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Physical.Chemistry Chemical Physics

Effect of Alkali Metal Cations on Network Rearrangement in
Polyisoprene lonomers

Yohei Miwa,>** Koki Hasegawa,? Taro Udagawa,? Yu Shinke,? and Shoichi Kutsumizu®*

The effects of cations, Li*, Na*, and Cs*, on the structure of ionic aggregates and network rearrangement in carboxylated
polyisoprene (Pl) ionomer were studied. We found that network rearrangement via interaggregate hopping of metal
carboxylates is improved with a decrease in cation size, even though the density functional theory (DFT) calculation indicated
the increase in the attractive interaction between metal carboxylates. At the same time, we also found that as the size of
cation decreases, the inclusion of the Pl segment in the ionic aggregate increases. The DFT calculation suggested the cation—n
interaction between the cation and double bonds in the Pl segment as the cause for the inclusion. The inclusion of the PI
segment with a low glass transition temperature (T,) plasticizes the ionic aggregate and would sterically hinder the attractive
interaction between metal carboxylates. In fact, the electron spin resonance measurement revealed a decrease in the T, of
the ionic aggregate with a decrease in cation size. Based on our findings, we proposed that the inclusion of Pl segments in
the ionic aggregate is the possible cause for the enhancement of network rearrangement in the carboxylated Pl ionomers

with a decrease in the cation size.

Introduction

Since ionic groups covalently attached to hydrophobic polymer
chains aggregate and serve as physical crosslinks, they significantly
alter the material’s rheological and mechanical properties. This type
of ionic polymer is an ionomer®3. The reversible nature of the ionic
crosslinks in ionomers has attracted interest from various fields,
including theoretical and experimental studies. For example,
advanced ionomers with self-healing*!! and shape-memory'#14
properties have recently been developed using the network’s
dynamic nature.

Recently, the authors have developed novel ionomers composed
of sodium-neutralized carboxylated polyisoprene (PI)®1%11 and
carboxylated poly(dimethylsiloxane) (PDMS)°. These ionomers
exhibit the “ion-hopping,”*>17 in which ionic groups hop between
ionic aggregates along with attached polymer chains, below room
temperature. In other words, the networks in these ionomers
autonomously rearrange at room temperature. Because of the
network rearrangement, these ionomers exhibit unique properties,
such as autonomous self-healing at room temperature®l. The
mechanical and self-healing properties of these ionomers strongly
depend on the rate of the network rearrangement. For example, an
ionomer with fast network rearrangement at room temperature
exhibits relatively weak mechanical properties while the self-healing
quickly. Therefore, controlling the network

effects occur

@ Department of Chemistry and Biomolecular Science, Faculty of Engineering, Gifu
University, Yanagido, Gifu 501-1193, Japan.

b.The Yokohama Rubber Co., Ltd., Hiratsuka, 254-8601, Japan.

¢ PRESTO, Japan Science and Technology Agency.

t Electronic Supplementary Information (ESI) available: NMR, FT—IR, DSC, TG, and

DFT calculation results of materials (PDF)

rearrangement speed is crucial in such ionomers to tune the
material’s performances. Network rearrangement is accelerated by
decreasing the neutralization degree of the carboxy group because
unneutralized carboxy groups plasticize the ionic interactions in the
ionic aggregates!’. That is, the lifetime of the reversible crosslinks in
ionomers can be easily tuned by varying the neutralization degree, in
contrast to other supramolecular systems with dynamic covalent
bonds822, r-rt interactions?3, hydrogen bonding?*?7, etc. In fact, the
authors showed that the rate of the network rearrangement in the
Pl and PDMS ionomers can be widely varied via neutralization
degree.8?

In this work, we studied the effects of alkali metal cations, Lit,
Na*, and Cs*, on the network rearrangement in carboxylated PI
ionomers. We found that network rearrangement is accelerated by
decreasing cation radius. To understand this phenomenon, the
composition of the ionic aggregate and the interactions between the
alkali metal cation and the double bonds in the Pl segments have
been experimentally and theoretically studied in detail.

