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ABSTRACT: Mixture of ionic liquid, 1,3-dimethylimidazolium 2-methoxy(2-ethoxy(2-ethoxy(2-ethoxy)))ethylphosphite
([DMIm][MPEGP]), and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), which forms an ionic liquid crystal with a superior
ionic conductivity, evolves a smectic structure through ion-ion interactions as a function of LiTFSI concentration. Nuclear
magnetic resonance (NMR) spectroscopy and pulsed field gradient (PFG) NMR examinations showed that the morphology of the
structures and the strength of ion-ion interactions are closely related to the ratio of Li*/[MPEGP] . The results revealed structures
composed of Lit : [MPEGP]-: TFSI- (= 3 : 4 : 1) mainly by the Coulombic interactions between Li* cations and phosphite head
groups in [MPEGP]- anions. NMR diffraction on PFG-echo profiles revealed a cluster size of ~ 2 um, inversely proportional to the
number of mobile [MPEGP]- anions, and an ion diffusion on the cluster surfaces that is 1000 times faster than that in the bulk
liquid. These observations suggest that the superior ionic conductivity in the mixture is mainly due to the fast ion transport on
the cluster surfaces of smectic ionic liquid crystals. The variations of diffusion ratios between mobile Li*, TFSI-, [DMIm]*, and
[MPEGP]-ions indicate that these mobile ions remaining in the voids of structures preserve the bulk ionic liquid properties.

INTRODUCTION thgse mixtures form' a smectic ionic l1qu'1d crystal structure
with a layer spacing of 4.36 nm with superior ionic

o conductivity (o) over neat [DMIm][MPEGP] when the molar
Room temperature ionic liquids (RTILs) are well known for ratio of LITFSI/ [DMIm][MPEGP] > 0.4.

their unique properties such as ignorable volatility, non-
flammability, superior chemical and thermal stability, wide
electrochemical window, and high ionic conductivity.*> These
properties can be controlled through modification of
cation/anion structures or by pore confinement, resulting in
host-guest interactions, or in both ways.3#4 These designable
properties have been found useful for various potential
applications including as green solvents, electrolytes for
electrochemical devices such as batteries, fuel cells and
supercapacitors, biosensors, and drug release systems.’>¢ In
cases where RTILs act as the solvents for electrolytes in
electrochemical devices, they should have large active ion
transference numbers with minimum degradation during
repetitive charge/discharge processes. To obtain the required
properties, ILs can be easily modified.7°

Our studies also suggested that the structure formation is due
to the Coulombic interactions between dissolved Li* cations
and oxygen atoms in the center of [MPEGP]- anions. This
structure formation mechanism is quite different from that of
the polyethylene oxide-based polymer electrolytes, which
form additional structures from the interactions of Li* cations
with the oxygen atoms on the polyethylene oxide chains,3'
by reducing self-aggregation in the pyrrolidinium-based IL*
and diminishing Li*-solvent interactions in the LiPF;
dissolved organic solvent.”” Moreover, these mixtures showed
minima on the pulsed-field-gradient (PFG) echo profiles in
the PFG-NMR examination, which is referred to as ‘NMR
diffraction’ due to the structure formations.’34

In this work, the evolution of structures and ion-ion/ion-
solvent interactions in mixtures of [DMIm][MPEGP] and
LiTFSI were systematically studied using NMR spectroscopic
techniques. The samples were prepared by mixing
[DMIm][MPEGP] and LiTFSI with variation of relative
concentrations (o = x < 3, where x is the molar ratio of
LiTFSI/[DMIm][MPEGP]). The NMR diffraction behavior in
PFG-NMR examination of the mixtures and their resulting
macroscopic properties, such as the ionic conductivity (o),
were also investigated.

