fraction of the polymer. The fact that the
scattering of the room temperature solution of PTMA-276—68
in d-EC:d-DMC scales with concentration enables the use of
the molecular weight value obtained from the Guinier analysis

2 —
P corrected
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of this sample in these calculations. Following this approach
provides the proper contrast parameter Ap® of all the polymer
solutions, resulting in scattering patterns that scale with
concentration, and can be analyzed by the Zimm analysis.
Figure S9 plots the SLD of the solvent as a function of
PTMA concentration for the d-EC:d-DMC solutions at 60 °C,
where extrapolation of the SLD to zero PTMA concentration
gives a value of the SLD (5.20 X 107% A™2) that is very similar
to that of the estimated SLD of the pure d-EC:d-DMC mixture
(540 x 107 A72). Therefore, the SLD of the solvent is
corrected to account for counterions, and the data is then
reanalyzed. For example, Figure 4 shows the scattering curves

I PTMA-276-68 in d-EC:d-DMC T =60 °C
= 0.5wt%
* 1.0wt%
A 15wt%
5 EAF v 2.0wt%
o
£
A
o 3
Q
3
T 1E23}
.
0.001 0.01 0.1 1
q (A7)

Figure 4. Corrected scattering profile of PTMA-276—68 in d-EC:d-
DMC at 60 °C.

of the PTMA-276—68 in d-EC:d-DMC at 60 °C normalized to
concentration, where the data collapse to a single curve. The
results of the Zimm analyses of the SLD corrected data for all
solutions are presented in Table 4.

Inspection of the Zimm analysis results presented in Table 4
shows consistent molecular weights of the PTMA for all
solutions. The modest variation in molecular weight of PTMA-
277—68 in d-NMP with temperature is attributed to the low
signal-to-noise ratio of the scattering profile. Although the
second virial coefficient shows variation with the change in
solvents and temperature, these values are at least an order of
magnitude smaller than A, of a polymer in a good solvent
(107*=107° mol cm® g™?) and are therefore close to 0. This
indicates that all the solvents are marginal solvents for the
PTMA polymer under all conditions. However, the subtle
variation in second virial coefficients resonates with the
variation of the radius of gyration of the PTMA polymer in
d-NMP and d-EC:d-DMC. For instance, the radius of gyration
of PTMA-276—68 is 90 A in d-NMP at 25 °C, whereas in d-
EC:d-DMC the radius of gyration decreases to 80 A, which
corresponds to a slight decrease in the A, and the quality of the
solvent.

Similarly, the A, of PTMA-277—98 in d-NMP is marginally
higher than that of the PTMA-276—68 in d-NMP, suggesting
that NMP is a slightly better solvent (though still marginal) for
the polymer with higher radical content. It is interesting that
although the A, of the PTMA-277-98 in d-NMP is modestly
greater than that of PTMA-276—68 in d-NMP, the radius of
gyration of the PTMA-277—98 increases by ca. 27 A. We
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Table 4. Summary of Second Virial Coefficients (4,), Radius of Gyration (R,), and Molecular Weights (M,,) of PTMA-276-68
in d-NMP and d-EC:d-DMC and PTMA-277-98 in d-NMP at 25 and 60 °C

sample name solvent, temperature

A, + error (mol cm® g~?)

M,, (kg/mol) R, + error (A)

PTMA-276—68 d-NMP, T = 25 °C 3.09 X 107% + 2.015 X 107° 141 90 + 5
PTMA-276—68 d-NMP, T = 60 °C 7.69 X 107¢ + 9.05 x 1077 143 85+ 4
PTMA-276—68 d-EC:d-DMC, T = 25 °C —2.37 X 107¢ + 3.60 X 107° 144 80 + 4
PTMA-276—68 d-EC:d-DMC, T = 60 °C 9.64 X 1077 + 3.93 X 1077 142 75 + 4
PTMA-277-98 d-NMP, T = 25 °C 6.20 X 107% + 4.71 x 107¢ 143 117 + 6
PTMA-277—-98 d-NMP, T = 60 °C 1.56 X 10~ + 1.41 X 107° 150 111+ 6

interpret this to indicate that the repulsion between radicals on
the same chain dominates the conformation more than the
polymer—solvent interaction, where the increase in radical
content from 68 to 98% forces the PTMA chain to expand in
the d-NMP. This repulsion is an important consideration in
the electron transfer rate within a solvent-swollen polymer
electrode.