Experiments

Materials. Isoprene (>99%, Tokyo Chemical Industry) was
purified using molecular sieves (3A 1/16, Nacalai Tesque) and
aluminum oxide (activated, Kanto Chemical) before use.
N,N,N',N'-tetramethylethylenediamine (>98%, Tokyo Chemical
Industry) was dried using molecular sieves. sec-Butyllithium
(sec-BulLi, 1 mol L™ in cyclohexane (95%) and n-hexane (5%),
Kanto Chemical), n-hexane (>96.0%, Kanto Chemical),
cyclohexane (>99.5%, Kanto Chemical), tetrahydrofuran (THF,
>99.5%, Kanto Chemical), methanol (>99.8%, Kanto Chemical),
hydrochloric acid (35%, Nacalai Tesque), CDCl3 (99.8%, Nacalai
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Fig. 1. Chemical structure of PI-M.

Tesque), 2,6-di-tert-butyl-p-cresol (BHT, >98%, Kanto
Chemical), lithium hydroxide anhydrous (LiOH, 98%, Kishida
Chemicals), sodium hydroxide (NaOH, 97%, Nakalai Tesque),
cesium hydroxide monohydrate (CsOH, >95%, Nakalai Tesque),
4-carboxy-2,2,6,6-tetramethylpiperidine  1-oxyl (4-carboxy-
TEMPO, >97%, Tokyo Chemical Industry), and 5-DOXYL-stearic
acid (5DSA, Aldrich Chemical Co., Ltd) were used without
further purification.

Preparation of Pl lonomer. Pl ionomers were synthesized using our
previously reported procedure®°, A monodisperse Pl was prepared
via the anionic polymerization using sec-BulLi as an initiator. The
weight average molecular weight (M,) and polydispersity index
(Mw/M,) of the obtained Pl determined by gel permeation
chromatography (GPC) calibrated with standard Pl (Scientific
Polymer Products) samples were 91,800 and 1.07, respectively. 1H-
nuclear magnetic resonance (NMR) and 3C-NMR spectra of the PI
are shown in Fig. S3 in the Supplementary Information. The
microstructures of the Pl determined using 13C-NMR are cis-1,4 (80%),
trans-1,4 (15%), and 3,4 microstructure units (5%). Carboxy groups
were randomly added along the main chain of Pl via the reaction with
sec-Buli and carbon dioxide gas in cyclohexane solution.®1° The
carboxy group concentration in the repeat isoprene units was 2.0
mol%, as calculated by neutralization titration. LiOH, NaOH, and
CsOH were used to fully neutralize the carboxy groups in the
carboxylic PI (PI-COOH). These ionomers are noted as PI-M, where
M is Li, Na, or Cs; the chemical structure of PI-M is shown in Fig. 1.
Fourier transform infrared (FT—IR) spectra for PI, PI-COOH, and PI-M
are shown in Fig. S4. A stretching vibration for the carbonyl of COOH
was observed at 1708 cm~?, whereas it was absent for PI-M owning
to the complete neutralization. Alternatively, an asymmetric
stretching vibration for the metal carboxylate appears at ~1580 cm™
in PI-M. PI-M and 0.1 wt% of BHT were dissolved in THF/methanol
(9:1 (v/v)), and the solution was slowly evaporated in a Teflon dish at
35 °C. Then, cast sheets (0.5 mm tick) were vacuum-dried using a
rotary pump at 35 °C for more than 2 days. The dried sample sheets
were quickly packed into an aluminum laminated package with
molecular sieves and oxygen absorbent to prevent oxidation and
moisture absorption of the samples. The package was stored in a
freezer. The sample sheets were further vacuum-dried using a rotary
pump at 35 °C for more than 3 days before measurement. Complete
drying was confirmed with no hydroxy stretching vibration at 3430
cm™ in the FT-IR spectra (Fig. S5). No weight loss from water
desorption in thermogravimetric (TG) measurements further
supports evidence of complete sample drying (Fig. S6).