Recently, we have reported the facilitated ion transport
phenomena in  mixtures of ionic liquid  (1,3-
dimethylimidazolium 2-methoxy(z-ethoxy(2-ethoxy(2-
ethoxy)))ethylphosphite, [DMIm][MPEGP]) and lithium
bis(trifluoromethanesulfonyl)imide  (LiTFSI)." In those
mixtures, the diffusion of ions on the surfaces of cluster is
faster by three orders of magnitude compared to the bulk
system. This is quite different behavior than that of the Li*
cation diffusion in polymer electrolytes containing LiTFSI,
which showed similar ion transport properties between the
ions in the bulk and on the cluster surfaces.>4 In addition,
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Scheme 1. Chemical structure of [DMIm][MPEGP].
The numerals label the proton resonances.
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EXPERIMENTAL

Samples Preparation. The ionic mixtures were prepared
according to a previously reported procedure." In a typical
experiment, the proper amount of LiTFSI was dissolved in a
[DMIm][MPEGP] mixture. The lithium salt contents were
varied between x = 0 and x = 3.0, where x is the molar ratio of
components (moles of LiTFSI/moles of [DMIm][MPEGP]).
The mixtures were placed into NMR tubes and dried at 100 °C
for 48 h under vacuum and then sealed prior to running the
NMR experiments.

Impedance Analysis. The ionic conductivity of each of the
ionic mixtures was measured using a complex impedance
analyzer (Bio-Logics, VMP3) over frequencies ranging from
100 MHz to 1 MHz at an AC amplitude of 10 mV. The real value
of the impedance at the minimum of the imaginary part was
taken as the resistance of ionic mixtures. The ionic

d
conductivities were calculated as ¢ = 3, where R is the
resistance, d is the sample thickness, and A is the electrode
surface area.

SAXS Examinations. Synchrotron SAXS experiments were
carried out on the 4C1 SAXS beamline at the Pohang Light
Source, Republic of Korea. The wavelength of the
monochromatic X-ray beams was 0.6754 A and the distance
between sample and detector was 2 meters.

NMR and PFG-NMR Examinations. For the range of samples
(x = 0-3, where x is the molar ratio of LiTFSI to
[DMIm][MPEGP] (see Figure S1 in Supporting Information,
SI)), the 7Li, 9F, 'H, and 3'P NMR spectra were obtained at 293
K. Diffusion coefficients (D) of Li*, TFSI5, [DMIm]*, and
[MPEGP]_ iOIlS, denoted as DLiy DTFSIy D[DMIm]; and D[MPEGP];
respectively, were determined within the range of 293-353 K.
All NMR spectra were obtained using a single pulse excitation

with 9o° pulse lengths of 12, 5.5, and 7 ps for 7Li, 'H, and 9F,
respectively. The 7Li, ¥F, '"H PFG-NMR examinations were
performed with a bipolar gradient stimulated echo (Dbppste,
a vender supplied pulse sequence in VNMR], Agilent, USA).
The diffusion coefficients of [DMIm]* cation and [MPEGP]-
anion were simultaneously measured using 'H PFG-NMR
from the 'H resonances of [DMIm]* cation, H(2), and the
polyether chains of [MPEGP]-, H(a), respectively (Scheme 1).
The number of mobile ions for Li*, [DMIm]*, [MPEGP]-, and
TFSI- ions were estimated from the intensities of 7Li, 'H, 3'P,
and YF peaks, respectively, as a function of x because of the
invisibility of immobile ions in the liquid-state NMR spectra.®
All NMR examinations were performed on a 600 MHz NMR
spectrometer (Agilent Technology, USA) equipped with a 5
mm z-gradient probe (Doty Scientific, USA) with a maximum
gradient strength of ~31 T m™. The PFG-echo profiles were
recorded as a function of gradient strength (g) and fitted with
the Stejskal-Tanner equation:9

