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ABSTRACT: A series of Li-, Na-, and Cs-neutralized polyester ionomers with well-defined poly(ethylene
oxide) (PEO) spacer lengths between sulfonated phthalates have been investigated by X-ray scattering at
room temperature. As the spacer lengths are increased the PEO segments crystallize, as evidenced by multiple
crystal reflections that are identical to those of pure poly(ethylene glycol) oligomers. This crystallization also
produces multiple small-angle peaks, which correspond to the well-defined thickness of PEO crystallites. The
ionomer peak (¢ = 1—5nm ') is absent in the Na- and Cs-neutralized ionomers, while the Li-neutralized
ionomers show peaks at ¢ = 2—3 nm™ ', reminiscent of conventional ionic aggregates in ionomers. Detailed
analysis of the normalized X-ray scattering intensity from these ionomers reveals a variety of ionic states that
are highly dependent on the cation size. The states of ionic groups change from a majority of isolated ion pairs
to aggregated structures as the cation size decreases from Cs to Li. These findings compare favorably with ab

initio calculations.

Introduction

Ton-conducting polymers have been the subject of intensive
research for potential applications in energy storage and conver-
sion devices, such as rechargeable lithium ion batteries and fuel
cells.! > The conductivity of the material is determined by both
the ion mobility and the total number of mobile charge carriers,
which in turn depend on the primary chemical structures and the
secondary structures, namely the morphologies. In order to
understand the ion conduction mechanism, a comprehensive
understanding of the multiscale structure is essential.

The most widely studied systems for lithium batteries are based
on poly(ethylene oxide) (PEO), which can effectively solvate a
variety of alkali and alkaline cations.®”® Most of the earlier work
has been focused on mixtures of PEO with salts. FTIR and
Raman studies have assigned various vibration bands of anionic
groups, such as triflates and sulfonates, to free anion, ca-
tion—anion pairs, and aggregated structures.” " In addition,
the complexation of ether oxygens with cations results in con-
formational changes of the PEO polymer backbone, which yields
indirect information about the cation environment.''™"* X-ray
diffraction studies have been focused mainly on crystalline PEO-
salt complexes. Cations are found to be incorporated into the
crystalline complex and form various crystalline structures with
PEO chains.'"*'® It was recently demonstrated that polymer
electrolytes of certain ordered crystalline structures can exhibit
higher conductivity than disordered amorphous structures.'’
Although polymer/salt mixtures are able to provide reasonable
conductivity, they suffer from undesirable concentration polar-
ization, in which anions build up at the electrode/electrolyte
interface due to their high mobility in the electrolyte and exclu-
sion from the electrode.'® The concentration polarization
degrades battery performance.
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Scheme 1. PEO-Based Sulfonated Polyester Ionomers with Well-
Defined PEO Spacer (M,, = 400, 600, 1100, and 3300 g/mol, and
m = 9,13, 25, and 75)"
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“M represents the cation (M = Li, Na, or Cs) associated with the
sulfonate group.

Recently, there has been increasing interest in the study of
single-ion conductors with anions fixed to the polymer backbone,
because they can achieve a cation transference number of 1 and
solve the concentration polarization problem.'® However, most
single-ion conductors show much lower conductivity than the
polymer/salt mixtures. Dielectric spectroscopy studies on PEO-
based sulfonated polyester and polyurethane ionomers indicate
these materials have extremely low concentrations of conducting
ions, and the conductivity exhibit a strong dependence on the
glass transition temperature of ionomers.” >' A recent FTIR
study on PEO-based sulfonated polyester ionomers neutralized
by sodium cation showed no detectable free SO;™ ions,?? con-
sistent with the dielectric studies. However, an overall picture of
the morphology of these ionomers is still not available, and might
hold the key to developing strategies to improve ion conductivity.