Polymer Excluded Volume Analysis. The scattering of a
polymer chain that obeys a Gaussian polymer chain, which
models a polymer chain in the melt, was first derived by Debye,
which shows that the scattering intensity decays with a power
law of —2 at high ¢.*° This power law, d, is inversely
proportional to the Flory exponent, v, that correlates the radius
of gyration of a polymer chain to its molecular weight, R, ~
M,’—d = 1/v. However, the same polymer chain in a good
solvent will expand due to excluded volume, decreasing the
power law dependence of the scattering. This expansion of the
polymer chain in a good solvent is captured by the polymer
excluded volume model.”>™**

Thus, the SANS curves of the samples were fit to the
polymer excluded volume model, which provides the radius of
gyration and Flory exponent v for each sample. As a reminder,
a Flory exponent, v = 0.5, indicates that the polymer chain
attains a random walk conformation, which corresponds to the
conformation of a coiled polymer in a theta solvent. A Flory
exponent, 0.5 < v < 0.60, corresponds to an expanded polymer
chain, where the transition of v from 0.5 to 0.6 indicates an
improvement in solvent quality and a self-avoiding walk has v
0.6. A polymer chain with v > 0.6 corresponds to a
semiflexible polymer chain.*'

Figure S10 shows a representative fit of the scattering of the
0.5 wt % PTMA-276—68 in d-NMP sample at 60 °C to the
polymer excluded volume model. Table S summarizes the
Flory exponents and radii of gyration of all 0.5 wt % solutions
of PTMA-X-R at different temperatures.

The data in Table 5 shows that the variation in the radius of
gyration of the polymer corresponds well to the Flory
exponent, where a larger Flory exponent leads to an increase
in the size of the polymer chain. Moreover, an increase in
temperature, which usually corresponds to improved solvent

Table S. Polymer Excluded Volume Parameters of 0.5 wt %
PTMA-X-R Solutions at 25 and 60 °C

radius of Flory radius of Flory
gyration exponent gyration exponent
sample mame T=25°C T=25°C T=60°C T=60°C
PTMA-276—68 in 79 A + 1 0.52 83Ax1 0.55
d-NMP
PTMA-276—68 in 68 A + 1 045 73Ax1 0.50
d-EC:d-DMC
PTMA-277-98in 98 A +2 0.56 102A+1 0.58
d-NMP
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quality, leads to further increases in both the Flory exponent
and polymer radius of gyration for all three samples. The data
also are consistent with the observation that NMP is a better
solvent for the PTMA than EC/DMC, as for both temper-
atures PTMA-276—68 attains a larger R; and Flory exponent,
indicating a more expanded conformation. This analysis is
consistent with the Zimm analysis that showed that the R; of
this polymer in d-EC:d-DMC is about 10 A smaller than in d-
NMP. The data also provides insight into the impact of radical
loading on the polymer conformation. The R, and Flory
exponent of the PTMA with higher radical loading, PTMA-
277-98, in d-NMP are larger than those of PTMA-276—68,
which has a similar molecular weight. We interpret this to
indicate that the higher radical loading results in intrachain
repulsions that manifest as an increase in polymer chain
expansion.

It is interesting that the radii of gyration reported in the
polymer excluded volume analysis are generally smaller than
those reported by the Zimm analysis. We ascribe this variation
to the complexity of the Zimm analysis, which requires fitting
the scattering intensity that emerges from extrapolating to zero
concentration. The multistep process introduces more
uncertainty in the reported R, values that are reported in
Table 4, which may be the source of this variation.

Polymer—Solvent Interaction Parameters for PTMA
Solutions. To compare the conformation determined using
SANS to other indicators of solvent quality, the Flory—
Huggins (polymer—solvent) interaction parameter, y, was
determined from the experimentally determined second virial
coefficient. y larger than 0.5 indicates a “poor” solvent, whereas
values smaller than 0.5 indicate a “good” solvent, and y values
of 0.5 typically indicate a theta solvent. In a good solvent, an
expanded chain is expected due to favorable interactions
between the polymer and solvent. In contrast, in a poor
solvent, a collapsed chain is expected to minimize interactions
between the polymer and solvent. Using the total Hansen
solubility parameters for the polymers and solvents, y was
calculated for both polymers in d-NMP and PTMA-276—68 in
d-EC:d-DMC using eq 1 (summarized as group contributions
in Table 6). Additionally, the A, values from Zimm analysis
were used to calculate the experimentally determined
interaction parameters from eq 2.

