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ABSTRACT: A family of nine poly(ether−thioethers)
(PETEs) were synthesized by the radical coupling of a dithiol
and a divinyl ether to investigate the importance of organosulfur incorporation in solid polymer electrolytes. Two series
of four polymers each were synthesized to probe both the
eﬀect of the carbon spacer length between thioether units and
of the ratio of ether to thioether units. PETE samples from
these two series had low Tg values, ranging from −50 to −75
°C, and all but two PETEs displayed crystallinity. Molecular
weights between 7 and 13 kg/mol were obtained for all
polymers. Taking advantage of the sulfur-centered functional
group, a single polymer, PETE-1, was selectively oxidized to
the poly(ether−sulfoxide) PESO-1 and the poly(ether−sulfone) PES-1. Oxidation increased the Tg of PETE-1 from −64 °C to
−36 and −26 °C for PESO-1 and PES-1, respectively, while all three were amorphous. Of the nine new PETE polymers, two
were amorphous and the addition of LiTFSI decreased the extent of crystallinity for the other seven PETE samples. An increase
in Tg was also observed for PETE-1, PESO-1, and PES-1 with the addition of salt. PETE samples with carbon spacers of two,
four, and six methylene units had generally uniform ion conductivity, near 5 × 10−5 S/cm at 80 °C, while the sample with eight
methylene units had a lower conductivity that was further decreased by crystallinity at lower temperatures. Samples with varied
ether and thioether ratios also had very uniform conductivities, similar in magnitude to samples with varied carbon spacers.
Within the oxidized series, PETE-1 outperformed PES-1, which in turn outperformed PESO-1 in terms of ion mobility. The
highest observed conductivity (10−4 S/cm) at 80 °C was for PETE-1 with a salt loading of r = 0.05. The synthetic approach
described here will enable a wealth of new polymer structures to be produced with controlled functional group placement and
density providing novel materials for solid polymer electrolytes, broad functional group variation, and comprehensive structure−
activity relationships.

■

INTRODUCTION
Solid polymer electrolytes (SPEs) are materials capable of
dissolving and facilitating the movement of ions.1,2 SPEs have
been especially well studied as separators for lithium ion
batteries due to their low toxicity, low ﬂammability, and lack of
volatile solvents. Poly(ethylene oxide) (PEO) in particular is
known among SPEs to conduct lithium ions well and has been
extensively studied as a linear homopolymer as well as in a
wealth of architectures including block copolymers, dendrimers,
graft copolymers, multiblock copolymers, and star polymers.3−9
Several systems utilizing short oligo-ethylene oxide side chains
from methacrylate, PDMS, phosphazine, and norbornene based
monomers have also been developed.9−12 However, PEO based
materials fall short compared to their liquid electrolyte
counterparts, with ion conductivities several orders of
magnitude too low for many commercial applications.
Eﬀorts to develop new, better conducting SPEs, not reliant
on alkylene oxide backbones, are usually hampered by high
glass transition temperatures that come with the polar
functional groups required to coordinate lithium ions.2
Regardless, several elegant platforms have been developed
© 2016 American Chemical Society

that rival PEO conductivity, mostly focusing on polycarbonate
and polyester backbones.13−18 DeSimone and co-workers also
developed and tested a series of carbonate end-capped
perﬂuoropolyethers.19 These polymers displayed extremely
low Tg values (∼−100 °C), as well as transference numbers
approaching 1, due to the strong polymer−TFSI anion
interaction. Surprisingly, polymeric thioethers (alkylene
sulﬁdes) have received almost no attention for ion transport
systems. In 1986, Clancy et al. described the synthesis of a
series of polyalkylene sulﬁdes through a dibromo-/dimercaptoalkane condensation reaction and subsequent Ag+ conductivity.20 Similar conductivities were found when compared to
other Ag+−PEO systems. With respect to Li+, Johansson
showed that from a computational standpoint polythioethers
may in fact demonstrate improved conductivity over PEO due
to the large atomic size of sulfur and lower binding strength to
lithium ions.21 However, it was cautioned that due to the lower
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Figure 1. Synthetic approach of polymers 1−8 as well as PETE-1 and its oxidized products, PESO-1 and PES-1. Polymers are grouped by their
isolated variable: (A) for the carbon spacer between thioether units, (B) for the ratio of ethers to thioethers, and (C) for the polarity of sulfur
centered group. n indicates the degree of polymerization and varies between samples.

