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ammonium (Am) or imidazolium (Im) cations and tetrafluoroborate

(BF,) or bis(trifluoromethanesulfonyl)imide (TFSI) anions were

synthesized and spin coated onto gold interdigitated electrodes on silica TESIPIL
to investigate nanoconfinement effects on ion transport. The film
thickness ranged from 23 to 313 nm. A significant reduction of the in-
plane conductivity was observed in some PIL thin films with thickness
below 100 nm. Specifically, Am BE, PIL showed the largest conductivity
drop (ca. S0% difference between a 22 nm and a 261 nm film) while Im  AmTrsiPIL  AmBF, PIL | . ook
TESI PIL showed almost no change under confinement. The difference in

PIL
conductivity drop is discussed in terms of (i) differences in interfacial BU(EN sio, EAUL ois ‘ — = -

layer thickness by fitting a two-layer conductivity model and (ii) potential
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changes in glass transition temperature (T,) under confinement, which

g

were estimated using the Vogel—Fulcher—Tammann fits of bulk conductivities. Decreasing film thickness also caused the dielectric
loss peaks to shift to lower frequency, indicating that the ion diffusion process slowed under confinement.

B INTRODUCTION

Polymerized ionic liquids (PILs) are a novel class of ionic
polymers where ionic liquid (IL) moieties are covalently
attached to a polymer backbone. These materials have
excellent thermal and electrochemical stability, good ionic
conductivity, tunable mechanical properties, and a wide design
space due to the abundant choices of IL species and polymer
matrices."”” Recent works have investigated PILs as polymer
electrolytes in energy applications 1nclud1ng batteries,”*
supercapacitors™ and ionic acutators.”® However, ion trans-
port in polymer electrolytes is slower than that in small-
molecule liquid electrolytes due to the coupling with polymer
segmental dynamics.” To address this problem, various
strategies have been explored to decouple ion and segmental
motion and enhance ionic conductlwty, such as tuning the IL
species,'”"" charge placement ® polymer backbone,"*™'
and side chain chemistry.'” In this work, we are focusing on
the confinement effect on ion transport in PILs and trying to
understand the structure—conductivity relationships in PIL
thin films.

Confinement is a good strategy to modify the polymer and
ion dynamics in PILs, and numerous works have studied the
confinement on small-molecule ILs,"®>' which revealed the
importance of surface interactions and provided insight into
PIL confinement. Common methodologies include the uses of
nanostructured block copolymers, nanoporous templates, or
nanothin films.”> The block copolymer strategy typically uses a
PIL block for ion conduction and a neutral polymer block for
mechanical robustness. Segalman and co-workers™ reported a
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proton and bis(trifluoromethanesulfonyl)imide (TFSI) dual-
ion conducting polystyrene-b-PIL with a lamellar morphology
and enhanced conductivity. The enhancement was attributed
to less ion aggregation upon confinement and to changes in
chain conformations near the block copolymer interface. Ye et
al** designed a poly(methylmethacrylate)-based diblock
copolymer with tethered imidazolium cations and mobile
TESI anions, and the material showed an almost 2 orders of
magnitude increase in conductivity compared to a random
copolymer with a similar PIL composition. Subsequent work
on the same block copolymer but with bromide anions™
exhibited a well-ordered lamellar morphology and a higher
conductivity at 90% relative humidity than the PIL
homopolymer, which was attributed to ion—water confinement
effects in nanochannels. In contrast, some PIL block
copolymers have conductivity lower than the homo-PIL due
to the nonconductive block. Even after accounting for the PIL
volume fraction,”**” the normalized ionic conductivity of the
PIL block copolymer can be smaller (i.e., Gpoccpi/
Do1Ohomori, < 1) due to tortuosity of the self-assembled
morphologies. In addition, confinement can be achieved by
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Scheme 1. Synthesis of Pendant Acrylate PILs with Varying Cations (Imidazolium or Ammonium) and Anions (BF, or TFSI)
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filling cylindrical nanopores with a PIL. This was recently
demonstrated by polymerizing vinyl imidazolium (Im) TFSI
monomer in silica nanopores™ and nanoporous aluminum
oxide (AO) membranes.”” In the latter case, the confined PIL
showed higher molecular weight than the bulk-synthesized
polymer due to restricted chain motion and less termination.
The PIL conductivity was enhanced by confinement, and it
was attributed to the spatial heterogeneity of polymer
dynamics in the nanopores (i, the conductivity relaxation
is much faster at the center of the nanopores than in the bulk).
The conductivity enhancement increased with reducing pore
size, and confined PILs were able to achieve similar and even
higher conductivity than the bulk IL monomer at low
temperatures.