In this study, we analyze X-ray scattering data to determine the
multiscale structure and ion association states of PEO-based
sulfonated polyester ionomers with the structure shown in
Scheme 1. A series of sulfonated polyester ionomers with well-
defined PEO spacer lengths are investigated as a function of PEO
segment length and alkali cation type. Here we focus on the
room-temperature multiscale morphology of these ionomers.
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Table 1. Number Average Molecular Weight (M,,) Determined by "H NMR, and Glass Transition Temperature (7, «)» Melting Temperature (7,,),
and Percent Crystallinity Determined by DSC for PEO-based Ionomers and PEG Oligomers

notation M, polymers (g/mol) M, PEO spacer (g/mol) T, (°C) (DSC) T,, (°C) (DSC) % crystallinity
PEO400—100%Li 3300 400 12 N/A 0
PEO400—100%Na 3400 400 22" N/A 0
PEO400—100%Cs 4000 400 21° N/A 0
PEO600—0% 6000 600 —46" N/A 0
PEO600—100%Li 4500 600 —15° N/A 0
PEO600—100%Na 4600 600 —6" N/A 0
PEO600—100%Cs 5200 600 —3" N/A 0
PEO1100—100%Li" 4500 1100 —36 32 8
PEO1100—100%Na“ 4500 1100 =31 33 4
PEO1100—100%Cs” 4900 1100 —34 33 2
PEO3300—100%Na 18800 3300 N/A 47 48
PEG2800 2800 N/A N/A 58 91
PEG9900 9900 N/A N/A 63 84

“In ref 23, these materials are labeled PE900—M (M = Li, Na or Cs), but more recent analysis has determined that the PEO spacer length is 1100 g/

mol. ? Values from ref 23.

Experimental Section

Materials. Poly(ethylene oxide) (PEO) based ionomers were
prepared by a two-step catalyzed melt transesterification of
poly(ethylene glycol) (PEG) oligomer diols of different molec-
ular weights with dimethyl 5-sulfoisophthalate sodium salt to
give ionomers of varying ion contents. The detailed synthesis
Procedures have been described in the previous publication.>

H nuclear magnetic resonance (NMR) is employed to verify the
chemical structure and determine the number-average molecu-
lar weight (M,,) of the ionomers, Table 1. The molecular weights
of PEO spacers are 400, 600, 1100, or 3300 g/mol, which were
also determined by '"H NMR. The cation was exchanged from
sodium to lithium or cesium by aqueous diafiltration with an
excess of LiCl or CsCl salts.*® The concentrated ionomer solu-
tions were then freeze-dried and vacuum-dried at 120 °C to
constant mass. The ionomers are denoted as PEOx—yM, where
x is the molecular weight of PEO spacers in g/mol, y is the
percent of sulfonated phthalates over the total amount of
phthalates in the ionomer, and M represents the cation (M =
Li, Na or Cs). For example, PEO600—100% Na designates the
ionomer with PEO spacer length of 600 g/mol and 100%
sulfonated phthalates neutralized with Na. Note that all the
ionomers studied in this paper are 100% sulfonated and fully
neutralized with alkali metal cations; thus, y is always 100%.

In addition to these ionomers, we also investigated the X-ray
scattering of PEO600—0% and poly(ethylene glycol) oligomers
(PEG9900 and PEG2800). PEO600—0% is a neutral polymer
that contains only noncharged phthalates between PEO spacers,
and was synthesized by reacting PEG diols with dimethyl
isophthalate.”> PEG9900 (M, = 9900 g/mol) and PEG2800
(M,, = 2800 g/mol) were supplied by Sigma-Aldrich and TCI
America, Inc., respectively. The molecular weights of these PEG
oligomers were determined by 'H NMR.

Thermal Analysis. The glass transition temperatures (7) of
the ionomers were determined by differential scanning calorim-
etry (DSC) during the second heating cycle from —90 to +200
°C. Both heating and cooling rates are 10 °C/min. The melting
temperatures (7,,,) and percent crystallinities for semicrystalline
ionomers (PEO1100—100%M and PEO3300—100%Na) and
PEG oligomers are determined from the first heating cycle at a
heating rate of 10 °C/min for the purpose of maintaining similar
thermal history as the samples used in X-ray scattering.

X-ray Scattering. Because of the hygroscopic nature and low
T, of these ionomers, the samples were handled very carefully to
minimize the exposure of samples to moisture. The previously
dried PEO-based ionomers were loaded into sandwich cells with
mica windows, and further dried under vacuum at 70—80 °C for
at least 2 days. The samples in the sandwich cell were gradually
cooled down to room temperature under vacuum. The sand-
wich cell was then tightened and stored in a vacuum desiccator
before being transferred to the X-ray vacuum chamber for data

collection. It should be noted that PEO1100—100%M crystal-
lizes very slowly at room temperature (~20 °C) compared to
PEO3300—100%Na and PEG oligomers (PEG2800 and
PEGY9900) due to the presence of ions and the shorter PEO
segment length. In order to study the crystalline structures of
PEO1100—100%M, the dried materials were stored in a vacuum
desiccator at room temperature for at least 1 week before data
collection. As a comparison, PEG oligomers with M, = 2800,
and 9900 g/mol were also characterized by X-ray scattering.
PEG oligomers were annealed in the vacuum oven at 70—80 °C
for 24 h, and then slowly cooled down to room temperature
under vacuum.