2| J. Name., 2012, 00, 1-3

Measurements. Typical measurements performed in this work
have been described in our previous papers®!l. 'H-NMR and
13C-NMR measurements were conducted for samples dissolved
in CDCl;5 containing TMS as an internal standard using a 400 MHz
JEOL-ECS400 spectrometer. GPC was performed on an HLC-
8020 system (Tosoh Co., Ltd.) using THF as eluent. FT—IR spectra
were obtained using a Spectrum400 spectrometer (Perkin-
Elmer) equipped with a DTGS detector. Differential scanning
calorimetry (DSC) was performed on a DSC7020 (Sll). Samples
were loaded into aluminum pans and measured at a rate of 10
K min=! between -120 °C and 100 °C until the third heating
cycle. TG was measured from a room temperature to 500 °C at
a heating rate of 5 K min=t under N, flow on a STA200 (HITACHI).
Synchrotron small angle X-ray scattering (SAXS) measurements
were performed using the BL-6A beamline at the Photon
Factory of High Energy Accelerator Research Organization (KEK)
in Tsukuba, Japan. The irradiated X-ray has a wavelength (1) of
1.5 A. The sample sheets were further dried at 35 °Cin a vacuum
for 3 days and packed into an aluminum laminated package with
molecular sieves and oxygen absorbent. The package was
opened just before the SAXS measurement, and the sample
sheets were measured as soon as possible to prevent moisture
absorption. The rheological data were obtained by a parallel-
plate rheometer (AR-G2, TA instruments) with 8 mm diameter
plates. A temperature sweep test was performed in the range
-100°Cto 110 °C at 1 Hz and a heating rate of 3 K min~1. Pl with
M, = 96900 was used for the rheology measurement. Before
measuring the rheology, the sample sheets were further dried
at 35 °C in a vacuum for more than 3 days and set into the
rheometer as soon as possible. The set sample sheet was
additionally dried under dry nitrogen flow for more than 3 hours
to remove any absorbed moisture. Electron spin resonance
(ESR) measurements were conducted on JEOL X-band (~9 GHz)
FA100 spectrometer. The PI-Ms were spin-probed with 4-
carboxy-TEMPO at a concentration of 6 x 108 mol g*. The
sample was encapsulated into a 5 mm o.d. quartz tube and
sealed under a vacuum. The glass transition temperature of the
spin-probed sample was measured by the microwave power
saturation method that was developed by the author.?833

DFT Calculations. The interaction energy between the metal
carboxylates was calculated by the density functional theory (DFT)
method with the GAUSSIANQO9 Revision B.01 program package by
following procedures!®. Since there are numerous possible
conformations for the metal carboxylate pair, we used the
anharmonic downward distortion following (ADDF)3* calculation to
narrow down the conformations for those with lower electronic
energies. First, we applied the ADDF calculation to an isoprene model
trimer having one carboxy group. The initial geometry for the ADDF
calculation was obtained by PM63°> semi-empirical calculation. The
ADDF calculation was also performed at PM6 level with a large
anharmonic downward distortion (LADD) = 3, NLowest = 20 and
EQOnly keywords. The bond condition keyword was also adopted to
prevent covalent bonds in the given initial gecometry from breaking.
The ADDF calculation was performed in gas phase to produce 82
equilibrium geometries. The 10 lowest-energy monomer
conformations were used to build 55 initial geometries for the DFT

This journal is © The Royal Society of Chemistry 20xx
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geometry optimization of a combination of the model isoprene
trimers. The initial geometries for the DFT calculation of —
COOLi~LiIOOC—, —COONa~NaOOC-, and —COOCs~CsOOC- were
obtained by replacing the H atoms in COOH groups in the 10 lowest-
energy combinations with Li, Na, and Cs atoms, respectively. The
interaction energies of —COOLi~LiOOC—, —COONa~NaOOC-, and —
COOCs~CsO0C— were then calculated as the average interaction
energy of the 10 lowest-energy combinations. The M063¢ exchange-
correlation functional and 6-31G(d,p)3”:38 basis set were used for the
DFT calculation. The LanlL2DZ3%4! effective core potential was
adopted for the Cs atom.

DFT calculations were also used to measure the cation—rn
interaction energy between the metal carboxylate and the double
bond in the Pl segment. The multi-component artificial force induced
reaction (MC-AFIR)*? calculation with PM6 semi-empirical method
was performed with nsample = 30 and gamma = 50 kJ mol™*
keywords to obtain the initial geometries for DFT calculation. The
MO06 exchange-correlation functional, 6-31G(d,p) basis set, and
LanL2DZ effective core potential were also used for these DFT
calculations. We have checked that the M06/6-31G(d,p) + LanL2DZ
method is accurate enough for calculating the cation—n interaction
energy (see, Supplementary Information). Using these procedures,
we calculated the coordination between segmented PI-Li and Pl units
and between segmented PI-Cs and Pl units as illustrated in Fig. S7. In
the case of PI-Li, from one to four Pl units were coordinated to the
PI-Li (the coordination is denoted as PI-Li+nPI (n = 1 — 4)), while from
one to five PI units were coordinated to the PI-Cs (denoted as PI-
Cs+nPl (n = 1 —5)). As a result, we obtained 30 one-Pl-coordinated,
29 two-Pl-coordinated, 7 three-Pl-coordinated, and O four-PI-
coordinated structures for PI-Li+nPl, and 30 one-Pl-coordinated, 30
three-Pl-coordinated, 22
coordinated, and 7 five-Pl-coordinated structures for PI-Cs+nPI. The
cation—mt interaction energy of PI-M+nPl was calculated as the
average of the interaction energies of n-Pl-coordinated structures.