As expected, as the temperature increases from 25 to 60 °C,
the calculated y value decreases, indicating more favorable
interactions between the polymer and solvent, which should
correlate to a more expanded chain conformation. Overall, y
values obtained from group contribution analysis indicate that
NMP is a good solvent for the polymer (y < 0.5) and EC/
DMC is a poor solvent (y > 0.5) for the polymer. However,
the experimentally determined y values do not show this same
solvent and temperature dependence. All of the SANS-
determined y values indicate a marginal solvent that is very
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Table 6. Polymer—Solvent Interaction Parameters (x)
Calculated from the Second Virial Coefficient (SANS) and
from Group Contribution Estimates of the Polymer
Solubility Parameters (Group Contribution)

group
contribution SANS
polymer solvent X215 °C X60 °C X2s°C X60 °C
PTMA-276—68 d-NMP 0.38 0.37 0.50 0.50
d-EC:d-DMC 0.64 0.60 0.50 0.50
PTMA-277-98 d-NMP 0.36 0.35 0.50 0.50

close to a theta solvent, regardless of temperature or solvent.
These results strongly suggest that the approximations that are
used in calculating the y values using group contribution
analysis overestimate the similarity of the Hansen Solubility
parameters of the polymer and solvent. Given the importance
of the presence of counterions in the analyses of the scattering
curves, we suspect that not accounting for the presence of the
counterion in estimating the polymer—solvent thermodynamic
interactions is a significant source of error. Therefore, future
attempts to estimate y values of radical polymers must account
for the presence of the counterion in group contribution
analysis.

It is interesting that the Flory exponents in Table 5 indicate
a change in solvent quality from a theta solvent (v = 0.5) to a
good solvent (v = 0.58), but this is not observed in the
reported y parameters. We ascribe this to the fact that the y
parameter is a mean field global parameter, while subtle
changes in polymer conformation are dependent on local
intermolecular interactions and thus the two may not always
respond proportionally. For instance, the presence of the
counterion may alter the local dielectric constant, which may
change and impact polymer conformation but not the global y
parameter.

Molecular Weight Dependence of R,. The dependence
of the radius of gyration of a polymer chain with molecular
weight provides central information about its conformation.
With that in mind, Figure 5 plots the molecular weight
dependence of the radius of gyration of PTMA chains that
were oxidized using H,0, in d-NMP. The oxidation with H,0,

100 [
y= 34.7 * x0.627
R?=0.997
<
o)
(14
10 L
0.1 10

1
I(q =0) (cm™)

Figure S. LogR, vs log 1(0) plot of PTMA-X-R oxidized by H,0,
with similar high oxidation levels in d-NMP at 25 °C.
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results in polymers with higher oxidation than those oxidized
with mCPBA. This analysis of the variation of R; with chain
length therefore provides further insight into the impact of the
increased radical loading that emerges from the H,0,
oxidation on the conformation of the PTMA chain. The R,
of the PTMA chains oxidized by H,0, in 1 wt % solution as
determined from the Guinier model fit of the scattering profiles
is plotted as a function of the I(q = 0), which is proportional to
the polymer molecular weight in Figure S. The data are fit to a
power law in Figure 5, which shows that the dependence of

o 1(0)%. This slightly larger Flory exponent is greater than
that of a polymer chain that follows self-avoiding walk
statistics.”’ The observed exponent of 0.63 further quantifies
the extent to which the PTMA polymer with higher radical
content can be thought of semiflexible, as it is slightly more
rigid than a Gaussian coil.