The multiangle X-ray scattering system (MAXS) used Cu Ko
X-ray from a Nonius FR 591 rotating-anode generator operated
at 40 kV and 85 mA. The bright, highly collimated beam was
obtained via Osmic Max-Flux optics and triple pinhole collima-
tion under vacuum. The scattering data were collected using a
Bruker Hi-Star multiwire detector with sample to detector
distances of 7, 11, 54, and 150 cm. The 2-D data reduction
and analysis were performed using the Datasqueeze software.”*
Background scattering from an empty sandwich cell with mica
windows are subtracted from the scattering data of samples. The
normalized X-ray scattering data from PEO600—0% and
PEO600—100%M were obtained by normalizing the scattering
intensity by sample thickness, data collection time and percent
of transmission.

Ab Initio Calculations. All the calculations reported in this
paper were carried out with the Gaussian03 program® with the
anion on the polymer modeled by benzenesulfonate. Calculations
for Lit, Na™, and K" used the B3LYP/6-31+G* basis set, which
considers all electrons in its optimization of configurations. Cs"
has many electrons, so the BALYP/LANL2DZ basis set was used
for all calculations involving Cs*. Both methods use density
functional theory with Becke’s three-parameter hybrid method
and the LYP correlation functional (B3LYP) as the exchan-
ge—correlation functional **~* Configurations were optimized
and calculations were made at 0 K in vacuum for ion pairs
and quadrupoles. Limited calculations were also performed
using the polarizable continuum model (PCM) developed by
Tomasi,** 3 which is a simple extension of the Onsager model**
to nonspherical cavities, which contain the ions, ion pairs and
quadrupoles. The PCM calculations indicate that the 0K /vacuum
calculations underestimate the actual ion spacings of isolated ion
contact pairs and quadrupoles by about 10% at 300 K. The
spacings between electron-rich atoms in these structures are useful
for our interpretation of X-ray scattering in the 13 nm ™' < ¢ <
20 nm™~ ' range for the amorphous ionomers.

Results and Discussion

Table 1 presents number-average molecular weight (M,), glass
transition temperature (7,,) and melting temperature (7},,) of ten
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PEO-based ionomers, one neutral counterpart (PEO600—
0% from condensing PEG600 oligomer with nonsulfonated
phthalates), and two PEG oligomers studied in this paper. The
T, values of all the ionomers in Table 1 are below room
temperature and increase with increasing ion content (decreas-
ing PEO-spacer length). Since these ionomers have very low T,
and relatively low molecular weight, they are able to reach
thermodynamic equilibrium rapidly. Previous rheological studies
have shown that the terminal relaxation time of these materials is
on the scale of 1 s or less at 30 °C.* The percent crystallinity is
estimated by comparing the measured heat of melting (AH,,,) with
that of 100% crystalline PEO with molecular weight of 4000 g/
mol (215.6 J/g).”> The ionomers are amorphous when the PEO
spacer length is 400 or 600 g/mol. As the PEO segment length
increases to 1100 or 3300 g/mol, polymer chains partially crystal-
lize. The percent crystallinity of PEO3300—100%Na is about
48%, and the percent crystallinities of PEO1100—100%M with
different cations are all less than 10%. The presence of ionic
groups in the polymer backbone greatly reduces the crystallinity
and slows the crystallization kinetics of the PEO spacer. The
PEO1100—100%M did not show any crystallization or melting
transitions during the second heating cycle (10 °C/min) due to
their slow crystallization rate.