The thin film confinement is the focus of this study, and we
note that conductivity measurements on PIL thin films have
been demonstrated in through-plane configuration. Heres et
al.’® investigated a series of poly(1-ethyl-3-vinylimidazolium)
TESI PIL films with thickness ranging from 7.5 to 60 nm on
silica using nanostructured parallel plate electrodes, but they
needed to add an air gap between the polymer and the top
electrode to prevent a short circuit. As a result, the impedance
of air needed to be considered during analysis. The “mean ion
dynamic rate”, defined as the peak frequency in the dielectric
loss spectra, was compared among PILs with different
thicknesses and was unaffected by confinement below the
glass transition temperature but systematically decreased with
decreasing film thickness above T,. This was rationalized in
terms of the surface—polymer interaction where the negatively
charged silica surface attracted the polycation chains and
restricted ion motion above T, due to strong coupling between
mobile anions and the polymer backbone. Below T, the anion
motion dominated the measured ion dynamics and was less
affected by the film thickness. The slowdown of ion motion
under confinement was also confirmed by molecular dynamic
simulations®’ of a § nm poly(1-butyl-3-vinylimidazolium)
hexafluorophosphate (PF4) PIL thin film on quartz where the
anion hopping was much slower at the interface than in the
bulk.

The studies mentioned above are of great value for
understanding the fundamentals of ion transport in PILs and
guiding polymer electrolyte development as well as interface
engineering. Yet, the range of materials studied thus far is

limited, and most studies focused on one specific PIL
chemistry. It is an open question how changing the ionic
interaction strength and polymer dynamics affects ion
transport under confinement. To address this point, we
systematically tuned the ionic interactions by synthesizing
four PILs with different ion pairs, ammonium or imidazolium
cations with tetrafluoroborate (BF,) or TFSI anions, and
investigated their conductivity—thickness—temperature rela-
tionships using interdigitated electrodes (IDE) as an in-plane
measurement platform. IDE avoided the additional impedance
from the air gap compared to the work of Heres et al.’’ and
simplified the data analysis. We found that PIL conductivity
started to decrease when the thin film thickness was less than
100 nm. The ammonium (Am) BF, PIL showed an
approximately 50% conductivity drop while the Im TFSI PIL
showed only a 6% decrease at 100 °C. The conductivity—
confinement trend is the following: Im TFSI < Am TFSI < Im
BF, < Am BF,. The conductivity—thickness relationship was
also fit to a two-layer model, and the results suggest that the
interfacial layer thickness depends on the ionic interaction
strength. A T, increase in the PIL thin films may also occur as
thickness decreases due to stronger interactions between the
polymer and the substrate. The VFT dependence of the PILs
was analyzed, and the conductivity fragility (m.,q) was
determined. It was found that PILs with a lower m_,,4 showed
greater confinement effects on the measured conductivity.
Finally, the peaks in the dielectric loss (tan(5)) spectra of PILs
all shifted to lower frequency as film thickness decreased,
suggesting the slowdown of ion diffusion under nanoconfine-
ment.