Results and discussion

two-Pl-coordinated, 28 four-PI-

Effect of Cations on the Structure of lonic Aggregates.

SAXS was used to investigate the morphology of the PI
ionomers. As shown in Fig. 2, experimental SAXS patterns for
the neutralized samples at room temperature show a broad
scattering peak at a scattering vector g of approximately 1.2
nm™1, where q is defined as (47/1)sin @ with 2@ as the scattering
angle. The broad scattering peak, known as the “ionomer peak,”
is caused by the interference between the ionic aggregates.
With an increase in the cation’s electron density, the peak
intensity increases. The experimental SAXS patterns were
simulated using the Yarusso—Cooper (Y—C) model.*3 This model
assumes that spherical ionic aggregates randomly arrange in
the hydrophobic polymer matrix with the closest approach
limitation. As shown in previous works, the Y-C model gives
good simulations for experimental SAXS patterns for the PI
ionomers.81! In this model, a radius of the ionic aggregate R,
the radius of the closest approach limitation between the ionic
aggregates Rcp, the sample volume per ionic aggregate V,, and
the scattering peak intensity parameter K are used as fitting
parameters. For the PI-Li, a Lorentz function was combined with
the Y—C fitting as previously treated because an upturn in the

This journal is © The Royal Society of Chemistry 20xx
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low g side overlaps the ionomer peak®!l. The R;, Rca, and V,
used for each sample are listed in Table 1. In addition, the
number density of the ionic aggregate per 1000 nm3 (ND) was
calculated from V,, and listed in Table 1.

°  Exp.
Sim.

o PI-COOH
&
f(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((.

Intensity / a. u.

Fig. 2. Experimental and simulated SAXS patterns for the
indicated samples shown as the plot and red line, respectively.
For PI-Li, simulation components for the Yarusso—Cooper
model*? and Lorentz function are shown with blue broken lines.
The blue broken lines are shifted lower to avoid overlapping.

Table 1. Summary of Y—C fitting parameters.

Sample Ri/nm Rea/nm  V,/nm3®  ND /(10 nm)-3
PI-Li 0.95 1.82 106 9.4
PI-Na 0.95 2.09 119 8.4
PI-Cs 0.96 2.21 112 8.9

The R; and ND are almost independent of the cations even
though the size of ionic groups significantly increases in the
order PI-Li < PI-Na < PI-Cs. The sizes of ionic metal carboxylate
groups for the PI-Li, PI-Na, and PI-Cs approximated from the
individual metal acetates are 87.0 x 1073, 95.2 x 1073, and 132 x
1073 nm3, respectively. Moreover, the R;s of PI-M, ~0.95 nm, are
much larger than the size of metal carboxylate groups. For
example, the average one-dimensional size of the ionic group is
0.457 nm ((95.2 x 1073 nm3)%33) for PI-Na. The difference in
these sizes clearly indicates that the ionic aggregates in PI-M are
not constructed with only ionic groups, where some polymer
segments must be included in the ionic aggregates. The
inclusion of polymer segments in the ionic aggregate has been
reported for many other ionomers, such as poly(ethylene-co-
methacrylic acid) (EMAA)**45, poly(styrene-ran-methacrylic
acid)?*®, and sulfonated polystyrene (SPS) ionomers*7-42,

J. Name., 2013, 00, 1-3 | 3
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In this work, we calculated the occupancy ratio of an ionic
group in the ionic aggregate to estimate the inclusion of
polymer segments in the ionic aggregate***2. In this method,
the number of ionic groups in an ionic aggregate is calculated
using two procedures. In the first procedure, the spherical ionic
aggregate volume calculated using R; was divided by the
volume of one ionic group (Vion), and the number of ionic groups
per aggregate N,g(R1) was determined as follows:

4
& p3
37rli’1

Nagg(Rl) = Vion (1)

In this calculation, we assumed the densities of the ionic
aggregates in the PI-Li, PI-Na, and PI-Cs are the same as those
of lithium acetate, sodium acetate, and cesium acetate,
respectively. The V,,,s for the PI-Li, PI-Na, and PI-Cs were
determined to be 87.0 x 1073, 95.2 x 1073, and 132 x 1073 nm3,
respectively, from the densities of the individual metal acetates.