The crystalline peaks from the four semicrystalline PEO-based
ionomers are compared to the PEG oligomer with M, = 9900 g/
mol in Figure 1. All the scattering data presented in this paper are
collected at room temperature. The crystalline reflections at 13.6,
16.5,and 18.5nm ™! (labeled C, E, and F in Figure 1 and Table 2)
correspond well to the main reflections of typical PEO crystals
having a helical chain conformation and a monoclinic lattice.*®
Each unit cell consists of four helical molecules along the ¢-axis.”
The helices adopt 7/2 conformations,*® in which 7 monomer units
are required to complete two revolutions along the helix. The
monoclinic unit cell is defined by the following parameters: a =
0.805nm, b = 1.304 nm, ¢ = 1.948 nm, and f = 125.4°*%" The
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Figure 1. Comparison of crystal reflection peaks from semicrystalline
PEO-based ionomers and the PEG9900 oligomer at room temperature.
The X-ray scattering peaks labeled by letters correspond to crystalline
PEO reflections; see details in Table 2.
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crystallinity of ionomers decreases with decreasing PEO segment
length and increasing cation size, as shown in the relative intensity
of the crystal peaks. The d-spacings and corresponding crystalline
reflections from both PEO-based ionomers and PEG oligomers
are listed in Table 2. Some of the weaker crystal reflections are
missing in the ionomer data due to their low crystallinity. The
observed reflections in semicrystalline ionomers neutralized with
three different cations (Li, Na, and Cs) and PEG oligomers are
identical, indicating PEO spacers all crystallize into the mono-
clinic lattice structure of pure PEO. Because the lattice para-
meters remain unchanged in PEO-based ionomers, we conclude
that the ions are excluded from the crystal and reside in the
amorphous phase.

Figure 2 shows the room temperature X-ray scattering data
from PEOx-100%M ionomers over a wide range of scattering
angles. PEO400—100%M and PEO600—100% M are fully amor-
phous. These ionomers exhibit a strong peak at q ~ 15 nm™"
corresponding to the amorphous halo of PEO. In semicrystalline
ionomers (PEO1100—100%M and PEO3300—100%Na), the
crystallinity is coupled with multiple small-angle peaks. Two
different origins have been identified, as shown in Figure 2. The
peak designated by “L” is assigned to the lamellar scattering, as
observed in typical semicrystalline polymers and schematically
drawn in Figure 3. The broad peak corresponding to the lamellar
spacing in semicrystalline PEO3300—100% Na is obscured by the
crystallite thickness peak (1) and the strong upturn at lower
angles. The additional three peaks show a positional ratio of
1:2:3, as labeled in Figure 2, indicating a layered structure. The
spacing of these layered structures (f.xp) is obtained from the
periodic peak positions (fexpt = (277/¢;)) and listed in Table 3. Asa
comparison, the lengths of 7/2 helices of the PEO spacers (#,¢jix)
are calculated based on the monoclinic lattice parameters and
reported in Table 3. On the basis of the consistency of #,¢; With
fexpr in Table 3, the higher order peaks (labeled 1, 2, 3 in Figure 2)
are assigned to the scattering between the two amorphous—crys-
talline interfaces of each PEO crystallite and correspond to the
crystallite thickness (). This multiscale structure in semicrystal-
line ionomers is shown schematically in Figure 3. Note that the
crystallite thickness increases with cation size (Li, Na, and Cs). It
is expected that the ionic groups at the crystalline—amorphous
interfaces also contributed to the scattering, thus the crystallite
thickness obtained from X-ray scattering also includes the size of
the ions. Itis expected that the long PEO spacer might not be fully
crystallized in PEO3300—100% Na, resulting in shorter periodi-
city in X-ray scattering (fexpr < fheiix)- Connor et al. found by
dynamic measurement that the crystallinity of PEG oligomers
reached a maximum at M, around 1000 g/mol.* This is because
the number of lattice defects tends to increase with molecular
weight while the packing problem of chain ends dominates in
polymers of low molecular weight.

Typical semicrystalline polymers usually show only the L peak
due to the polydispersity in crystallite thickness and limited
contrast between the amorphous and crystalline domains.
The appearance of multiple peaks in PEO-based ionomers is
caused by well-defined crystallite thicknesses and the increased
electron density difference provided by the cations. Typically, the

Table 2. Observed Crystalline Peaks in PEG Oligomers and PEO-Based Ionomers in Figure 1 and the Corresponding PEO Crystal Reflections”

peak d-spacing” (nm) reflections®® (/ik/)