has focused on the formation of linear, step-growth polymers
by the radical thiol−ene addition.
Marvel and co-workers were the ﬁrst to identify the addition
of a thiol across a double bond as a potential reaction to
produce linear polythioethers.34−41 Recently, Deubel et al.
reported the step-growth polymerization of a series of
polythioethers from α,ω-alkylene thiols.42 This synthesis
produced polymers with well-deﬁned structure and allowed
for control of the carbon spacer between thioether units. In this
work, we employed a two monomer step-growth polymerization strategy, using a variety of dithiols and divinyl ethers
resulting in two diﬀerent series of PETEs (see Figure 1): (A)
one in which the carbon spacer length between thioethers is
varied, while maintaining a constant spacer length between
ethers, and (B) the other with constant spacer lengths between
heteroatoms but with a varied ratio of ethers to thioethers. The
carbon spacer length for alkylene oxide polymers is known to
have an important eﬀect on ion conductivity, and the ﬁrst series
was designed to test the impact of spacer length on thermal
properties and electrolyte behavior.43 Likewise, polymers made
with varying ratios of thioethers and ethers were examined to
determine the eﬀect the two heteroatoms and their ratio had on
crystallization and conductivity. Another three samples,
representing the third series (Figure 1C), PETE-1, PESO-1,
and PES-1, were prepared and characterized to determine the
eﬀect of the polarity of the sulfur centered groups on ion
mobility. All three polymer series were assessed for conductivity
at three diﬀerent salt loadings.

binding strength, lithium ion solubility in polythioethers may be
limited. Therefore, generating polymers with the appropriate
balance to solubilize lithium salts yet provide enough ion
mobility from thioether functional groups is expected to be
nontrivial. In this context, it should be noted that small
molecule sulfones and sulfoxides have attracted attention as
potential alternatives to traditional carbonate solvents for
lithium ion batteries due to their high conductivities and
electrochemical stability.22,23 The high polarity of these
functional groups tends to lead to higher Tg materials, which
has likely limited the number of reports in the literature
discussing sulfoxide and sulfone containing SPEs. In one rare
example, Allcock and co-workers reported high-Tg polyphosphazines containing sulfoxides and sulfones that were relatively
poor lithium ion conductors without the addition of a
plasticizer.24 Here, we present the design, synthesis, physical
properties, and lithium ion conductivities for a series of mixed
heteroatom poly(ether−thioethers) (PETE). We also investigate low-Tg sulfone and sulfoxide containing polymers derived
from a single PETE and the electrolyte behavior of the resulting
polymers.
To achieve the polymers in this work, a step-growth thiol−
ene polymerization was employed. The addition of a thiol
across a double bond is a powerful and well-studied chemical
tool, ranging broadly in application.25−27 This reaction, when
promoted by a radical, proceeds rapidly and largely in the
absence of side products, as shown in 2007 by Schlaad and coworkers.28 Though the reaction itself has been known for over
100 years, its use and popularity in polymer synthesis have
recently increased. Most commonly, the radical thiol−ene
reaction has been used for the formation of networks due to the
variety of available multifunctional thiol and ene reagents, the
mild conditions under which the reaction proceeds, and the
ability for thiols to participate in orthogonal, nucleophilic
additions.25,29−31 Additionally, postpolymerization functionalization using radical thiol−ene click chemistry has given rise to a
plethora of highly varied and modular polymer structures with a
range of functional groups.25,27 More recently, thiol−ene and
thiol−yne polymerizations have been extended to polymer−
polymer conjugation.29,32,33 However, substantially less eﬀort