Electrochemistry of PTMA. The electrochemical proper-
ties of PTMA thin films of different oxidation levels cast from
different solvents were investigated using cyclic voltammetry
(Figure 6) and galvanostatic charge/discharge in a three-
electrode beaker cell with PTMA thin film on a glassy carbon
working electrode, Pt wire counter electrode, Ag/AgCl (sat.)
reference electrode, and 0.5 M TEABF, in water as supporting
electrolyte. The cyclic voltammograms demonstrate that
regardless of oxidation method and casting solvent PTMA-X-
R exhibited similar half-wave (E,/,) redox potentials of 0.78 V
vs Ag/AgCl at 10 mV/s. Similarly, all of the films exhibited a
linear relationship between peak current and the square root of
scan rate, which is indicative of a diffusion-limited reaction.

In contrast, there were distinct differences in the slope of the
linear relationship between peak current and the square root of
scan rate for the three samples. In oxidation, the PTMA-276—
68 thin film cast from EC/DMC had the largest slope, followed
by PTMA-276—68 cast from NMP, and PTMA-277—98 cast
from NMP. These slope values, from Figure S12, were used to
determine the apparent diffusion coeflicient of electron transfer
(D.) following the Randles-Sevcik equation (eq 11).

i, = (2.69 X 10%)n*2ACD/ %"/ (11)
where I, is the peak current (A), n is the number of electrons,
A is the electrode area (cm?), C is the concentration of redox-
active sites (mol/mL), v is the scan rate (V/s), and D,, is the
apparent diffusion coefficient of electron transfer (cm?/s). This
analysis results in D, of 3.0 X 107"* cm?/s for the PTMA-
276—68 EC/DMC cast film and 1.5 X 107'* cm*/s for both
the PTMA-276—68 and PTMA-277—98 NMP cast films. As
shown in Table 7, the kinetic rate constants obtained from
chronoamperometry (Figure S13) show a similar trend with
casting solvent.

The more compact structure of PTMA-276—68 in EC/
DMC suggests that the films contain globular compact coils,
which might lead to denser cast films relative to NMP. The
denser film could, in turn, facilitate intra- and interchain
electron transfer, leading to higher rate constants and apparent
electron diffusivities This interpretation hinges on the
correlation of predeposition solution state conformations to
their assembly in the solvent-swollen polymer thin films, where
experimental studies offer evidence of this correlation.”*™*
The improved kinetics manifested in a significantly larger
discharge capacity for PTMA cast from EC/DMC as compared
to casting from NMP (450 vs 100 mAh cm™?, respectively) in
Figure S14.
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Figure 6. Cyclic voltammograms for PTMA-276—68 thin films cast from (left) EC/DMC solution and (center) NMP solution and for (right)
PTMA-277—-98 cast from NMP solution. The cyclic voltammograms were obtained in a three-electrode beaker cell with the PTMA-X-R thin films
on glassy carbon working electrodes, Pt wire counter electrode, Ag/AgCl (sat.) reference electrode, and 0.5 M TEABF, as supporting electrolyte in

water.

Table 7. Electron Transfer Rate Constants for PTMA-X-R
Thin Films Cast from Two Different Solvents

log (kg)  log (D, log (k")
casting [log(L/mol- [log(cm®/ [log(cm/
polymer solvent s)] s)] s)]
PTMA-276—68  EC/DMC 26 —124 -6.1
NMP 1.0 ~140 -7.0
PTMA-277—98 0.8 —142 -73
Bl DISCUSSION