PEG 2800, 9900

PEO1100—100%Li, Na, Cs PEO3300—100%Na

A 0.59 020, 020

B 0.65 110, 110, 110, 110

C 0.46 120, 120, 120, 120

D 0.40 004, 004

E 0.38—0.39 032,032, 112, 112, 132, 132, 212, 212, 204
F, 0.33—0.34 024, 024, 224, 224

ac

the position of peaks A—G.

yes no yes
yes no yes
yes yes yes
yes no no
yes yes yes
yes yes yes

“Yes” indicates that the peak is observed, and “no” indicates that the peak is not observed. ® The d-spacing values are calculated by 27t/¢, where ¢ is
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Figure 2. Multiangle X-ray scattering intensity as a function of scatter-
ing vector ¢ on a log—log scale from PEOx—100%M ionomers with
different PEO spacer lengths (x) and cations (M) at room temperature.
The scattering peaks labeled L and numbers (1, 2, 3) correspond to the
lamellar spacing (L) and the crystallite thickness (), respectively; see
Table 3.

Crystal *SO,M
Thickness (t) —PEO
f———

f—————]
Lamellar Spacing (L)

Figure 3. Schematic of the semicrystalline morphology of PEO-based
ionomers showing crystalline lamellae-lamellae spacing (L) and well-
defined crystallites of thickness (7).

thickness of polymer crystallites (7) is predominantly controlled
by the crystallization temperature and time. In contrast, for
PEO1100—100%M ionomers, the segment length is short
enough that each segment of PEO chain between phthalates is

Wang et al.

Table 3. PEO Crystallite Thickness (7) and Lamellar Spacing (L)
from Calculation and X-ray Scattering Experiment

thelix texpl Lexpt PEO
m(PEO)* (nm) (nm) (nm) chain

PEO1100—100%Li 25 7.0 6.2 9.0 extended
PEO1100—100%Na 25 7.0 6.8 11.2  extended
PEO1100—100%Cs 25 7.0 7.2 143  extended
PEO3300—100%Na 75 20.8 15.3 extended
PEG2800 64 17.8 19.3 extended
PEG9900 224 62.3 23.8 folded

“m denotes the degree of polymerization of the PEO spacer.
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Figure 4. X-ray scattering intensity as a function of scattering vector ¢
plotted in log—linear scale for PEG oligomers with different molecular
weights at room temperature. The numbers correspond to higher order
scattering from the crystallite thickness (exp), Table 3.

fully extended in the crystallites. The experimental crystallite
thickness f¢yp, is less than 12% different from the calculated value
thelix- Thus, the thickness of PEO crystallites in these ionomers is
controlled by the well-defined PEO segment length.

On the other hand, the percent crystallinity of PEO1100-based
ionomers is highly dependent on the thermal history and cation
type. The lamellar spacing increases rather significantly with
increasing cation size. The upper limit of the percent crystallinity
in PEO1100—100%M ionomers can be estimated by expi/Lexpts
which is 69%, 61%, 50% for ionomers neutralized with Li, Na,
and Cs, respectively. Because of the presence of ionic groups, the
actual percentages of crystallinity of these ionomers are all less
than 10% and decrease with increasing cation size, Table 1.
Moreover, the ionomers crystallize very slowly over several days
at room temperature under vacuum. Increasing the cation size
reduces both the crystallization rate and the percent crystallinity
of the ionomer, because the larger cation generally requires more
ether oxygen coordination in both amorphous state and PEO-salt
crystalline complex. ™

To further understand the multiscale crystalline structure in
semicrystalline PEO-based ionomers, PEG oligomers with dif-
ferent molecular weights (2800 and 9900 g/mol) were also studied
by X-ray scattering, see Figure 4. Both PEG oligomers show
multiple peaks with positional ratios of 1:2:3 ... in this angular
regime. These PEG oligomers show high percentages of crystal-
linity by DSC: 91% for PEG2800 and 84% for PEG9900. Thus,
fexpt 18 comparable to Leyp, and, as a result, the lamellar-lamellar
scattering peaks in the PEG oligomers are probably obscured by
the crystallite thickness peaks due to their proximity in position.
The size of the crystallites in PEG2800 obtained from X-ray
scattering (fcyp,) corresponds well with the calculated value based
on the PEG2800 molecular weight (#,.;ix), Table 3. The oligomer
chain of PEG2800 is fully extended when it crystallizes. In
contrast, the longer oligomer PEG9900 forms folded structures,
SINCe fhelix A 3lexpr- The observed behavior (extended or folded
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Figure 5. (a) Wide-angle X-ray scattering intensity at room tempera-
ture from PEO600—100%M (M = Li, Na, Cs) and PEO600—0%
normalized by sample thickness, collection time, and percent of trans-
mission. (b) Difference intensity of PEO600—100% M after subtracting
scattering intensity of PEO600—0% from PEO600—100% M.