■

EXPERIMENTAL SECTION

General. A Blak-Ray 100 W B-110 AP/R lamp was used to
irradiate samples for photopolymerization. 1H NMR was acquired
using a Bruker 500 MHz Ascend retroﬁtted with a cryo-probe. FTIR
was performed using a PerkinElmer Spectrum 100 FTIR spectrometer
with a Universal ATR sampling accessory. GPC of the 1−8 was
performed using an Agilent 1260 series system equipped with both a
refractive index (RI) and an ultraviolet (UV) detector, a PL Gel 5 μm
guard column, two 5 μm analytical Mixed-C columns, and a 5 μm
analytical Mixed-D column (Agilent). All columns were connected in
series and incubated at 40 °C. THF was used as the eluent with a ﬂow
rate of 1.0 mL/min. GPC data of PETE-1, PESO-1, and PES-1 were
obtained using an Agilent Technologies 1260 Inﬁnity, ﬁtted with a PL
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Gel 5 μm guard column, a PL Gel 5 μm mix D 1° column, and a PL
Gel 5 μm Mix C 1° column. Columns were maintained at 50 °C in a
mobile phase of DMF with 0.1 M LiCl. All molecular weights were
determined using PS standards. TGA of all samples was acquired using
a Thermal Instruments Q50, with a N2 sample ﬂow rate of 60 mL/min
and balance ﬂow rate of 40 mL/min. DSC of all samples was acquired
using a Thermal Instruments Q200 DSC with a liquid nitrogen cooling
system and a N2 sample ﬂow rate of 50 mL/min. For each sample, 1−
3 mgs were loading into aluminum pans, hermetically sealed, and run
using a heat/cool/heat method. Samples were heated to 120 °C at a
heating rate of 10 °C/min, cooled to −100 °C at a rate of 5 °C/min,
and ﬁnally heated again to 120 °C at a rate of 10 °C/min. The ﬁnal
heating curve was used for thermal property evaluation. For EIS
measurements, aluminum mounts were initially sputter coated with
gold using a Cressington 108 sputter coater. Samples were placed
between two mounts inside a spacer cut from PTFE tape with a small
hole in the center. The sample was then loaded into a custom system
that multiplexes the impedance analyzer to one of eight temperaturecalibrated positions within a Cascade TEK TVO-2 vacuum oven.
Samples were heated under vacuum and held at 120 °C for 4 h in
order to remove any residual solvent or moisture and then allowed to
cool to ambient temperature. Impedance spectra in the frequency
range of 10 MHz−0.1 Hz were recorded for each sample at repeated
time intervals of 30 min during the experiment. The bulk resistance to
ion conduction, R, was extracted by ﬁtting a constant function to the
ﬁrst plateau of the impedance magnitude occurring at high
frequencies; conductivity was then computed from the known sample
area, A = 0.072 cm2, and thickness of the spacer tape, d = 0.029 cm, as
σ = d/(AR). All chemicals were purchased from Sigma-Aldrich, Alfa
Aesar, Acros Organics, TCI, and BASF and were used without further
puriﬁcation. Electrochemical stability studies were performed using a
single-compartment three-electrode cell with a platinum ﬂag as the
counter electrode, a nonaqueous Ag/Ag+ reference electrode
(calibrated versus ferrocene/ferrocenium (Fc/Fc+) standard redox
couple as an external standard), and a platinum button (0.02 cm2) as
the working electrode. Cyclic voltammetry measurements were carried
out on a BASi Epsilon potentiostat scanning voltage from −1.00 to
1.00 V in 0.1 M LiTFSI DMF electrolyte solution with the analyte
concentration of ca. 1−3 mg/mL. All potentials are reported vs the
Fc/Fc+ redox couple.
PETE Synthesis. All PETE samples were synthesized under
stoichiometric vinyl ether−thiol ratios. PETE-1 is presented here as a
representative synthesis. To a 40 mL rubber sealed vial, 1.5 g of
tri(ethylene glycol) divinyl ether (7.41 mmol), 1.35 g of 3,6-dioxa-1,8octanedithiol (7.40 mmol), and 12.5 mL of dry THF were added. The
solution was sparged with N2 for 30 s, followed by the addition of 65
mg of Irgacure 2959 (0.298 mmol). The reaction was stirred and
irradiated with UV light (365 nm) for 1 h using a 100 W Blak-Ray B100 AP/R lamp. Solvent was removed by rotary evaporation, after
which the sample was redissolved in a minimal volume of THF, and
precipitated into diethyl ether (precipitation solvents for other samples
were methanol for the 1−4 and diethyl ether for 5−8). The sample
was then dried under vacuum at 80 °C for 18 h (typical yield for
PETE samples was 90%). 1H NMR chemical shifts for PETE samples
are presented below, while full spectra can be found in Figures S1−S8.
1: 1H NMR (500 MHz, CDCl3): δ 3.61 (4H, t, J = 6.7 Hz), δ 3.48
(4H, t, J = 5.2 Hz), δ 2.80 (4H, s), δ 2.75 (4H, t, J = 6.7 Hz), δ 1.66
(4H, b).
2: 1H NMR (500 MHz, CDCl3): δ 3.56 (4H, t, J = 6.8 Hz), δ 3.48
(4H, t, J = 6.1 Hz), δ 2.71 (4H, t, J = 6.7 Hz), δ 2.59 (4H, t, J = 6.7
Hz), δ 1.71 (4H, b), δ 1.66 (4H, b).
3: 1H NMR (500 MHz, CDCl3): δ 3.60 (4H, t, J = 7.1 Hz), δ 3.49
(4H, t, J = 6.1 Hz), δ 2.71 (4H, t, J = 7.0 Hz), δ 2.57 (4H, t, J = 7.0
Hz), δ 1.66 (4H, b), δ 1.61 (4H, b), δ 1.41 (4H, b).
4: 1H NMR (500 MHz, CDCl3): δ 3.60 (4H, t, J = 7.0 Hz), δ 3.48
(4H, t, J = 6.1 Hz), δ 2.71 (4H, t, J = 7.0), δ 2.56 (4H, t, J = 7.4 Hz), δ
1.66 (4H, bm), δ 1.60 (4H, b), δ 1.39 (4H, b), δ 1.31 (4H, b).
5: 1H NMR (500 MHz, CDCl3): δ 3.67 (12H, m), δ 2.77 (8H, m).
6: 1H NMR (500 MHz, CDCl3): δ 3.67 (12H, m) δ 2.78 (12H, m).