Previous studies have clearly shown that the conformation of a
polymer in a predeposition solvent dramatically impacts the
morphology and assembly of functional polymer films, which
directly impacts its performance.”””* This leads us to the
conclusion that to understand the charge transport of
nonconjugated PTMA polymer, it is imperative to understand
the conformation of the polymer in solvents that are frequently
used in the fabrication and operation of batteries. Moreover,
previous theoretical and experimental studies have shown that
the PTMA polymer conformation and assembly vary with
radical loading.'”*® Therefore, to rationally guide the design
and fabrication of organic radical polymers, a more thorough
understanding of the impact of polymer molecular weight,
radical loading, and temperature in battery-relevant solvents is
needed. Small-angle neutron scattering experiments provide
the structure, assembly, and thermodynamic interactions of
PTMA-X-R chains in battery-relevant solvents. Interestingly,
the initial Zimm analysis clearly indicates that the solvent is
more complex than initially thought. Careful consideration
revealed that the counterions that are present in the solution
must be accounted for in further analyses of the scattering data.
With this correction, the Zimm analysis provides second virial
coeflicients that quantify the polymer—solvent thermodynamic
interactions, which indicates that all the solvents are marginal
for the PTMA chains regardless of solvent, temperature,
molecular weight, or radical loading. Moreover, comparison of
the estimated Flory—Huggins interaction parameter from
Hansen parameter group contributions and the SANS-derived
experimental values shows significant discrepancies. These
inconsistencies are attributed to the assumption that the
counterion does not impact the polymer—solvent interaction in
the calculated estimation of y.
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The Zimm analysis also provides the radius of gyration of
the polymers as a function of solvent, temperature, and radical
loading, which are consistent with the polymer excluded
volume analysis. These analyses demonstrate that the PTMA
polymer chains expands in d-NMP more than it does in the d-
EC:d-DMC, where the radius of gyration of the PTMA with
more radical loading, PTMA-277-98, is significantly larger
than that of the PTMA with lower radical loading, PTMA-
276—68. This indicates that the molecular conformation of the
organic radical polymer is dominated by the amount of radical
loading present in the polymer backbone more than the
solvent type and temperature. These results clearly indicate
that increasing the radical loading increases the stiffness in the
backbone of PTMA-X-R polymer. The increase in rigidity in
the polymer backbone with increased radical loading has also
been observed by Martin et al. in deuterated acetonitrile."

This information on the conformation and thermodynamic
interactions of PTMA-X-R polymer in different solvents
correlates with the electrochemical performance of the
polymer in solid state formed from these solvents. The higher
apparent diffusion coefficient in the PTMA-276—68 film cast
from EC/DMC is consistent with the compact shape of the
polymer in solution, which forces the TEMPO radicals to
assemble close to each other, allowing for more rapid charge
transfer in the system. Previous theoretical studies have also
provided evidence of increased charge diffusion in PTMA films
when the PTMA chains are more collapsed to ease the
hopping of the electron from one radical to another.* This
work suggests that use of a processing solvent that results in a
collapsed chain conformation when casting electrodes will help
to enhance the rate of charge transfer and improve the capacity
performance.

B CONCLUSIONS

Small-angle neutron scattering results document the con-
formation, assembly, and thermodynamic interactions of
PTMA-X-R in battery-relevant solvents. These results docu-
ment the impact of solvent, radical loading, and temperature
on polymer conformation. Careful Zimm analysis demon-
strates that the presence of counterions in the solvent must be
accounted for in the analyses. When these are accounted for, it
is clear that the NMP and EC/DMC are marginal solvents for
the PTMA. Moreover, comparison of these experimental y
values to those found from Hansen parameter group
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calculations emphasizes the need to account for the presence
of the counterion in determining the polymer—solvent
interaction parameter, y using Hansen parameter group
calculations.

Further correlation of the SANS-determined second virial
coefficients to the R, indicates the NMP is a marginally good
solvent and EC/DMC is a marginally poor solvent for the
PTMA chains. This corresponds to a slightly swollen PTMA
chain in d-NMP and a slightly collapsed PTMA chain in d-
EC:d-DMC. The polymer excluded volume analysis further
quantifies the change in the PTMA conformation with a
change in solvent or radical loading. These results show that
the PTMA chain with lower radical loading, PTMA-276—68
attains a self-avoiding walk conformation while the PTMA
chain with the higher radical loading, PTMA-277—98, expands
and attains a more semirigid conformation. Similarly, for both
radical loadings polymer excluded volume dimension analysis
shows that an increase in temperature contributes to further
expansion of the polymer chain. A holistic interpretation of the
entire analyses presented emphasizes that the conformation of
the organic radical PTMA chain is primarily driven by the
radical loading, while solvent choice and temperature are
important, but secondary governing factors.

Moreover, the electrochemical performance of PTMA films
formed from each solvent is consistent with these con-
formations. The electrochemical results suggest that the
radicals of PTMA-276—68 in EC/DMC are more closely
packed, as would be expected with a more compact
conformation, which drives improved inter and intrachain
charge diffusion. Finally, future efforts should focus on the
identification of electrode processing solvents that result in a
collapsed chain conformation of the organic radical polymer
leading to improved capacity performance in organic batteries.
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