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Impact of building block structure on ion transport in cyclopropenium-based polymerized ionic
liquids

Benjamin A. Paren!, Ramya Raghunathan?, Isaac J. Knudson?, Jessica L. Freyer? Luis M. Campos*?, Karen |. Winey*!

Abstract:

lon transport and morphology are studied in cationic polymers based on tris(dialkyl)aminocyclopropenium ions tethered onto
polystyrene (PS-TAC) and a Cl- counterions. To investigate how molecular structure impacts single-ion transport and physical
properties, the alkyl substituents on TAC were varied. Modifying the polarity, along with the size and flexibility of the functional
groups on TAC significantly changes the glass transition temperature. lonic conductivity of the PS-TAC with branched functional
groups is 1-2 orders of magnitude lower than more compact and bulkier moieties on polymers at their glass transition temperature,
Ty Decreasing the size of the alkyl substituents correlates with increasing ionic conductivity in the polymers with non-polar
functional groups. However, it is the geometry of the functional groups on the cation (isopropyl, ring, or linear) in PS-TAC that has
a much larger effect on conductivity than the size of the group itself. Mimicking the transport properties of ionic liquids using
polymers imbued with mechanical stability is essential for the development of robust, non-volatile electrolytes for batteries and fuel
cells. Changing a number of variables in this tunable PS-TAC system is a step towards developing soft materials design rules for
selecting solid ion supports.
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Introduction

lonic liquids (ILs) have been used for decades as a standard in
state-of-the-art batteries, but have a number of drawbacks,
including electrochemical instability, volatility, and poor
transference number2. Some of these issues may be minimized
with solid polymer electrolytes (SPEs), especially with single-
ion conductors®*. However, there are challenges with SPEs,
particularly reaching the high ion transport levels of traditional
ionic liquids. Polymerized ionic  liquids (PILs) are a class of
SPEs that are being explored as promising polymer electrolytes
as a result of not needing additional salt solutions to be added as
compared to conventional poly (ethylene oxide) based SPEs?.
Optimizing the electrochemical benefits of ILs with the enhanced
mechanical stability of a polymer backbone has the potential to
create a mechanically robust, non-volatile electrolyte for
batteries or fuel cells®.

A large body of work has been reported on imidazolium-
based PILs, with varying degrees of pendant lengths and anionic
groups.®181910-17 Recent work has examined how changing the
counterion in a polymer containing a
tris(dialkyl)aminocyclopropenium  cation tethered to a
polystyrene backbone (PS-TAC) affected the ion conductivity as
well as structure of the polymer?. That study illustrated that the
ClI- counterion system has the highest conductivity at the glass
transition temperature, T, of all the counterions examined, in
part due to its small size. The cationic PS-TAC system is tunable
and can be modified with different functional groups. This study
investigates how changing the functional group chemistry affects
the ion transport and morphology in PS-TAC polymers witha CI-
counterion. Correlating these properties in these anion-
conducting systems establishes a fundamental understanding of
how the PS-TAC cation affects the ion motion, and this is a
critical step in developing design parameters for PILs that may
serve as polyelectrolytes.

In order to investigate the influence of the molecular
structure of the building blocks, we designed a series of polymers
shown in Figure 1, having functional groups that mainly vary in
degree of branching (PS-TAC[EtOMe], PS-TAC[Bu]) and
bulkiness (PS-TAC]JiP], PS-TAC[Mo], PS-TAC[Pip], PS-
TAC[DiMePip], PS-TAC[CyHex]). We postulate that subtle

changes in the molecular structure will impact the mesoscale, and
importantly, bulk thermal and ion transport properties.