In the second procedure, the number of the ionic groups per
aggregate N,g(V,) is determined using the V, and the entire
composition of ionomer as follows:

Nagg(Vp) = ¢i0annion (2)

where ¢, and n;,, are the volume fraction of the ionic group in
the ionomer and the number of ionic groups per unit volume,
respectively. The ¢, was estimated using molar mass and
densities of Pl and ionic group. The molar mass and density of
Pl are 68.1 g mol™ and 0.90 g cm™, respectively. In this
calculation, the (CH-COO-M*) unit was regarded as the ionic
group, and 64.0, 80.0, and 190 g mol~! were used for PI-Li, PI-
Na, and PI-Cs, respectively. The densities of the ionic groups
were assumed to be those of metal acetates as described
above. The nj,, was determined from the densities of metal
acetates, and the values for PI-Li, PI-Na, and PI-Cs were 11.5,
10.5, and 7.58 nm=3, respectively.

The Nygg(R1), Nagg(Vp), and occupancy ratio of the PI-M are
listed in Table 2, where the occupancy ratio is calculated by
dividing Nagg(Vp) by Nagg(R1). The N,g(R1) decreases with an
increase in the radius of alkali metal cations, whereas the
Nagg(Vp) is almost constant. An occupancy ratio of unity
indicates that the ionic aggregate includes only ionic groups.
The occupancy ratios of all samples are less than unity, meaning
some polymer segments are included in the ionic aggregate as
well as other ionomers.*44>47-4% The occupancy ratio decreases
with decreasing radius of alkali metal cations. The expected
reason for this tendency will be discussed below.

Table 2. Estimated number and occupancy ratio of ionic groups
in aggregates.

Sample Nagg(Rl) Nagg(vp) Nagg(vp)/ Nagg(Rl)
PI-Li 41 16 0.39
PI-Na 38 18 0.47
PI-Cs 28 17 0.61

4| J. Name., 2012, 00, 1-3

Effect of Cations on the Rearrangement of lonic Networks.

Fig. 3 shows the storage modulus (G’), loss modulus (G"),
and tand (G" G'1) for the samples measured at 1 Hz against
temperature. The significant decrease in the G’ at ~-60 °C is
attributed to the glass transition of the Pl matrix region. The T,
of Pl was almost unchanged by ionization. This indicates that
the PI matrix and ionic groups are strongly phase separated, and
the isolated ionic groups are limited in the matrix region.
Further, DSC measurements demonstrate similar T, values for
these samples (Fig. S8). The ionized samples exhibit a plateau
region in G’ toward high temperatures due to the formation of
ionic aggregates that act as physical crosslinks.

An additional relaxation attributed to the interaggregate
hopping motion of the ionic groups was observed for the PI-M
samples at 20 °C—70 °C.%° This motion is generally called “ion-
hopping.”?>17 In this motion, the network structure in the
ionomer rearranges because ionic groups hop between
neighboring ionic aggregates together with the linked polymer
chain segments. The ionomer’s unique viscoelastic behaviors
via transient crosslinking with the ion-hopping have been
theoretically and experimentally studied.>0->4

T T Plx T
----PI-COOH

— PI-Li 1
—PI-Na

100

50 0
T/°C

Fig. 3. Temperature dependence of (A) storage modulus (G’), (B)
loss modulus (G"), and (C) tand for the indicated samples
measured at 1 Hz. Relaxations assigned to the network

rearrangement are indicated with arrows.

This journal is © The Royal Society of Chemistry 20xx
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As shown in our previous work®19, since free carboxy groups
plasticize the ionic aggregates and weaken the restriction on the
ionic aggregates to the polymer’s segmental motion, the
relaxation temperature in the PI-Na decreases with decreasing
degree of neutralization. This mechanism was first revealed by
Tierney and Register for EMAA ionomers.!” Further, we used the
DFT method to calculate the interaction energies for the
combinations of two isoprene model trimers containing a
sodium carboxylate or a carboxy group.l® This calculation
demonstrated  that the combination between -
COONa~NaOOC- is more attractive than that between —
COONa~HOOC-. Furthermore, the relaxation temperature
assigned to ion-hopping significantly decreases with moisture
absorption because the water molecules plasticize the ionic
aggregates (Fig. S9). Therefore, we have carefully dried the
samples.