7: 1H NMR (500 MHz, CDCl3): δ 3.68 (12H, s), δ 3.66 (4H, t, J =
3.7 Hz), δ 2.79 (4H, s), δ 2.76 (4H, t, J = 6.7 Hz).
8: 1H NMR (500 MHz, CDCl3): δ 3.67 (16H, m), δ 2.78 (12H, m).
PETE-1. 1H NMR (500 MHz, CDCl3): δ 3.66 (24H, m), δ 2.77
(8H, t, J = 6.7 Hz).
Oxidation of PETE-1 to PESO-1. PETE-1 was oxidized following
previous reports of polyphosphazene oxidation.24 To a 20 mL
scintillation vial, 183 mg of PETE-1 (1.32 mmol of thioether
functional group) and 0.932 mL of 35% H2O2 in water (13.2 mmol)
were added, followed by 9.3 mL of water. Though PETE-1 was not
initially soluble in water, the reaction was stirred overnight, after which
no insoluble material remained. Residual H2O2 was removed by
dialysis against RO water for 2 days. The polymer was then recovered
by lyophilization (93% yield). PES-1: 1H NMR (500 MHz, CDCl3): δ
3.87 (8H, b), δ 3.60 (16H), b), δ 3.31 (8H, b).
Oxidation of PETE-1 to PES-1. In a 20 mL scintillation vial, 224
mg of PETE-1 (1.62 mmol of thioether functional group) was
dissolved in 4.5 mL of THF, followed by the addition of 1.4 g of
mCPBA (8.11 mmol). After stirring overnight, the reaction had
become opaque. Because the resulting polymer was insoluble in THF,
the sample was chilled to −20 °C and the supernatant was decanted.
The residual material was redissolved in a minimal volume of CH2Cl2
and precipitated into cold diethyl ether. The polymer was dried under
vacuum for 18 h at 80 °C and recovered with a yield of 73%. PES-1:
1
H NMR (500 MHz, CDCl3): δ 3.87 (8H, b), δ 3.60 (16H), b), δ 3.31
(8H, b).
Preparing Polymer Electrolytes. Polymer electrolytes were
prepared by ﬁrst dissolving a known amount of dried LiTFSI salt
into an appropriate solvent (THF for 1−8 and PETE-1, 1:1
THF:MeOH for PESO-1, 1:1 CH2Cl2:MeOH for PES-1). The neat
polymers were dissolved in the salt solution to obtain a r = [Li]/[FG]
ratio of 0.05, 0.1, or 0.2, where [FG] is the total molar concentration
of ether, thioether, sulfoxide, and sulfone functional groups. Polymer
electrolyte samples were dried under vacuum at 80 °C overnight.

■

RESULTS AND DISCUSSION
Polymer Design. Two distinct series of PETEs were
synthesized to establish structure−property relationships
relating to polymer thermal properties and lithium ion mobility.
Series A, polymers 1−4 (see Figure 1), was designed to
examine the inﬂuence of carbon spacer length between
thioether units, while the carbon spacer between ether
functional groups was maintained at four methylene units.
Series B, polymers 5−8, maintained carbon spacer lengths
between both heteroatoms at two methylene units but varied
the thioether and ether ratio along the polymer backbone.
Another sample, PETE-1, was made with the intention of
comparing thioether, sulfoxide, and sulfone functional groups.
This polymer was speciﬁcally designed to irregularly space out
backbone sulfur atoms with ethylene oxide units, in the hopes
of mitigating potential ionic cross-linking in electrolyte samples
and to prevent the polymer from crystallizing.24
PETE Synthesis. THF GPC data for polymers 1−8 (Table
1) indicated polymers were successfully formed, with degrees of
polymerization ranging from 55 to 90 after precipitation and
drying (traces in Figure S9). Obtaining high molecular weight
polymers by this method (>20 kg/mol) appears challenging,
likely limited in part by intramolecular cyclization. Observed Đ
values varied from 1.6 to 2.1, with no particular dependence on
degree of polymerization. Because of the step-growth nature of
the thiol−ene condensation polymerization, dispersities of 2
were expected.42 These numbers are likely lower due to low
molecular weight species being fractionated out during
precipitation, resulting in a narrowing of the dispersity on the
low molecular weight end. This is demonstrated by comparing
crude and precipitated GPC traces (Figure S10a). It is also
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sulfone did not appear to occur under these conditions, as no
characteristic sulfone peaks were present in FTIR (∼1300
cm−1) or NMR (∼3.35 ppm). The oxidation of PETE-1 to
PES-1 was characterized similarly. After purifying from the
THF/mCPBA solution, the sulfone stretching frequency
appeared by FTIR, observed as three peaks from 1250 to
1380 cm−1 (Figure 2a). 1H NMR also showed a complete
disappearance of thioether peaks and the presence of new peaks
corresponding to protons adjacent to a sulfone (Figure 3). This
two-step oxidation also appeared quantitative, as no indication
of sulfoxide, either by FTIR or 1H NMR, was present.
PETE-1, PESO-1, and PES-1 were analyzed by DMF GPC
because the oxidized products were insoluble in THF (Figure
2b). No peak shift or shape change was observed, indicating the
polymer backbone integrity was maintained and that no major
chain scission/fusion events occurred. It is worth noting that
both PESO-1 and PES-1 are water-soluble polymers, whereas
their precursor molecule PETE-1 is not soluble.
FTIR of Polymers with Varying Salt Loadings. FTIR
was also used to determine the coordination behavior of salt
doped samples, at salt loadings of r = 0.05, 0.1, and 0.2. If salt is
dissolving in the polymer and the ether oxygen is contributing
to that solvation, a new stretch at a slightly lower wavenumber
(∼1080 cm−1) should be seen in addition to the standard ether
stretch around 1100 cm−1.44,45 Samples 1−3 show a slight peak
shift at loadings of r = 0.05 and 0.1 and a more prominent
hump at lower wavenumber at r = 0.2. Sample 4, however, has
no observable peak change as salt loading is increased (Figure
S11). Because of the more hydrophobic nature of the carbon
spacer in 4, it seems likely that the salt is not able to fully
dissolve in this polymer at room temperature. In contrast, peak
broadening at lower salt loadings and a clear new stretch
around 1080 cm−1 at r = 0.2 were seen for 5 and 6. Samples 7
and 8 also demonstrated broadening at 1100 cm−1, though no
new distinct peaks were observed (Figure S12). This data
indicates improved salt solubility in samples with smaller
carbon spacers.
PETE-1, PESO-1, and PES-1 were also analyzed by FTIR at
a variety of salt loadings (Figure S13). All three samples
showed a similar trend with the respect to the ether stretch, as
seen by a peak broadening at lower salt loadings and the
development of the new peak at lower wavenumber at r = 0.2.
A small shift in the sulfoxide stretching frequency was seen