Experimental
Materials

A family of [PS-TAC][CI] polymers was prepared by a post
polymerization functionalization method, reported in the
literature?-2 starting from commercially available vinyl benzyl
chloride (see Figure S1 for reaction schematics). Vinyl benzyl
chloride on reacting with methyl amine at 45 °C results in vinyl
benzyl methyl amine, followed by protection with the tert-
butyloxycarbonyl (BOC) group. The BOC-protected monomer
was polymerized by atom transfer radical polymerization
(ATRP)?. This is followed by BOC-deprotection to unveil the
secondary amine, which is subsequently reacted with the
functionalized cyclopropenium chloride derivative® to result in
library of PS-TAC.

The polymers used in this study are shown in Figure 1.
There are five [PS-TAC][CI] polymers that vary with steric
hindrance from the size of the functional groups: isopropyl (iP),
and four ring-containing groups, morpholine (Mo), piperidine
(Pip), dimethyl piperidine (DiMePip), cyclohexyl (CyHex). The
other two PS-TAC polymers are short-branched and flexible:
ethyl oxide methyl (EtOMe), and butyl (Bu). The 'H NMR
spectra of these polymers is found in the supplemental
information, Figures S2-S8.

Sample preparation

Samples were prepared from 10-15 wt% of as-received polymer
dissolved in acetone (EtOMe, Bu) or methanol (Mo, Pip,
DiMePip, CyHex). Solutions were then drop cast onto Teflon or
steel electrodes, and left for the solvent to evaporate in air for
several hours. The films were then vacuum annealed at 120-
150°C (depending on glass transition temperature) for 12-24
hours.

PS-TAC(iP) PS-TAC(Mo) PS-TAC(Pip) PS-TAC(DiMePip) PS-TAC(CyHex) PS-TAC( ) PS-TAC(Bu)
Y =
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Figure 1. Chemical structures of the [PS-TAC][CI] systems.
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Temperature Modulated Differential Scanning Calorimetry
(TMDSC)

For all of the [PS-TAC][CI] systems, 4-10mg of as-annealed
polymer film was kept sealed in a DSC pan for testing in a TA
instruments QA 1000 differential scanning calorimeter. Samples
were heated at 10°C/min t0150°C (170°C for Mo), and cooled to
20°C (0°C for EtOMe) at 5°C/min, using a modulation rate of +/-
1°C/min . This cycle was repeated at least twice for each sample,
and the second cooling was used to determine glass transition
temperature (Tg). Heat flow plots for each of these polymers are
found in Figure S9.

X-ray scattering

Multi-angle X-ray scattering was used to determine morphology
and ion correlation distances of the [PS-TAC][CI] films. Copper
Ka X-rays (. = 1.54 A) were generated by a Nonius FR591
rotating anode source operated at 45kV and 60 mA. 2D scattering
patterns were collected with a Bruker Hi-Star multi-wire area
detector at a sample to detector distance of 11 cm (wave vector
range q = 1- 16nm™). Raw 2-D scattering data was collected for
90 minutes per sample, then was azimuthally integrated into 1-D
patterns for analysis.

Electrical Impedance Spectroscopy (EIS)

As-cast [PS-TAC][CI] films were placed on a steel electrode and
heated to 20°C above T4 (EtOMe, Bu), then a top electrode was
pressed down onto the polymer, with 100um silicon separators.
For Pip, DiMePip, CyHex, and Mo, films were cast directly onto
stainless steel electrodes, and the solvent allowed to evaporate at
room temperature, with 50-100um spacers. The sandwich of
polymer between electrodes was placed into a cryostat, and
equilibrated under vacuum at 400K (EtOMe, Bu) or 430K (Mo,
Pip, DiMePip, CyHex) for 12 hours, to ensure any remaining
solvent was removed, and maximum wetting of the polymer with
the electrode interface. The measurements were performed using
Solartron Modulab XM materials test system in the frequency
window 10* —108 Hz under an applied 0.5 V. The polymers were
measured every 5°C, upon cooling, with the initial temperature
varying depending on the polymer, dwelling for 20 minutes at
each temperature before measurement to let the polymer
equilibrate.  Measurements on some systems were also
conducted upon heating to ensure reversibility of the polymer
systems.