The relaxation temperature for the network rearrangement,
defined as the G” peak, for PI-Li, PI-Na, and PI-Cs were 33 °C, 38
°C, and 64 °C, respectively. Thus, the network rearrangement
with respect to ion-hopping is restricted in the order PI-Cs > PI-
Na > PI-Li. This result is somewhat contrary to other ionomers
neutralized with alkali metal cations. For example, Weiss et al.
found that the lifetime of the ion-hopping in SPS ionomers
increases with decreasing the radius of the alkali metal cations,
although the Li-neutralized ionomer exhibited a shorter lifetime
than the Na-neutralized one.>2>355 Jér6me et al. demonstrated
that ion-hopping in carboxylated telechelic PB ionomers
typically slows with decreasing ionic radius of alkali metal
cations from Cs* to Na*, but the result for Li-neutralization
largely deviates from this trend.>® These results indicate that the
ion-hopping relaxations in these ionomers are primarily
restricted by the alkali metal cations with a smaller radius even
though some exceptions of for Li* were frequently observed.
To confirm the strength of interaction between the ionic groups
with different cations, we calculated the interaction energies
for the combinations between two model isoprene trimers
containing lithium, sodium, and cesium carboxylate.’® We
calculated the average interaction energy from the 10 lowest-
energy combinations of different conformations. The obtained
average interaction energies for —COOLi~LIOOC—-, -
COONa~NaOOC—, and —COOCs~CsOOC— were -205, =184, and
-148 kJ mol?, respectively. The DFT calculation predicts that
ion-hopping should be restricted in the order PI-Li > PI-Na > PI-
Cs if the ionic aggregates consist of only ionic groups.

However, as shown in the above, the ionic aggregates in PI-
M include some Pl segments, and the inclusion of Pl segments
increases with decreasing cation size. The inclusion of PI
segments in the ionic aggregate is expected to weaken the
interactions between ionic groups due to the steric hindrance.
Moreover, the ionic aggregate would be plasticized due to
flexible Pl segments (T, ~ -60 °C). The plasticization of the ionic
aggregate is expected to be significant in the order PI-Li > PI-Na
> PI-Cs because the inclusion of Pl segment in the ionic
aggregate increases in this order (see Table 2). We speculate
that the network rearrangement with ion-hopping is enhanced
by the plasticization of the ionic aggregate via the inclusion of
the Pl segment.

This journal is © The Royal Society of Chemistry 20xx
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0.004 0.0045 0.005
T/ K

Fig. 4. Temperature dependence of saturation factor, S, for

indicated samples. T, esg Of each sample is indicated with arrow.
Each plot is vertically shifted to avoid overlapping.

To evaluate the effect of the plasticization of included PI
segments on the ionic aggregate, the T, of the ionic aggregate
was measured using the ESR spin probe method. This technique
allows us to selectively measure the T, of the ionic aggregate in
ionomers when a probe molecule that localizes in the ionic
aggregate is used. Using this technique, the Tgs of the ionic
aggregates in EMAA3!, PI,, and PDMS® ionomers were
evaluated. If there was no plasticization of Pl segments on the
ionic aggregates, the T, of the ionic aggregates would be in the
order PI-Li > PI-Na > PI-Cs because the interaction between ionic
groups increases in the same order. In fact, the T,s of
poly(sodium  acrylate), poly(potassium acrylate), and
poly(cesium acrylate) are 251 °C, 195 °C, and 174 °C,
respectively.>”

In Fig. 4, the temperature dependence of a saturation factor
(S) determined by ESR measurement is compared among the
three samples. S is a parameter proportional to the motional
correlation time of the probe molecules.?® The inflection
temperature in the plot is defined as T gsg. The T esgs for the PI-
Li, PI-Na, and PI-Cs are —-48 °C, -47 °C, and —-45 °C, respectively.
The apparent difference is only slight, however, Ty s increases
with increasing ionic radius of alkali metal cation. From this
result, we conclude that the included Pl segments plasticize the
ionic aggregate and this effect is more significant for PI-Li
because of the inclusion of more Pl segments in the ionic
aggregate.