Table 1. Physical Properties of Polymers 1−8. Samples with
* indicate multiple melting endotherms.
sample

Mna (kg/mol)

Đa

Nb

Tgc (°C)

Tmc (°C)

ΔHc (J/g)

1
2
3
4
5
6
7
8

7.2
8.8
11.2
13.2
11.2
11.7
10.1
9.0

1.6
2.0
2.1
1.8
1.7
1.7
1.7
1.6

61
67
77
82
89
75
69
55

−61.8
−76.8
N/A
N/A
−58.7
N/A
−59.6
−50.1

*
30.7
31.7
39.2
*
70.0
N/A
56.8

*
67.8
69.3
86.3
*
61.1
N/A
83.0

a

As determined by GPC using THF as the eluent against PS standards.
Calculated by averaged monomer weights. cAs measured by DSC,
heating at 10 °C/min.
b

apparent from this GPC trace that additional chain elongation
occurs during drying, as all dried samples shift to lower
retention times. This can be attributed to the increase in
polymer end group concentration in the neat state, which can
lead to further reaction. However, after drying a sample at
higher temperatures a second time, no signiﬁcant increase in
molecular weight was observed, indicating long-term stability
(Figure S10b). While disulﬁde linkages are possible, GPC data
of 2 both with and without reducing agent DTT (Figure S10c)
demonstrate no diﬀerence in molecular weight between the
two, indicating that disulﬁde bonds are likely not contributing
to this molecular weight increase. After precipitation, 1H NMR
conﬁrmed pure polymer samples with peaks corresponding to
protons adjacent to ethers and thioethers, with vinyl ether
peaks remaining in some samples. Samples also displayed large
ether stretches by FTIR, though no attempt to identify the
thioether stretch was made due to its low intensity and location
in the ﬁngerprint region of the spectra.
Oxidation to PESO-1, PES-1. The selective oxidation of
PETE-1 to PESO-1 was assessed by FTIR, NMR, and GPC.
After stirring overnight in an aqueous H2O2 solution, a new
stretch by FTIR appeared at 1030 cm−1, corresponding to the
sulfoxide stretching frequency (Figure 2a). 1H NMR conﬁrmed
quantitative sulfoxide formation, where peaks corresponding to
protons adjacent to thioethers (2.78 ppm) vanished, being
replaced with a new downﬁeld peak (3.27 ppm) corresponding
to protons alpha to a sulfoxide (Figure 3). Overoxidation to the

Figure 2. (a) Conﬁrmation of the sulfoxide and sulfone functional groups by FTIR. (b) GPC traces of PETE-1 and its oxidized products, PESO-1
and PES-1. No major peak shift is detected.
1157

DOI: 10.1021/acs.macromol.5b02513
Macromolecules 2016, 49, 1154−1162

Article

Macromolecules

Figure 3. 1H NMR (CDCl3, 500 MHz) of PETE-1 (top, black), PESO-1 (middle, red), and PES-1 (bottom, blue). The shift of HB to higher ppm as
well as a change in HA and HC demonstrates quantitative, selective oxidation to both polymers.