chain) in these two PEG oligomers is consistent with previous
findings.*"* In particular, Sdnchez-Soto et al. observed the
melting temperature of PEO reached the plateau at the critical
molecular weight of 4000 g/mol, which was interpreted as transi-
tion from extended chain to folded chain in PEO crystallites.*?

The states of ions in PEO-based ionomers neutralized with
different cations are quite different from conventional ionomers.
Previous X-ray scattering data from a variety of model ionomers
show an ionomer peak atg = 1—5nm™".** Examples include Na-
and Zn-neutralized poly(ethylene-ran-methacrylic acid) iono-
mers,*** sulfonated polystyrene ionomers neutralized with Cu,
Mg, Zn, Na, Ba, and Cs,*47 o1 Li-, Cs-, and Cu-neutralized poly-
(styrene-ran-methacrylic acid) ionomers.*** PEO600—100%Li
shows an ionomer peak at ¢ ~ 2.7 nm™ ' (Figure 2), indicating
microphase separated structures with ~2.3 nm spacing. The peak
shifts to higher ¢ value (smaller interparticle spacing) as the PEO
segment length decreases from 600 to 400 g/mol, meaning that the
number density of ionic aggregates increases with ion content.
PEO1100—100%Li also showed an ionomer peak, which over-
laps with higher-order scattering peaks from crystal thickness and
has been observed in thermally quenched PEO1100—100%Li
when the ionomer was amorphous. The presence of a well-
defined correlation scattering peak, as opposed to an asymmetric
shoulder, upturn, or tail, suggests that the ionic aggregates are
homogeneously distributed in the matrix and are of sufficiently
high number density to generate interparticle scattering.

In contrast, the Na- and Cs-neutralized PEO-ionomers do not
show any ionomer peak in Figure 2. The Cs-neutralized PEO-
ionomers show a broad peak around 6—8 nm™~'. On the basis of
the peak position and total ion concentration in these ionomers,
the peak is attributed to the scattering from mostly isolated ion
pairs. (Additional evidence will be presented later when we
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Figure 6. Simulation results for an ion pair and a quadrupole equili-
brated at 0 K in vacuum using ab initio calculations.

discuss Figure 5b.) Contrary to the Li-ionomers, the peak shifts
to a lower ¢ value (larger interparticle spacing) and broadens as
the PEO segment is shortened, which is probably caused by the
increasing fraction of Cs ions forming aggregates at higher ion
content. As the ion pairs aggregated due to decreasing ethylene
oxide (EO) /Cs ratio, the average correlation distance between
scatters increased. Our results are consistent with previous
spectroscopic study of PEO-based sulfonate ionomers, which
found that the band due to aggregated sulfonate increased in
intensity with increasing ion concentration.”* Even though the
PEOx—100%Na and PEOx—100%Cs ionomers do not exhibit
an ionomer peak, these materials could still contain a small
amount of randomly distributed ionic aggregates, as the subse-
quent analysis suggests.

To obtain quantitative comparison between the scattering
data from ionomers neutralized with three different cations, the
wide-angle X-ray scattering intensities of PEO600—100%M are
normalized by sample thickness, data collection time and percent
of transmission, as shown in Figure 5a. PEO600—100%M
ionomers showed stronger amorphous peak intensity at 14—16
nm~ ' compared to PEO600—0%, which is caused by the addi-
tional scattering from S, O, and metal cations. Figure 5b displays
the difference scattering intensity of PEO600—100%M after
subtracting the scattering from PEO600—0%, and shows appar-
ent peaks at ¢ = 2—12 nm~' from PEO600—100%M. These
peaks result from the interparticle scattering from closely as-
sembled and strongly interacting ions in various associated states,
such as isolated ion pairs, quadrupoles, or larger aggregates.
Figure 6 shows equilibrated structures of an ion pair and a
quadrupole generated by ab initio calculations of lithium benze-
nesulfonate.