Impedance spectra were fit with an equivalent circuit model
(a parallel combination of a resistor and a constant phase element
in series with the high-frequency resistance) to determine the
through-plane high-frequency resistance R, which is used to

calculate the through-plane conductivity, o, = ﬁ where L is

film thickness and A is the cross sectional area. A representation
of impedance data is shown in Figure S10.
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Table 1. Van der Waals volume and glass transition
temperature of different (PS-TAC)(CI) polymers.

Functional Vyaw

Group (nm®) Duaw (nm) | Tg (K) Tg (°C)
iP 0.33 0.85 356 83

Mo 0.25 0.78 413 140
Pip 0.27 0.80 374 101
DiMePip 0.34 0.86 397 124
CyHex 0.48 0.97 401 128
EtOMe 0.36 0.88 303 30

Bu 0.39 0.91 318 45

Results and Discussion

Differential Scanning Calorimetry

Temperature modulated differential scanning calorimetry was
used to characterize the glass transition temperature of these
polymers. Changing the cation in the system results in a range of
glass transition temperatures from 303K to 413K depending on
the chemistry (Table 1, heat flow plotted in S5). In previous
work on polymerized ionic liquids, where the counterion is
modified, glass transition temperature often decreases with
increasing the size of the cation pair.*? In the [PS-TAC][CI]
polymers, the glass transition temperature varies more with the
polarity: Mo, is the most polar and has the highest Tg; bulkiness:
CyHex is the bulkiest and has the highest Ty of the non-polar
units; and branching: both EtOMe and Bu render flexibility onto
the sidechains (Figure 2). By plotting the Van der Waals VVolume
(Vvaw) of the different TAC groups as a function of Tg(with Vyaw
calculated as a sum of atomic and bond contributions), it is clear
that the size does not directly impact the thermal properties (see
Table 1 for sizes and Figure 2 for thermal properties).?>2
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The [PS-TAC][CI] systems with linear functional groups
(EtOMe and Bu) have the lowest T4 (30-45°C), due to their
flexible nature. Interestingly, the similarity of these branches to
polyethylene and poly (ethylene oxide), which have much lower
T, than a rigid polymer like polystyrene,?”?® could explain the
dramatic difference in T4 from the ring-based PILs. The steric
hindrance caused by the rigid, bulky functional groups in Mo,
Pip, DiMePip, and CyHex [PS-TAC][CI] result in the highest
glass transition temperatures (101-140°C). The oxygen atoms in
the Mo groups result in stronger dipolar interactions in Mo than
Pip, leading to the difference in Ty of 40°C between the two
systems. Without added polarity, the T4 of the ring-based PILs

4204 B
| A
400+ A A -
380+ A :
g 360+ ® k
© 340 @—ip ]
1 Mo
320+ Pip -
] AIiDiMePip =
3004 CyHex i
1 .E Bu
280 T T T T T
0.20 0.25 0.30 0.35 0.40 0.45 0.50

Van der Waals Volume (nm®)

Figure 2. Glass transition temperature vs. V,qw of the PS-

TAC polymers. The systems are separated into isopropyl

(e), ring-based (A ), and linear (m) functional groups. Data

for iP from Ref. 20.
(Pip, DiMePip, and CyHex) increases with Vyaw, which is
expected because larger functional groups would further limit
mobility of the polymer. The Tg of Pip is nearly identical to PS
(~100°C)?°, perhaps a result of the fact that it has two rings off of
the TAC cation. The glass transition of the iP system lies in
between the linear and ring-based [PS-TAC][CI] (Tg=83°C),
with the rotational freedom of the isopropyl groups allowing for
more mobility than the rigid heterocycles.