B RESULTS AND DISCUSSION

The synthetic route of pendant PILs with an acrylate backbone
is shown in Scheme 1. To start, 3-bromo-1-propanol was first
converted into a 3-bromopropyl acrylate via a facile reaction
with acryloyl chloride. The bromine end was used to
quanternize 1-methyl imidazole or N,N-dimethylbutylamine
to form the imidazolium or ammonium cations. The Im or Am
Br IL monomer was then polymerized by reversible addition—
fragmentation chain transfer (RAFT) polymerization to
prepare Im or Am Br PILs with high molecular weight and
low polydispersity. Finally, the Br PILs were ion exchanged to
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Table 1. Summary of PIL’s Bulk T, from DSC, VFT Fit Parameters for Conductivities of the Thickest PIL Films, Conductivity
Fragility (m,,q), Slopes of VFT Curves (s) at T,/T = 0.8, and Interfacial Layer Thickness (h;,) at 100 °C Based on a Bilayer
Model
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PIL sample Ty (K) b (nm) 6, (S/cm) T, (K) Typutic — To (K) D Meond VET slope s (Ty/T = 0.8) hipe (nm)
Im TESI 260 156 0.22 222 + 4 38 42 + 04 71 £ 17 15 12 +£03
Im BE, 298 271 47 214 + 6 84 11 +1 42+ 8 18 73+ 15
Am TESI 268 313 0.14 230 + 3 38 3.8+03 70 £ 13 14 4.8 £ 04
Am BF, 306 261 12 211 + 14 95 11+3 33+ 14 16 122 + 12
102 —— 102 ———————————— ——
156
(a) Im TFSI PIL . o n:‘n’" (b) Im BF, PIL : §;1nnmm
3| = 23nm ] . 67
10 \‘\' 10%¢ o som | 3
'\Q\ = 23nm
4 _\_‘ 4 -4 | 4
. 10 N . 10
£ N £
\(7)0110-5» \\ 3 \%10-5» .
o} o}
10°F i 106k ]
107 E 107 1
10—8 L L L L L L L L L 10-8 L L L L L L AN L
242526 27 2829 3.0 31323334 24252627 2829 30 313233 34
1000/T (1/K) 1000/T (1/K)
10— —— 102 ——————————— —
© AmTESIPIL | | 700 (d) AmBF PIL 1T Seomm
- = 33nm - ® 47nm
10°%F ‘ E 10°%F = 22nm 3
10 F E 10 F E
£ £
& 10° 1 2108t ]
) )
s} o}
10°¢ 1 109} ]
107 ¢ E 107 E
o8l o v o8l o v o N
24 2526 27 28 29 3.0 3.1 3233 34 24 25 26 27 28 29 3.0 3.1 3233 34

1000/T (1/K)

1000/T (1/K)

Figure 1. Conductivity vs 1000/ T at various film thickness for (a) Im TFSI PIL, (b) Im BF, PIL, (c) Am TFSI PIL, and (d) Am BF, PIL. The solid

lines are VFT fits.

either BF, or TFSI anions using 10 equiv of NaBF, or LiTFSI
salts and dialyzing against either 1:1 (v/v) methanol—water
mixture or pure water in a dialysis bag for 5 days to remove
residue Br anions and excess salt. The conditions for ion
exchange were shown to be sufficient in prior work,”* and the
elemental analysis confirmed that the residual bromide
contents for the four PILs were < 0.7 wt % (Table S1). The
Im TFSI PIL sample with a number-average degree of
polymerization determined by nuclear magnetic resonance
(Nymr) of 290 was used from the previous study.’® The Im
BF, PIL was synthesized from a separate batch of Br PIL with
Nuumr = 110 (Figure Sla). The Am TFSI and Am BF, PILs
were converted from the same batch of Am Br PIL and have
Nuvr = 104 and 105, respectively (Figure S1b and c). The
molecular weight effect on bulk ionic conductivity is negligible
at a high degree of polymerization (N > 100).*”* However, it
is still possible that molecular weight scaling of dynamic
properties can be altered under nanoconfinement, which has
been demonstrated in neutral polymers.*®

10522

Bulk glass transition temperatures (Tg,bulk) of the four PILs
measured by differential scanning calorimetry (DSC) are
shown in Table 1 and Figure S2. The systematic increases in T,
when switching from TFSI to BF, anions and from
imidazolium to ammonium cations are consistent with
previous research.’*’

Preparing ionic polymer thin films by spin coating requires
careful choice of solvent as most polar solvents have high
boiling points (e.g.,, water, dimethylsulfoxide, dimethylforma-
mide), which are not ideal for fast solvent evaporation during
spinning. Acetonitrile was chosen in this study due to its low
boiling point, good PIL solubility, and ability to produce
smooth films (Figure S3). The PIL thin film conductivity was
collected by measuring the in-plane impedance of spin-coated
films on interdigitated gold electrodes fabricated on Si
wafers.”®*” The gold electrode array consisted of N = 160
individual electrodes each with length I = 1 mm and width w =
2 pm. The electrode spacing was d = 8 ym. The film resistance
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Figure 2. (a) Strength parameter D, (b) Tgbux — To, and (c) calculated conductivity fragility from the VFT fits as a function of film thickness for

four PILs. The error bars indicate the uncertainties from the fitting.