S(g) = S(0) exp[-D(ygo)*(A - 6/3)] @

where S(g) and S(o) are the echo heights at the gradient
strengths of g and o, D is the diffusion coefficient, y is the
gyromagnetic ratios of 7Li, 'H, or 9F, A is the diffusion delay,
which is the time interval between the two pairs of bipolar
pulse gradients, and § is the gradient length.>° The gradient
strength was varied with 15 equal steps and the maximum
gradient strengths (in the range of 0.4 - 25 T m™) were chosen
accordingly to observe a full decay of echo. The gradient
durations § were 2 - 4 ms. The diffusion delay A varied from
20 to 40 ms for 7Li and '"H PFG-NMR and was constant at 4 ms
for all F PFG-NMR. The apparent diffusion coefficients
obtained preliminary as a function of A indicated that the
diffusion coefficients measured with the above A values all
represent motion in the steady-state diffusion regime.4

RESULTS AND DISCUSSION

Origin of Structures. Phase structures of the ionic mixtures
prepared by mixing the anion functionalized ionic liquid of
[DMIm][MPEGP] with lithium salt were investigated using
photography (Figure S1) and SAXS (Figure S3) techniques.
The observed structures have been illustrated in our previous
report (Figure S4)." In SAXS examinations, completely
featureless patterns in the range of o < x < 0.3 were observed,
indicating that the structural order does not result from the
self-assembly of the neat ionic liquid. The prepared mixtures
were transparent liquids in this range of 0 < x < 0.3 (Figure S1).
Remarkably, when the lithium salt content was increased (0.4
< x <1), the ionic mixtures became opaque and gave rise to a
smectic liquid crystal phase with layer-by-layer positional
order in the gel state. In this range of molar ratio, the mixture
behaved like a cloudy gel, not a liquid. Upon increasing the
lithium content, the structural order reached a maximum at x
= 0.8 and was steadily reduced when the content of lithium
salt was increased. Meanwhile, in systems with excess lithium
salt content (1 = x), the mesostructures converted into weakly
segregated structures and behaved like highly viscous turbid
liquids. To evaluate the structure evolution in the mixtures of
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LiTFSI and [DMIm][MPEGP], the variations of the number of
mobile ions were monitored as a function of x.

Based on the similar decrement of 3P peak intensity and
H(a)/H(2) (= number of mobile [MPEGP]-/number of mobile
[DMIm]* ratio in 'H NMR spectra (Figure S2)," it is assumed
that [DMIm]* cations do not directly contribute to the
structure formation. If there was a contribution of [DMIm]*
cations to the structure formation the ratio H(a)/H(2) should
be larger than the 3P peak intensity owing to the loss of H(2)
intensity due to the existence of immobile [DMIm]* cations.
Then, as shown in Figure 1a, the numbers of mobile [DMIm]*
cations were almost the same for all samples. This observation
strongly suggests that the head group of [MPEGP]- anions is
directly related to the structure formation. Both the number
of Li* cations and [MPEGP]- anions changed abruptly at x =
0.3 and 0.8 with a minimum at x = 0.8. This result clearly
indicates that the structure is mainly composed of Li* cations
and [MPEGP]- anions and almost all available Li* cations and
[MPEGP]- anions are participating in the structure formation
at x = 0.8. The samples with x = 0.5 and 0.6 showed that all Li*
cations participate in the structure formation process;

however, mobile [MPEGP]- anions still exist. These
observations strongly suggest that the clusters are composed
of ions with a certain stoichiometry. The number of mobile

TFSI- anions at x > 0.4 (Figure 1a) slightly decreased,

suggesting that certain amounts of TFSI~ anions participate in
the structure formation as well. As LiTFSI content in the
mixture increased further from x = 0.8, the number of mobile
Li* ions increased; here, however, [MPEGP]- anion remained
the same. This behavior is probably due to the excess of LiTFSI
after consuming available mobile [MPEGP]- anions. From the
discontinuities at x = 0.3 and 0.8, we have assigned the
mixtures to the three different morphological phases in our

previous report: I) localized (short distance) interaction at o <

x £ 0.3, II) global structure formation at 0.3 < x < 1, III) LiTFSI
excess at 1 < x, which are in very good agreement with the
morphological changes in the mixtures (Figure Si1) and
nanoscale information from the SAXS results (Figures S3).
Similar Li salt effects on morphological variation were
observed in N-butyl-N-methyl-pyrrolidinium
bis(trifluoromethanesulfonyl)imide, [BMP][TFSI], exhibiting
crystallization at molar ratio of o0.377 for LiTFSI to
[BMP][TFSI].22 The above observations indicate that the
structure with a specific stoichiometry forms mainly through
the interaction between Li* cations and the head group of
[MPEGP]- anions.