Morphology

Three main correlation peaks are present in room temperature X-
ray scattering data of the [PS-TAC][CI] polymers (Figure 3).
These peaks were fit to Lorentzian functions to determine their
positions, width, and intensity (Figure S11). The peak at ~7.5nm"
L i, represents the distance between neighboring cationic (or
anionic) groups.®%132030-32 The correlation length associated
with each peak, dy, is calculated using the equation dx=2n/gx. d;,
the distance between cationic groups, ranges from 0.71nm (iP) to
0.88nm (CyHex) in the [PS-TAC][CI] polymers.

In PILs, the polarity alternation between the polar functional
groups and nonpolar backbone leads to a nanophase separation.
The low q peak in Figure 3a (~3nm), qp, is associated with this
nanophase separation, and corresponds to the backbone-to-

10001

1001

Intensity (a.u.)
o

Figure 3. (a) X-ray scattering patterns and fits of all the
PS-TAC PILs. Data for iP from Ref. 20. (b) Schematic
representation of d, and d,.

backbone distance in the polymer melt. %2030-32 The |ength-
scale of this ordering is 2.04-2.98nm (Table S1), which is a
realistic backbone-backbone distance based on the polystyrene
backbone in [PS-TAC][CI] and size of the cations. The intensity
and breadth of this peak, which are associated with the degree of
nanophase separation, varies depending on the functional group,
with no clear trend. The combination of geometry, size, polarity,
and flexibility of the different functional groups may hinder
polar-nonpolar structural organization in some of the [PS-
TAC][CI] systems, affecting the characteristics of qp.

4

Page 4 of 9



Page 50f 9

1.00 : . . -
@—iP P
Mo P 1
0.95 R T :
DiMePip 7 ]
0.90+ CyHex e a1
' ‘ ‘
—_ u E Bu e
E 085 p ]
£ e
o e A "
0.80 . ]
0.75] 7 A ]
rd e ’ A
. [
0.70 . ; . ‘ .
070 075 080 085 090 095 100

Van der Waals Diameter (nm)

Figure 4. Comparison of calculated VDW diameter with
measured cation-cation distance. The dashed line
represents di=Dyaw.

The correlation length g., the amorphous halo, is generally
attributed to the interactions between pendant groups in PILs, but
in this case is also attributed to small-scale interactions between
the backbone polymer and cation-anion pairs.1®?° In all of the
[PS-TAC][CI] systems, ga appears relatively unchanged with
varying cation, and is nearly identical in value to neat polystyrene
(ga= 13 nm™t). Several of the PILs exhibit a fourth ordering peak,
0o, at g~5nm*. The appearance and size of this peak is variable
in the polymers and has not yet been identified in this system, but
is attributed to ordering of the functional groups on the length
scale of ~1.1nm. The presence of ordering peaks beyond qa, ¢,
and g», has been demonstrated in other PIL systems in
literature, but is not of primary interest in this study because
there is, no apparent correlation between the presence of this
peak and the ionic conductivity.
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The Vyaw of CI" is 5-10% of the size of the TAC cations
investigated,? so d; must be dominated by the cation size, with
little impact from the anion. Furthermore, because the only
variable changing between the different X-ray patterns is the
chemistry of the cation group, we interpret that the change in dj
is a direct result of the change in cation size. This is supported by
a comparison of the estimated Van der Waals (Dww) diameter to
di of each [PS-TAC][CI] systems in Figure 4. The calculation of
Dvaw from Vw is D=(6V/ 1 )¥/3 and assumes a spherical
geometry of the cation and no changes in the free volume, which
is a simplification for the anisotropic TAC cations. Although
these assumptions overestimate Dyaw, there is a clear positive
correlation between Dyaw and di. The ring-based functional
groups most closely follow the trend of di=Dvaw, and varying
behavior between types of functional groups may be due to
differences in stacking and free volume of the groups in the
amorphous matrix.

lon Conductivity

Electrical impedance spectroscopy was used to determine the
ionic conductivity (opc) of the [PS-TAC][CI] polymers (Figure
5). Because the [PS-TAC][CI] systems are single ion-conductors,
the ion transport is dominated by the anion. Realistically, as the
polymer moves, the tethered cation will contribute to the total ion
transport, but it is expected to be orders of magnitude lower than
the anion, and its contribution is ignored in this analysis.