(R¢) was extracted by fitting the impedance spectra with an
equivalent circuit, and the ionic conductivity was calculated as

1 d
6= —— %
R; (N — D)k (1

where & is the film thickness measured by ellipsometry. The
effect of temperature on PIL thin film conductivity is shown in
Figure 1. The conductivity trends follow the Vogel—Fulcher—

Tammann equation:
DT, }
T-T @)

where o, is the high-temperature conductivity, T, is the Vogel
temperature, and D is the strength parameter. The fit
parameters for the thickest films are listed in Table 1, and
the rest of the data are listed in Table S2. We considered the
properties of the thickest PIL films the same as that of the bulk
materials, and this was confirmed using a separate batch of
PILs and measuring the thru-plane conductivities of 140 ym
thick films using two stainless-steel electrodes (Figure S4). In
addition, it has been demonstrated previously for salt-blended
polymer electrolyte films*>*’ that impedance measurements
using IDEs do produce the same measured ionic conductivity
value as bulk, parallel plate measurements when films are
sufficiently thick.

The VFT parameters are analyzed as a function of thickness
in Figure 2. It was found the D parameter slightly decreased in
both BF, PILs while the trend is less obvious in TFSI PILs.
The Ty — T values varied widely from approximately 40 to
90 K, and significant changes in Ty, — T vs thickness were
observed in BF, PILs. This is attributed to T,-confinement

o(T) = o;)oexp(—

10523

effects where the thin film T, (T hin fim) is higher than Tg builc
A detailed discussion and its correlation with the conductivity
drop under confinement are presented later. Here we also
define a conductivity fragility (m,,q) which is adopted from
the fragility defined for structural relaxation.'’

d(log ) DT,T*
Meond = ~ 377 on = P
T.)T -
d(T,/T) - (T - T,)" TIn(10) et
DT,T,
(T, — T,)’In(10) 3)

The negative sign in front of the derivative is to account for
the negative slopes of the conductivity—T,/T curves. This
fragility parameter is used to quantify the rate of conductivity
decrease with respect to the temperature drop near T,. The
fragility parameter correlates with not only the strength
parameter but also T, and T,. We found that m,q slightly
increased with decreasing thickness for the Im BF, PIL. This
suggests that the conductivity of BF, PILs decreases much
faster in thin films than in thick films as the temperature
decreases. However, no obvious trend was observed for the
other three PILs (Figure 2c). In the thickest films (i.e., bulk
state), the TFSI PILs, which have higher m_,,q showed lower
T,, which has been observed in some PILs (Table $3).*' 7% 1t
is noteworthy that this is opposite to the observed trends in
structural relaxation fragility for neutral polymers** and one set
of PILs with different pendant groups,45 where fragilities were
derived from rheology or dielectric spectroscopy. It needs to be
stressed that m_,,q reflects changes in conductivity rather than
the underlying segmental dynamics, the two of which may be
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coupled, but the segmental motion is more reflected in
structural /dynamic fragility m.*®

The effect of film thickness on PIL conductivity at 100 °C is
shown in Figure 3 where the data are normalized to the
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Figure 3. Ionic conductivity normalized to the thickest film of each
PIL vs film thickness at 100 °C. Conductivity decreased as PIL film
thickness approached 70 nm or below. The extent of conductivity
drop for the thinnest film follows the trend Im TFSI < Am TFSI < Im
BF, < Am BF,. The solid curves are fits based on the bilayer
conductivity model.

conductivity of the thickest film (>150 nm). The BF, PILs
showed large drops (30% and 52% for imidazolium and
ammonium cations, respectively) in conductivity as the film
thickness decreased to around 30 nm, while the TFSI PILs
only dropped 6% and 15%, respectively. Upon confinement, an
increasing interface to bulk ratio leads to a greater importance
of charge—surface interaction. Prior broadband dielectric
measurements on a PIL* found that the ion dynamic rate
slowed as the thickness approached 60 nm or below, and it was
attributed to the increasing role of surface interactions.
However, the extent of this interfacial effect was not quantified.
A similar phenomenon was observed in a PIL simulation work
by Yu et al,”" and in-plane mean square displacement data
showed that the anion diffusion was much slower in the first
anion layer near the quartz substrate, whether the surface was
neutral or negatively charged. Here we found that the extent of
confinement correlated with the charge interaction strength
where PILs with smaller, tighter binding ions like ammonium

cations or BF, anions were affected more than PILs with
bulkier imidazolium and TFSI ions.