Figure 4. (a) TGA of PETE-1 and its oxidized products, PESO-1 and PES-1 and (b) shifted DSC of the three neat samples, with Tg values indicated
by arrows.

polymers 1−8, experiencing 2% mass loss at 286 °C (Figure
4a). PESO-1 and PES-1 both seem to be hygroscopic, as both
show mass loss near the boiling point of water, representing
between 4 and 6% of the total sample mass. After accounting
for water mass, 2% mass loss for PESO-1 and PES-1 occurs at
215 and 294 °C, respectively. Regardless of water content,
PESO-1 seems signiﬁcantly less thermally stable than its
counterparts.
Samples were also analyzed by DSC to determine
crystallinity and Tg (Tables 1 and 2). All DSC traces can be

upon the addition of salt, though at higher salt loadings, the
prominent LiTFSI peak obscures this shift. Regardless, it seems
apparent that the sulfoxide functional groups are indeed
interacting with the lithium salt due to the change in frequency
even at lower salt loadings. In the case of PES-1, the three
peaks corresponding to the sulfone have varying behavior. The
center peak shows no shift as salt is added, but the stretches at
slightly higher and lower wavenumbers both shift to slightly
higher and lower values, respectively. At the highest salt
loadings, both of these peaks begin to mix with signals from the
LiTFSI salt. Based on these peak shifts, it appears that the
sulfone group is also interacting with the lithium salt at all salt
loadings.
Thermal Transitions and Stability. All samples were
characterized for thermal stability by thermogravimetric analysis
(Figure S14). Polymers 1−4 were thermally stable, generally up
to about 250 °C, with 2% mass loss occurring between 237 and
264 °C. Samples 3 and 4 left incrementally more residual mass,
possibly due to the larger carbon spacer length. Polymers 6−8
demonstrated similar thermal stability, with 2% mass loss
occurring between 228 and 238 °C. Sample 5, however,
experienced 2% mass loss at 173 °C, with more gradual mass
loss until around 300 °C, after which the sample rapidly
decomposed. This is likely not due to residual monomer, as all
samples were precipitated and thoroughly dried under vacuum.
PETE-1 followed a very similar decomposition route as

Table 2. Tg Values as a Function of Salt Loading
Tg, with indicated salt loading (°C)
sample

neat

r = 0.05

r = 0.1

r = 0.2

PETE-1
PESO-1
PES-1

−63.6
−35.5
−26.2

−45.9
−30.2
−7.1

−52.5
−19.2
−22.5

−33.9
−21.1
−20.8

found in Figures S15−S20. As discussed earlier, a low Tg,
corresponding to a higher rate of chain relaxations, leads to
higher ion mobility and ultimately higher conductivity.2,12
Samples 1 and 2 each displayed a prominent Tg when probed
from −120 to 120 °C. Samples 1−4 all crystallized, with 1
experiencing two distinct melting points. As the carbon spacer
length increased within samples 2−4, the melting temperature
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again similar to PEO. These ﬁndings indicate that crystallinity
in 5, 6, and 8 is driven by heteroatom interactions that can be
disrupted by the addition of salt. Conversely, crystallinity in
polymers 1−4 is more dependent on carbon chain alignment,
which is unperturbed by salt. The lack of crystallization in 7 is
likely due to the high ratio of backbone ethers to thioethers,
arranged in such a way that prohibits packing.
DSC traces of PETE-1, PESO-1, and PES-1 are shown in
Figure 4b with tabulated Tg values shown in Table 2. As the
oxidation state, and therefore polarity, of the sulfur-centered
functional group increased, so did the Tg. This is unsurprising,
as the increase in polarity allows for stronger dipole−dipole
interactions, which would in turn increase the Tg. The low Tg
values of PESO-1 and PES-1 are likely due to the irregular
spacing along the backbone, alternating between two and four
ethylene oxide unit spacers. No crystallinity was observed for
these three samples. The addition of salt to these polymers
increased Tg, generally increasing in magnitude with higher salt
loadings. While it is diﬃcult to decouple the contributions of
low Tg values and more polar functional groups to conductivity,
PES-1 and PESO-1 have very similar Tg values at the salt
loading r = 0.2, and a direct comparison of conductivity values
will thus be made in the next section. Though observing
nonlinear increases in Tg versus salt loading for PEO based
SPEs is not entirely uncommon,46 we believe there may be two
separate coordination events at diﬀerent salt concentrations
occurring (Li−SO/SO2, and Li−O) that cause this particular
nonlinear relationship. Overall, the low Tg values of these
tailored materials and their lack of crystallinity, either neat or
with salt, are encouraging properties of SPE candidates.
Lithium Ion Mobility. To assess lithium ion conductivity,
polymers were characterized by EIS. The eﬀect on conductivity
of carbon spacer length between thioether units, of the ratio
and sequence of thioether and ether units, and of the oxidation
state of sulfur in the backbone was evaluated. As sulfur atoms
are signiﬁcantly larger than oxygen atoms, a larger carbon
spacer may promote coordination and mobility, even though
the spacer adds hydrophobicity.21 Lithium conductivity of 1−4
at a salt loading of r = 0.1 is shown in Figure 6a and at salt
loadings of r = 0.05 and 0.2 in Figure S21. All polymers within
this series conducted similarly, with 2 and 3 demonstrating
nearly identical temperature dependence. While these samples
had the highest conductivity values of the series, 1 was nearly as
high, indicating that adding up to six methylene spacers had