Here, one may consider the perturbation of the probe
molecules on the measurement of T, s Of ionic aggregate. To
confirm this, we measured the T, gsg of PI-Na at lower 4-carboxy-
TEMPO concentration (4 x 1078 mol g1) and using different
probe molecule, 5DSA, at 6 x 1078 mol g (Fig. S10). Even in
these cases, the same Tgesr value, -47 °C, was obtained.
Therefore, we conclude that the perturbation of the probe
molecules on the T, s value is little.

Estimation of Cation-w Interaction Between the Alkali Metal
Cation and Double Bonds in the Pl Segment.

J. Name., 2013, 00, 1-3 | 5



Physical.Chemistry Chemical Physics

Why does the inclusion of the Pl segment in the ionic
aggregate increase with decreasing radius of the alkali metal
cation? To understand this phenomenon, we estimated the
interaction energies between Pl units and a lithium and a
cesium cation using DFT calculations. In the calculation, we
found that some PI units stably coordinate to alkali metal cation
via cation—t interaction. The detailed geometrical
arrangements for those coordinations composed of the Pl units
and counter-cation with the lowest interaction energy are
presented in Fig. S7 in the Supplementary Information. These
calculations revealed that more than four PI units cannot
coordinate to a lithium carboxylate because of its smaller cation
size. On the other hand, even five Pl units can coordinate to a
cesium carboxylate due to the larger ionic size of Cs*. In Fig. 5,
the average interaction energy per one double bond for each
coordinate is plotted against the total number of coordinated
double bonds. For both Li* and Cs*, the average interaction
energy decreases with an increase in the coordinated Pl units
because of the steric hindrance between Pl units. In any
coordination numbers, the Li* exhibits more attractive
interaction with the Pl units than the case of the Cs*. Here, the
occupancy ratios of PI-Li and PI-Cs are 0.39 and 0.64,
respectively. Therefore, the average coordinate numbers of Pl
unit to a lithium carboxylate and a cesium carboxylate in the
ionic aggregate are roughly estimated to be 1 and 0.6,
respectively, taking into account the volume of a Pl unit, ~130 x
1073 nm3. Namely, the cation—r interaction energy for the
coordination with one PI unit is important in this study; the
value for Li* is almost the double of that for Cs*. As a possible
explanation for the increase in the inclusion of Pl segment in the
ionic aggregate with decreasing the radius of alkali metal cation,
we propose that the cation—r interaction is the driving force for
that.

C Ig 0 T T T T T

ie)

' 2 =20+ *
5 —
() ©

€557 1
o om

>0 -60- —o—Li
© 95 —e—Cs
(OO

>CO _80 L 1 L 1 L 1 L 1 L 1 L
<wo 9 1 2 3 4 5 6

Number of Coordinated
Double Bonds

Fig. 5. Average interaction energies between the double bond

in the Pl segment and a lithium or a cesium cation.

Conclusions

6 | J. Name., 2012, 00, 1-3

In this study, we examined the effects of alkali metal cations,
Li*, Na*, and Cs*, on the internal structures of ionic aggregates
and ionic group dynamics in carboxylated Pl ionomers. The
alkali metal carboxylates attached to the Pl backbone formed
nanosized spherical aggregates, which acted as physical
crosslinks. Based on the Y-—C model fitted of the SAXS pattern, it
was determined that the cation radius has a negligible effect on
radius of ionic aggregate. In contrast to numerous previously
reported ionomers, the network rearrangement with
interaggregate hopping of metal carboxylates enhanced with
decreasing cation radius, despite the DFT calculation indicating
an increase in the attractive interaction between metal
carboxylate units. To examine the unexpected behavior of the
network rearrangement, we proposed the inclusion of PI
segments in the ionic aggregate. It was found that the inclusion
of Pl segments in ionic aggregates increase with a decreasing
cation radius. Notably, this tendency was the most prominent
for Li* cations. We speculated that the presence of Pl segments
with low T; would plasticize the ionic aggregates and sterically
hinder the attractive interactions between metal carboxylates.
A marginal decrease in T, values of the ionic aggregates with
decreasing cation radius was demonstrated via ESR
measurement. On the basis of the DFT calculation results, we
proposed that the cation-m interactions between double bonds
in Pl and alkali metal cations are responsible for the increased
inclusion of the Pl component in ionic aggregates. As a
conclusion, we proposed that the inclusion of the polymer
components in the ionic aggregates would lead to enhanced
network rearrangement, even though the attractive
interactions between ionic groups dominate this behavior.
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