To quantify the interfacial effect, we used a two-layer
conductivity model’” to fit the normalized conductivity data:

o h—hy
Obulk h

(4)

The bilayer model assumes that the interfacial layer has
negligible conductivity compared to the bulk conductivity, and
hy, is the interfacial layer thickness which is the parameter of
interest. The fits are shown in Figure 3 and reasonably capture
trends, although they are not exact due to the simplicity of the
model. The h;,, data are summarized in Table 1; h,,
systematically increased from 1 to 12 nm as the IL pair
changed from Im TFSI to Am BF,. Based on the ion binding
energy data of imidazolium ILs*” and the T, trend of the four
PILs in this work, we think the ionic interaction strength
follows the order Im TFSI < Im BF, < Am TFSI < Am BF,.
This suggested that the stronger ion pairs have stronger
interaction with a solid surface, thus resulting in greater
restriction of the anion motion.

Ionic conductivity normalized to bulk T, (i, Typu/T =
0.8) is plotted against film thickness in Figure 4a to eliminate
any difference between a fixed temperature and the PIL’s bulk
T,. The trend of conductivity decreasing under confinement is
preserved relative to the trends in Figure 3, where Am BF, PIL
showed a 42% decrease and Im TFSI PIL showed a 10%
decrease. The Im BF, and Am TFSI PILs exhibited similar
drops in conductivity (29%). The TFSI PILs have higher m,,q
values, indicating the conductivity drop when approaching T,
is much steeper than that of the BF, PILs. To directly relate
the conductivity fragility to this Ty-corrected conductivity, we
calculated the VFT curve slopes at T,/T = 0.8 (Table 1) based
on eq S:

(a)
1.0 'o/ ¢ m
-
[ ]
208 | 7/ .
o ‘4 -
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Figure 4. (a) Normalized conductivity of four PILs vs film thickness at Tebur/ T = 0.8. (b) VET fit curves of bulk conductivity vs temperature for
four PILs on a T, normalized scale, illustrating different rates of conductivity drop (i.e,, fragility) at a fixed T,/T.
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It can be seen from Figure 4b that when m,,q4 is large (ie, a
steeper slope at T,/T = 1), the curve slope far away from T,
will be small. This is the case for TFSI PILs at Tg/T =0.8. At
this temperature, the conductivity of the TFSI PILs is less
sensitive to changes in temperature or T,. When the polymer

g
T, increases with reducing thickness, the relative change

bgtween T and T, will only induce a small conductivity drop.
In short, higher m_,4 PILs will have a smaller VFT slope at T
> T, and show a smaller conductivity confinement effect.
Conversely, the larger conductivity drop in BF, PILs is due to
their smaller m,,q. The conductivity change can be further
analyzed by quantifying the differences in the T, (AT, =
Ty thin fim — Tg,bulk) with and without confinement. The VFT
equation of the bulk material was modified, and the measured
conductivity values of the thin films were used to calculate a
hypothetical thin film temperature. The difference between this
hypothetical temperature and the actual measured temperature
can be approximated as AT, The calculation procedure is
demonstrated in the Supporting Information, and the data are
plotted as a function of film thickness in Figure SS. The
estimated T, increase varied from 1 to 7 K in this study. This is
similar to or smaller than the observed T, increase in systems
with substantial material—surface interactions, such as poly-
(methyl methacrylate) thin films on silica substrates,"*’
polystyrene (PS) thin films on high interfacial energy
substrates,”® PS infiltrated into silica nanoparticle films,' and
small-molecule ionic liquids confined in alumina®* or silica®®
nanopores. It is noteworthy that in neutral polymer thin film
confinement studies, there is a competing effect between the
polymer-free surface interaction, which generally leads to a
decrease in Tg,54_58 and the attractive polymer—substrate
interaction mentioned earlier, which tends to increase T..>”*°
However, the relative strength of these two interactions is still
not clear in the ionic polymers, and an experimental study on
the T, confinement effect in PILs is needed in the future to
elucidate the polymer dynamics.