Figure 5. DSC of polymer 2 both with (top, red) and without
(bottom, black) salt. Salt both increases Tg and suppresses crystallinity
in this sample.

and endotherm increased, indicating more stable crystal
formation. Polymer 2 also had a very large cold crystallization
during heating at about 25 °C higher than its Tg. Doping these
samples with a salt loading of r = 0.1 signiﬁcantly changed
thermal behavior. For 2, all crystallization was suppressed and
the Tg was slightly elevated, in a similar fashion to PEO (Figure
5). Samples 1, 3, and 4 retained crystallinity, though the
magnitude of the melting endotherm was decreased, as was the
melting temperature. Polymer 4, the sample that did not
demonstrate lithium ion coordination by FTIR, had the
smallest change in endotherm magnitude and melting temperature, providing further evidence for a lack of lithium
coordination.
Samples 5, 7, and 8 displayed prominent Tg values, between
−50 and −60 °C, while 6 had no observed Tg. These values are
similar to PEO, a feature arising possibly due to their similar
backbone structure. Samples 5, 6, and 8 were all semicrystalline; 5 in particular demonstrated two distinct cold
crystallizations and melting temperatures, a fact that was
conﬁrmed by heating the sample both at a rate of 1 and 10 °C/
min (Figure S19). The addition of salt to these samples
eliminated crystallinity and slightly elevated Tg in a manner

Figure 6. Temperature-dependent conductivity by EIS of (a) samples 1−4 (squares) and (b) samples 5−8 (circles).
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very little impact on lithium ion mobility. In contrast, 4 had the
lowest conductivity of the series, demonstrating that increasing
the carbon spacer length does eventually hinder conductivity.
Low conductivity for 4 is not entirely surprising, as both FTIR
and DSC data revealed weak ether−lithium interactions and an
inability to disrupt crystallinity, respectively. Thus, the long
spacer length may be detrimental due to a lower concentration
of coordinating atoms and the increase in crystallization.
Interestingly, both 1 and 4 show a dropoﬀ in conductivity at
low temperatures, consistent with crystallinity. Both of these
materials retain some crystallinity with salt, as shown in Figure
S15.
Polymers 5−8 demonstrated similar conductivities when
compared to 1−4. Samples in this low carbon spacer length
series also generally conducted very similarly, with polymers
containing only two thioethers per repeat unit performing the
best. This does not necessarily indicate that ethers are more
critical than thioethers for high conductivity, as 5, with a higher
S to O ratio, outperformed 7. A sharp decrease in conductivity
for sample 8, demonstrative of crystallization, was also
observed. This crystallization is not apparent in the ﬁnal
heating cycle of DSC but can be seen during the ﬁrst heating
cycle (Figure S20). The slight improvement in conductivity in
the series 5−8 over 1−4 is likely due to the four-carbon spacer
present between ether units in 1−4. Alkylene oxide materials
show a strong conductivity dependence on carbon spacer
between ethers, where polymers with two methylene units
(PEO) performing better than materials deviating from
that.47,48 While there is no polymer in this report that is a
direct comparison between the two polymer series, based on
the similar conductivity curves for 1−4, it appears that carbon
spacer length between ethers is more relevant to conductivity
than spacer lengths between thioethers. It also seems that for
samples 1−8 there is a dependence of conductivity on salt
loading, speciﬁcally higher salt loadings yield improved
conductivities. This is not entirely consistent with PEO based
SPEs, where the optimal salt loading has been found to be r =
0.085, and might suggest subtle diﬀerences in conductivity
mechanisms.49 However, these ﬁndings are supported by the
thermal characterization at all salt loadings for samples 2 and 7
(Figure S17). The lowest Tg observed for these samples with
salt was at the highest salt loading (r = 0.2), which should lead
to the highest conductivity.
PETE-1, PESO-1, and PES-1 were also characterized by EIS
to determine lithium conductivity as the oxidation and polarity
of the sulfur atoms along the polymer backbone increased. As
mentioned earlier, these three polymers have irregular repeat
units, with the sulfur functional groups separated by two and
four ethylene oxide units to inhibit crystallization and decrease
Tg in the hopes of improving ion mobility. The increase in
polarity should strengthen the polymer−lithium interaction,
mimicking the stronger interactions associated with solvents
found in liquid battery electrolytes.50 Temperature-dependent
conductivity at a salt loading of r = 0.1 for these three polymers
is shown in Figure 7 and at salt loadings of r = 0.05 and 0.2 in
Figure S22. PETE-1 conducts similarly to sample 5, if not
better, and begins to approach PEO levels of conductivity at a
salt loading of r = 0.05.49 This may indicate that decreasing the
relative number of thioethers to ethers, thus making the
polymer more like PEO, improves conductivity. Furthermore,
PETE-1 is completely amorphous at r = 0.05, unlike PEO,
indicating that PETE-1 has a very broad temperature window
for eﬀective conductivities. Additionally, this ﬁnding suggests