The sharp peak centered at 2.7 nm™' in PEO600—100%Li is
virtually unchanged from Figure 5a to Figure 5b and indicated the
presence of ionic aggregates, as discussed above. The broad peak
centered at ~7 nm ' from subtracted PEO600—100%Cs in
Figure 5b corresponds to a correlation distance of 0.9 nm. If all
the ionic groups form isolated ion pairs, the distance between ion
pairs estimated from the total concentration of cations (~0.75
nm )" is ~1.1 nm by assuming simple cubic packing. Since the
ion pairs are randomly distributed in the matrix rather than in a
lattice, we expect the average distance between ion pairs to be
slightly smaller than 1.1 nm. This estimate is comparable to the
distance obtained from X-ray scattering, indicating the majority of
the ions in PEO600—100%Cs exist in isolated ion pairs. However,
due to the broadness of the difference peak, the presence of a small
fraction of disordered ionic aggregates cannot be excluded.

The weak peak centered at 7 nm™' from subtracted PEO600—
100%Na is even broader than that from PEO600—100%Cs,
suggesting a wider range of distributions of ionic states
and correlation distances. The weakness of this peak corresponds
to a smaller difference in electron density between SO;Na and
PEO. The asymmetry and broadness of the peak suggests that
PEO600—100%Na contains both isolated ion pairs and some
disordered ionic aggregates. Previous studies of PEO600—100%
Na ionomers by FTIR have identified two different states
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Table 4. Ab Initio Calculations of Interatomic Spacings at 0 K in Vacuum for Benzenesulfonate with Alkali Cations (M = Li*, Na*, K", or Cs")

ion quadrupole

ion pair
cation effective cation radius (nm)“ S—M (nm) S—M (nm) S—S (nm) M—M (nm)
Lit 0.076 0.24 0.29 (2), 0.25(2) 0.41 0.35
Na* 0.102 0.27 0.29 (4) 0.46 0.33
K+ 0.138 0.31 0.33 (4) 0.51 0.41
Cs" 0.167 0.33 0.38 (4) 0.59 0.47

“Effective ionic radii are based on a six-coordination oxygen environment.*

of sulfonate groups, corresponding to a majority of isolated
ion pairs (SO3;Na) and a considerable amount of aggregates
(with higher frequency S—O stretching vibrations indicat-
ing NaSO;Na).??> Without subtracting the scattering from
PEO600—0%, the peak for PEO600—100% Na is hidden under-
neath the broad amorphous peak due to its low intensity and
proximity to the stronger amorphous peak. The intensity of this
broad peak increases with ion content, as observed by comparing
PEO600—100%Na and PEO400—100%Na at¢ = 6—11nm ™ 'in
Figure 2.

The peaks at 12—18 nm ™" in Figure 5b arise from interatomic
scatterings of ionic groups in various states, because the con-
tribution from amorphous PEO scattering has been subtracted.
The peak at 15.0nm™ ' in PEO600—100%Li and Na corresponds
to a correlation distance (d) of 0.42 nm, while PEO600—100%Cs
shows d = 0.36 nm (¢ = 17.4nm™"). To facilitate interpretation,
ab initio calculations at 0K in vacuum were made on ion pairs and
quadrupoles of benzenesulfonate with various alkali cations (M),
with the results shown in Table 4. In ion pairs, only the
sulfur—cation (S—M) distances are shown, since sulfur has higher
electron density than oxygen. In quadrupoles, three interatomic
spacings are considered: sulfur-cation (S—M), sulfur—sulfur
(S—S), and cation—cation (M—M). As expected, the S—M
spacing of the isolated ion pairs are consistently smaller than
the S—M spacings in quadrupoles, since the latter has cation—
cation and sulfonate—sulfonate repulsions in addition to
sulfonate—cation attractions. Ion pairs and quadrupoles of
sulfonated dimethyl phthalate have also been calculated for
comparison. Adding ester groups to the benzene ring changes
electronic states of the benzene ring only slightly, because the
charged sulfonate group dominates the electronic states. Thus,
the relatively subtle effects of the ester groups cause little change
to interatomic distances. For example, the Li sulfonated dimethyl
phthalate pair has 0.5% larger Li—S spacing and the Li sulfo-
nated dimethyl phthalate quadrupoles have 1.2% larger S—S
spacing. These changes are well within uncertainties.