The ionic conductivities vary significantly between [PS-
TAC][CI] systems as a function of 1/T, Figure 5a. The variation
in conductivity between the PILs at a specific temperature arises
from the significant differences in Tybetween the polymers. The
materials with lower Tgyhave the highest conductivity at a specific

34 "@—iF 4
] Mo
-4 Pip u
g A[DiMePip
— 57 CyHex
g -6+ .EBu .
) ]
= 7 1
L 4] .
D 97 ° T
S ..
-9—_ ‘A:Ac
A
-104 i
0.7 1.2 1.3

Mo Pip DiMePip CyHex

/\/\N)\

R

Figure 5. Plots of (a) DC conductivity versus inverse temperature and (b) DC conductivity versus Tg/T for the [PS-TAC][CI]

polymers. Data for iP taken from Ref. 20.
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temperature, because polymer dynamics are faster at the same
temperature in lower T4 materials and the primary mechanism for
ion transport is coupled with segmental motion.

Above Ty Vogel-Fulcher-Tamman (VFT) behavior is
observed in the conductivity, most prominently in the systems
with linear functional groups. A desirable property of a
mechanically robust electrolyte is high conductivity at and below
the glass transition, which is the region of greatest interest in this
study. Figure 5b illustrates the temperature-normalized
conductivity, where the [PS-TAC][CI] iP system has the highest
conductivity, ~10% S/cm, at T4 The ring-based cations have
conductivity within an order of magnitude below this. The linear
functional group systems (Bu and EtOMe), exhibit conductivity
of ~108-10° S/cm at T4, significantly lower conductivity than the
non-linear systems. All of the systems exhibit Arrhenius
behavior below Tg, suggesting the dominant mechanism of
transport to be CI ions hopping between cationic sites, as
opposed to the VFT mechanism of moving with segmental
dynamics.®* VFT and Arrhenius fits of the data in Figure 5 can
be found in the supporting information section (Figure S12).
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Figure 6: DC conductivity at Tg/T=1 vs. d; at 298K. The

systems are separated into isopropyl (e), ring-based (A),

and linear (m) functional groups. The highlighted region

represents the functional groups without added polarity

or linear geometry (iP, Pip, DiMePip, CyHex).

In literature, conductivity is frequently correlated with
morphology in imidazolium based PILs, with changing pendant
group length and anionic group. %618 Recent work illustrated
that increasing pendant group length with the TFSI counterion
results in an increased dp and a reduced DC conductivity.® We
are investigating how changing the cation affects conductivity
not only as dp changes, but also as di changes due to different
functional group chemistries in [PS-TAC][CI]. The ion transport
takes place when the CI- moves between cationic groups along
the same polymer chain, with an average jump distance di, as well
as hopping between cationic groups on different chains, with an
average jump distance, dy.?

The variation in the breadth and intensity of gy in Figure 3a,
as well as the peak positions, suggest no clear correlation
between d, and the ionic conductivity of the [PS-TAC][CI]

polymers. This departure from literature, where increasing dp
results in lower conductivity, is likely since dy is changing as a
function of cation geometry, size, and polarity, in the PS-TAC
systems as opposed to just the distance between the cations.

The [PS-TAC][CI] polymers containing non-polar
functional groups that strictly vary in bulkiness ([small] iP < Pip
< DiMePip < CyHex [large]) demonstrate a reduction in
conductivity as d; increases (Figure 6). For ion diffusion through
ion conductors in the glassy state, the activation energy for ion
hopping can be described by E, = “%"™en where ay, vo, and

Mion are the jump distance, oscillation frequency, and mass of the
_Ea

anion, respectively.?>%3 Since oy = g,e®T in the Arrhenius

regime, it is expected that the conductivity would increase as the

jump distance, in this case d;, decreases, which is the case with

these [PS-TAC][CI] systems. The activation energy for ion

hopping of these polymers is found in Table S2.