To elucidate the origin of the structure formation, the
interaction between Li* cations and [MPEGP]- anions were
studied through comparing 3P NMR chemical shift (§) and P-
H coupling constant (Jpu) (Figure 2a), which are proportional
to the electrostatic interaction between Li* cations and
[MPEGP]- anions.>> The multiple resonances of a, b*, and b*"
(Figure 2a) suggest that the ion distributions around

[MPEGP]- anions became more heterogeneous at x > 0.4. The
3P NMR spectra showed that as LiTFSI concentration
increased, the Jpy values gradually increased with a downfield
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shift of § (Figure 3). This behavior is due to the enhancement
of electrostatic interaction between Li* cations and [MPEGP]-
anions.” In the range of o < x < 0.3, the peak b' gradually
shifted downfield with increasing Jpy because the interactions
between Li* and [MPEGP]- were restricted within a short
distance range (Figure S1). However, in the samples of x = 0.5
and 0.6, two additional doublets (a and b'") were exhibited
and the §(3'P) and Jpy; of the peak a increased also. Meanwhile,
Jpu of the peak b*" increased while its §(3'P) shifted to more
upfield than pure IL. This observation may be due to the
varied solvation structure of Li* cation according to the
numbers of mobile Li*, TFSI- and [MPEGP]- ions.22 To
understand this behavior, DFT calculations were performed
on Li* cation solvation clusters with varied numbers of TFSI-
and [MPEGP]- anions (Figure Ss). The Jpy values in all
examined compositions increased by the addition of LiTFSI to
pure [DMIm][MPEGP]. Although the Li* solvation shell with
more [MPEGP]- than Li* and TFSI- exhibited downfield
shifted §(3'P), the compositions with ratios of Li*: [MPEGP]-:
TFSI-=1:1:1and 1:1: 3 showed upfield shifted §(3P) as
observed from peak b*'. Thus, it can be concluded that the
peak b'" is related to Li* cation solvation structures with a
lack of mobile [MPEGP]- anions. It also could be suggested
that the peak a was closely related to [MPEGP]- anions
distributed in the vicinity of the smectic ionic liquid crystals
surfaces because it appeared only after the formation of
structures (x > 0.5).

ol . :
g (a) = Total -
o 2k it . = [DMIm]*
s = [MPEG]
“— . o
‘_g 1tono ] . o L' "
g e ° o TFSI .
o . M -10
0 +4-¢ ¥ t f f + 10
o —
o (b) = D 2
o . [DMim] o 10" g
" ] o D =
. [MPEG] a
H s .
0 do * D, . Jqom
° DTFSI
-2.0 } } } } } } 107
E 241 R (C) ®  Omea
(;\; 281 . LY. * o,
T B2e, Liee 4 .
o 36L°°
o
-4.0F .
-4.4 — +
F (d) 1.0
40.8
. [=}
. ° los &,
£
i 04 ©
.
¢ {02
.

0.0 0.5 1.0 1.5 20 25 3.0

LiTFSI/[DMIm][MPEGP] molar ratio (x)

Figure 1. (a) Relative ion populations estimated from
intensities of 'H, 3P, 7Li, and “F NMR peaks, (b) diffusion
coefficients of mobile ions, (c¢) ionic conductivity values
measured using impedance spectroscopy (oye,) and diffusion
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coefficients (op), and (d) the degree of cation-anion
dissociation (omea/0p) in the mixtures of [DMIm][MPEG] and
LiTFSI as a function of the LiTFSI content of x. All
measurements were performed at 293 K.