The dielectric loss (tan(5)) and the real component of the
conductivity (¢') of PIL thin films with different thicknesses
were analyzed as a function of frequency at 100 °C. The results
are shown in Figure 5 and Figure S6. The tan(5) response can
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Figure S. Dielectric loss tan(8) (solid symbols) and real conductivity
(empty symbols) vs frequency at 100 °C for Im TFSI PIL with two
different thicknesses (black, 24 nm; red, 156 nm). The solid curves
are tan(5) fits. The dash and solid straight lines are the frequencies of
electrode polarization and ion diffusion process, respectively. The
tan(5) peak shifted to lower frequency, and two characteristic
relaxation times increased with decreasing thickness.

be fit to the electrode polarization (EP) model for single ion
conductors as described in Klein et al.:®!

w7,
EP
tan 6 =

1+ a)ZTaTEP (6)

where 7pp is the time scale where ions start to accumulate and
polarize at the blocking electrode and 7, is the time scale where
ion motion becomes diffusive. In the ¢ plot, 7yp is related to
the onset of the conductivity decrease in the low-frequency
regime, and 7, corresponds to the onset of the ¢’ plateau in the
high-frequency regime. The fit results are shown in Table S2.
The tan(5) peak, as well as two relaxation times, systematically
shifted to lower frequency as the film thickness decreased. Due
to the geometric difference betweenthe IDE and the parallel
plate, the origins of these frequency shifts need to be
interpreted differently. Recalled from Klein et al,® for the
parallel plate geometry

o= G

EP c (7)
R

T =—

° o (8)

where ¢ is the ionic conductivity, egp is the polymer
permittivity with electrode polarization, and e is the
permittivity without electrode polarization. These relaxation
times are directly related to different RC constants from
equivalent circuit analysis of the impedance data, which was
demonstrated in Sharon et al."’ Briefly, in the IDE geometry

1 d Aelectrode) €EP( 1 )
Tgp = R G = | — £ ~ P
EP film ™~ int [O' (N _ 1)”’! ]( EP d o \h
)
1 d (N =Dl &r
7.=R C, =|— &, = —
c film ™~ film (6 (N _ 1)”’1)( R d ) -
(10)
where A jeciode 1S the surface area of gold electrodes, and it is a

constant. The EP time should be film thickness dependent in
the IDE configuration, and experimentally we observed that 7¢p
increased with decreasing film thickness. For the geometry-
independent 7,, we found that the decreasing conductivity
under confinement contributed to the slowdown of ion
diffusion in the polymer thin films. The increasing 7, also
supports the argument that thin film confinement results in
elevated T, in PILs since the ion motion is coupled to the
segmental dynamics to some degree.

B CONCLUSION

Four pendant PILs with the same acrylate backbone but
different IL groups were synthesized. The ion interaction was
tuned by pairing ammonium or imidazolium cations with BF,
or TFSI anions. The bulk glass transition temperature of PILs
increased as follows: Im TFSI < Am TFSI < Im BF, < Am BF,,
which is a good indicator of the binding energy of the ion
pairs.*”* Tonic polymer thin films with thickness ranging from
23 to 313 nm were prepared by spin coating onto
interdigitated gold electrodes to examine the confinement
effect on ion transport. The ionic conductivity decreased when
the PIL thickness was below 70 nm. The confinement effect
was attributed to the charge—substrate interaction and a
possible T, increase due to nanoconfinement which hinders
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ion transport. The strongest IL pair (Am BF,) showed the
most conductivity drop while the weakest IL pair (Im TFSI)
showed the least conductivity drop. The difference is possibly
due to variations in interfacial layer thickness, based on the
two-layer model fits. The extent of confinement is correlated to
the conductivity fragility m 4 from the VFT fits, where BF,
PILs with smaller conductivity fragility would experience a
sharper conductivity drop at a fixed T,/T, when the PIL T,
increases with confinement. The TFSI PILs, on the other hand,
have larger m_,4, and the conductivity drop is less intense at a
fixed Tg/ T. In addition, the dielectric loss peak shifted to lower
frequency as the film thickness decreased, indicating a
slowdown of the ion diffusion process, which is related to
conductivity and T, confinement effects in PILs.
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