The most significant impact on the conductivity is not the
size of the functional group, but rather the geometry and polarity
of the cations, which may explain why Mo, EtOMe, and Bu
diverge from the trend exhibited by the other systems. iP (with
isopropyl geometry) has the highest conductivity, and the ring-
based PS-TACs are all 0.5-1 orders of magnitude lower. The
branching of the Bu and EtOMe functional groups may result in
reduced free volume compared to iP and the ring-based polymers
when the chains are less mobile below the glass transition
temperature. The reduction in free volume could limit the
mobility of ClI-, leading to a conductivity at the glass transition
temperature 1-2 orders of magnitude lower than the isopropyl
and ring geometries.

Furthermore, conductivity may also be reduced by added
polarity to the functional group, caused by the presence of
oxygen that leads to stronger dipoles. These dipoles can add to
the energy barrier for hoping between cationic sites. This
phenomenon is evident between the Mo and Pip systems, in
which Mo cations are closer together, but exhibit lower
conductivity than Pip. Similarly, the conductivity of EtOMe is
half an order of magnitude lower than Bu, even though EtOMe
has closer cation centers, which could be a function of geometry,
but also of the dipoles introduced by the oxygen in the functional
group.

The limited change in conductivity with the functional group
chemistry in PS-TAC could be a consequence of the
cyclopropenium cation’s extreme bulkiness. This can hinder the
mobility of the polymer to rearrange itself in such a way to favor
ion transport. Large functional groups may block the ion from
interacting with cationic charge centers. While the charge itself
is delocalized, functional groups that are too large may present
physical barriers for the anionic charge to dissociate from one
cation and move to the next.

Although the presence and position of a backbone-backbone
peak do not appear to correlate with DC conductivity in the [PS-
TAC][CI] polymers, the report of this correlation in the
imidazolium bromide polymer system, as well as the existence of
the correlation with cation-cation distance with conductivity in
the PS-TAC systems, suggest further ways to tune PIL systems.

6
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Whether that is by functionalizing the cationic groups in the
imidazolium bromide system or changing the pendant group
length in the PS-TAC system, there are endless possibilities to
tune PILs that may result in higher conductivities with
mechanically stable polymer systems.

Conclusion

A set of [PS-TAC][CI] polymerized ionic liquids with different
functional groups on the cation were synthesized via a post
polymerization functionalization method. The functional groups
varied in size, polarity, and geometry. Solid polymer films were
produced from these PILs and characterized with differential
scanning calorimetry, X-ray scattering, and electrical impedance
spectroscopy to examine the effects of morphology and
chemistry of the functional groups on ionic conductivity. The
PILs exhibited glass transition temperatures from 303-413K
depending on the functional group, and all demonstrated
Arrhenius ion transport behavior below Tg. There was significant
variation in the morphology of the PILs, particularly regarding
the degree of nanophase ordering. The distance between cationic
centers was dominated by the cation, due to the large size
difference with the chloride anion. There was a slight reduction
in conductivity with increasing cation size for the PS-TACs with
nonpolar, non-linear functional groups, but the most significant
changes in conductivity were a result of geometry, with the
isopropyl and ring functional groups having conductivity 1-2
orders of magnitude higher than the linear systems. Overall, we
examined a variety of functional group geometries, sizes, and
polarities with the PS-TAC system, but the bulky TAC cation
appeared to limit the conductivity that could be reached in these
polymers. Changing a number of variables in this tunable PS-
TAC system provides insights toward developing fundamental
design rules for highly conductive polymer electrolytes based on
PILs.
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Cation geometry, size, and polarity all contribute to conductivity in PS-TAC PILs, with highest
conductivity from the isopropyl cation geometry.