The 3P NMR spectrum of the x = 0.8 sample only showed a
small peak a because of the strong interactions between Li*
cations and [MPEGP]- anions. In addition, the 7Li NMR
spectrum of the x = 0.8 sample exhibited an additional broad
component similar to the solid-state Li ion conductors and
electrolytes?324 implying that the mobile Li* cations were also
strongly bound to the clusters. Interestingly, the peak
intensity of a slightly increased and the peak b* reappeared in
the mixture with x = 1.0. This might be due to the presence of
excess LiTFSI because the mobile [MPEGP]- and TFSI- anions
could share Li* cations similar to x = 0.5 and 0.6 samples. For
the x = 3 sample, both 7Li and 3P NMR peaks became broad
mainly due to the lower mobility of ions due to the existing
excess LiTFSI as well as the structural diversity. Sensitive
variations in §(3P) and Jpy were also observed due to the
changing composition of mobile species as a function of the
addition of LiTFSI.
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Figure 2. (a) 3P and (b) 7Li NMR spectra of [DMIm][MPEGP]
mixed with LiTFSI obtained at 293 K as a function of LiTFSI
content. The dashed lines guide the right peaks of each
doublet.
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Figure 3. LiTFSI content dependence of Jpy and chemical shift
of the left peaks for three doublets of a (triangles), b* (circles),
and b** (diamonds). The lines are guides for the eye.

Diffusional Motion of Mobile Ions. Diffusion coefficients of
each ions (Dy;, Drrst, Dipmim), @and Dpuprge)) for the mixtures
were determined as a function of the amount of LiTFSI.
However, it was not possible to measure the Dj; at x = 0.8
using 7Li PFG-NMR due to short 7Li relaxation times (T, and
T,) resulting from a strong interaction of Li* cation with the
clusters. Therefore, it was assumed to be similar to Dj; in

4
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solid-state Li electrolytes®24 based on the 7Li NMR line shape.
The D values obtained at 293 and 353 K, presented in Figures
1b and 4, respectively, varied complicatedly with LiTFSI
content as a consequence of structure formation, ion-
ion/ion-cluster interactions and the different number of
mobile ions. Therefore, the diffusion ratio between the
constituent ions also varied because the strength of
interaction between ion-ion and ion-cluster changed by
temperature and the composition of mobile ions.

As shown in Figure 1a and 1b, the ion diffusion coefficients are
globally inversely proportional to the total number of mobile
ions, except for the range of 0.4 < x <1, agreeing well with the
previous report.>> Noticeably, the diffusion coefficients
obtained in the range of 0.4 < x <1 were 2 - 4 times faster than
that of neat [DMIm][MPEGP] (x = o) at 293 K as a
consequence of structure formation. Similar enhancement of
D and o were observed from the polymer electrolytes doped
with LiTFSI due to the improved flexibility of polymer
chains.>>7 Based on the Stokes-Einstein formula of D =
kgT/6mnrs*® (where kg is Boltzmann constant, T is absolute
temperature, 1 is solution viscosity, and ry is the
hydrodynamic radius of diffusing molecules), the strength of
interactions of the observed ions to the other constituents was
estimated. In the x = 0.1 sample, Dipmim], Drrsi;, and Dimpecp
were found similar to those obtained from neat ILs,
[DMIm][TFSI] and [DMIm][MPEGP], indicating that small
amounts of LiTFSI weakly affected the properties of the
mixtures (Figure 4). Generally, the ions diffuse slower in the
mixture than in the pure ILs due to the high viscosity
attributed to increased ion-ion interactions. Usually, in
mixtures of Li salt and an ionic liquid, Dy; has the smallest
value among the constituents and decreases with the increase
of Li salt content.?>293° When LiTFSI content was increased in
the LiTFSI/[DMIm][MPEGP] mixtures, the diffusion
coefficients globally reduced from x = o to 0.3. Similarly, the
ion diffusion in the LiTFSI/[BMP][TFSI] mixtures showed a
gradual decrease of diffusion coefficient until the molar ratios
of LiTFSI/[BMP][TFSI] reached x = o0.377, where
crystallization occurred with a sudden ion conductivity loss.*
However, examinations of LiTFSI/[DMIm][MPEGP] mixtures
showed faster diffusion after gelation (at x > 0.3) at a lower
temperature (293 K) and the diffusion was reduced again at x
>0.8.