Figure 7. Lithium ion conductivity by EIS at a salt loading of r = 0.1
for PETE-1, PESO-1, and PES-1.

that the sequence of the thioethers and ethers is inconsequential. The two-step oxidation to PES-1 yields a polymer
with lower conductivity by roughly an order of magnitude.
Interestingly, the single oxidation to PESO-1, with a lower
dipole moment than PES-1, yields the lowest conductivity of
the series. It should be noted that though PESO-1 has high
water content by TGA, the samples were thoroughly dried for 4
h under vacuum at 120 °C, and water is not expected to be
present during EIS measurements. The more highly oxidized
samples (PESO-1, PES-1) demonstrate higher conductivities at
higher salt loadings. This may be due to a salt titration eﬀect,
wherein at low salt loadings, lithium is strongly bound to highly
polar groups, but at higher loadings where there are no free
polar groups, lithium becomes more mobile. These three
samples were also assessed for electrochemical stability by
linear scanning voltammetry (Figure S23). Generally, samples
were stable, though PETE-1 demonstrated a small transition at
−0.4 V.
There are two competing factors that dictate ion mobility for
polymers PETE-1, PESO-1, and PES-1: chain mobility and
polymer polarity.2 At a salt loading of r = 0.1, conductivity
seems to trace roughly with inverted Tg, where samples with
lower Tg values demonstrate higher conductivities. This is well
understood for poly(alkylene oxide)s, where an increase in Tg
corresponds to a decrease in chain relaxations and ion mobility.
Here, chain mobility is likely a factor and is unfortunately
intimately connected to the parameter being probed: polymer
polarity. At a salt loading of r = 0.2, PESO-1 and PES-1 have
nearly identical Tg values, but PES-1 conducts roughly 3 times
as well (Figure S22). Because of the similarity in Tg, backbone
polarity is isolated as a variable, which demonstrates here that
sulfones are more advantageous for lithium ion mobility. By
further optimization through this platform, it may be possible
to obtain sulfone containing or highly polar materials with even
lower Tg values and higher lithium ion conductivity.

■

CONCLUSIONS
Poly(ether−thioethers) were synthesized using a step-growth
thiol−ene click-mediated polymerization. Two series of PETEs,
one varying methylene units between thioethers and one
varying the ratio of ethers to thioethers, were synthesized and
characterized neat and as lithium−polymer electrolytes.
Polymers with methylene spacers of two, four, and six all
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conducted similarly, while the sample with eight methylene
units had lower ion mobility. All samples in this series were
crystalline and showed decreased crystallinity upon the addition
of salt. Varying the ratio of ethers to thioethers had a more
subtle eﬀect, though samples in this series, all with short two
methylene carbon spacers between heteroatoms, conducted
lithium slightly better than the previous series.
Another polymer, PETE-1, was synthesized to have long,
irregular spacings between thioether units. This sample was
selectively oxidized to a sulfoxide, PESO-1, and a sulfone, PES1. The increase in polarity of these polymers also resulted in an
increase in Tg, with PETE-1 at −64 °C, PESO-1 at −36 °C,
and PES-1 at −26 °C. PETE-1 demonstrated higher lithium
ion mobility at all salt loadings probed (r = 0.05, 0.1, 0.2) and
was comparable to PEO, likely due to its low Tg. At a salt
loading of 0.2, however, PESO-1 and PES-1 demonstrated
similar Tg values, while PES-1 maintained a higher conductivity
than PESO-1. This ﬁnding demonstrates both the importance
of highly polar functional groups capable of coordinating and
shuttling lithium ions and backbone mobility. The polymers
synthesized in this work represent a new class of materials for
structure−property studies of solid polymer electrolytes. In
addition, this synthetic approach opens avenues to novel mixed
heteroatom polymers, including redox tunable thioether
groups. For example, PESO-1 and PES-1 are water-soluble,
but their precursor, PETE-1, is not. Varying the monomers
used to make these, and other, polymers will yield new tunable
redox-sensitive materials, with a wide variety of potential
applications.
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