Interatomic distances at room temperature in the significantly
more polar environment of our ionomers are expected to be
~10% larger than those in Table 4. To facilitate comparison with
our X-ray scattering results at room temperature, we multiply the
interatomic distances in Table 4 by 1.1 for the following dis-
cussion. The d value (0.42 nm) from X-ray scattering of
PEO600—100%Li correlates best with the S—S spacing of the
quadrupoles from ab initio calculations (0.41 nm x 1.1 = 0.45
nm), suggesting that S—S scattering in quadrupoles contributes
the most to the peak at 15 nm™" in PEO600—100Li. The higher
q peak (with d = 0.36 nm) in PEO600—100%Cs is consistent
with the S—Cs spacing (0.33 nm x 1.1 = 0.36 nm) in ion pairs.
This is consistent with our interpretation above that ions in
PEO600—100%Cs mainly form mostly ion pairs, while ions
in PEO600—100%Li form aggregated structures, which by
their nature could include quadrupoles. For PEO600—100%
Na, the experimental d value (0.42 nm) lies between S—S spacing
of the quadrupoles (0.46 nm x 1.1 = 0.51 nm) and M—M spacing
of the quadrupoles (0.33 nm x 1.1 = 0.36 nm). Given that S
and Na are close in electron density, the comparison with ab initio
is inconclusive. More accurate prediction of the peak shape

and intensity would require form factor and structure factor
simulation, as well as the exploration of additional types of
ionic assemblies.

Our results show that the size of the cation plays a critical role
in the ionic states of PEO-based ionomers. This is different from
conventional ionomers where the ionic aggregation behavior is
relatively insensitive to the neutralizing cations.*>*” The depen-
dence of ionic association on the cation size in PEO-based
ionomers is attributed to the interactions between the ether
oxygens from PEO and the cations. The association energy of
cations with anions and cations with ether oxygens increases with
decreasing cation size to produce different coordination struc-
tures and local morphologies with different cation sizes. Our
results from X-ray scattering are consistent with the previous
findings by dielectric relaxation spectroscopy that showed the
mobile ion concentration increased with increasing cation size in
PEO-based ionomers.”!

Conclusion

The multiscale morphologies of PEO-based sulfonated poly-
ester ionomers have been investigated by X-ray scattering. The
morphologies of ionomers are highly dependent on the PEO
segment length and cation size. Increasing the PEO segment
length results in the crystallization of PEO segments into mono-
clinic unit cells that are identical to PEG oligomers. Thus, the
ionic groups (SO;~ and M™") are apparently excluded to the
amorphous domains of these PEO-based ionomers, which is in
contrast to traditional crystalline PEO/salt mixtures. The crystal-
line PEO segments form crystallites with well-defined thickness as
exemplified by the higher order scattering peaks, where the
crystallite thickness is defined by the PEO segment length. The
presence of ionic groups reduces the percent of crystallinity and
slows crystallization kinetics relative to PEO. Although PEO has
been shown to have maximum crystallinity at M, around 1000 g/
mol,* our PEO1100—100%M ionomers crystallize over a period
of several days at room temperature in dry conditions and only
obtain crystallinity of ~10% or less.

These PEO-based ionomers exhibit a wider range of micro-
phase segregation of ions from polymer backbones than is seen in
conventional hydrocarbon-based ionomers,* because there is
significant solvation interaction between the cations and ether
oxygens. Our results showed the ionic states are highly dependent
on the cation type, due to the different association energies of
cations with anion and ether oxygens. PEO-based ionomers
containing Li cations form ionic aggregates, while the majority
of ionic groups in Cs-neutralized ionomers exist as isolated ion
pairs. PEOx—100%Na ionomers have a broader range of local
ionic states, including both isolated ion pairs as well as aggregated
states. The conductivity of ionomers is highly dependent on the
association states of the ions. These PEO-based ionomers do not
have high conductivity due to the low concentrations of con-
ducting free ions,>* because most of the ions form bound states.
To improve the ionic conductivity, bulky ions with weaker
binding energy or/and more polar functional groups that can
effectively solvate the ions need to be introduced into the polymer
structure. Our results provide important insights regarding the
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hierarchical structures of the ionomers for rational design of
molecular structures to improve the ionic conductivity. Since
the conductivity of ionomers is highly dependent on tempera-
ture, a thorough investigation of morphology as a function of
temperature is underway and will be the subject of a future
publication.
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