Diffusion of Li*, which was the slowest at x < 0.3, became also
fast after gelation at temperatures of 293 K (Figure 1b) and 353
K (Figure 4). These observations indicate that Li* ion diffusion
is facilitated by the formation of structures. Although, the
relative diffusion coefficients can be varied due to the
different interactions between the constituent ions, the chain
flexibility can also influence the diffusion of ions. For example,
Li* diffusion became faster relative to anion diffusion after
introducing an ether group into the imidazolium cation in
imidazolium-based ILs" suggesting that the chain flexibility
is closely related to ion diffusion. Cheng et al3' reported 23
orders of anisotropy in ion conduction with respect to crystal
orientation and values for Dj; were observed to always be
smaller than the other D values at elevated temperatures on
the surfaces of the crystallized polymer electrolyte. These
observations also indicate that both the interactions among

The Journal of Physical Chemistry

the mobile ions and the interactions of each ion with the
cluster surfaces must be considered for understanding the
migration of mobile ions in these mixtures. Interestingly, the
D values obtained at x = 0.6 showed that Dy; and Dyypgcp; are
similar and slowest among all the ions at both temperatures
of 293 and 353 K. The ratio of [MPEGP]-/Li* = 2.8 (Figure S6)
was also found very close to that of [MPEGP]-/Li*= 3 atx = 0.3
which showed complete ion dissociation (6ye./ op =1in Figure
1d, as will be discussed below). This result suggests that
almost all Li* cations and [MPEGP]- anions strongly interact
with each other in the sample of x=0.6.

In the samples with x = 1, all diffusion coefficients gradually
decreased as LiTFSI content increased, probably due to the
presence of excess LiTFSI (Figure 1a). According to the
diffusion free-space model, ion diffusion depends on the
interactions among the constituents and the available free
space in the lower and higher concentration samples,
respectively.?> Therefore, the slower diffusion at higher
concentration may be due to the lack of free space for the
migration of ions resulting from over doping with LiTFSI.
Similarly, the total number of mobile ions in the voids of
structures is globally inversely proportional to the diffusion
coefficients of ions, as shown in Figure 1a and 1b. However, the
diffusion of ions in the samples with x = 0.4 and 0.5 at 293 K
was faster than the diffusion in the liquid state (o < x < 0.3).
This result implies that the translational motion of mobile
ions in the samples in the range of 0.4 < x <1is closely related
to the interactions of ions to the cluster surfaces.3

T H T ‘ T T T T T
353 K
| = [DMIm]"
10 -EE o . - ['\./IPEGP]V g
oo oo H ; e Li
hm O @ o TFSI
— H g
R : H
E 5 i
Q ° E] H ]
10" k . . m
o 1
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1042 1 1 l 1 1 1 1 1
0.0 0.5 1.0 15 2.0 25 3.0 3.5

LiTFSI/[DMIm][MPEGP] molar ratio (x)

Figure 4. Variations of diffusion coefficients of [DMIm]*,
[MPEGP], Li*, and TFSI- at various relative LiTFSI contents at
353 K. Values of Dipmim] (crossed square) and Drpg (crossed
circle) for pure [DMIm][TFSI] were obtained from Ref. 33 and
plotted at x = 0. The dotted lines are guides for the eye.

LiTFSI Dissociation (Phase I 0 < x < 0.3). To gain insight into
the evolution of ion-ion interactions, the ionic conductivity
(0mea) was measured using impedance spectroscopy
technique and compared with values calculated from ionic
conductivity obtained from diffusion coefficients (op) using
the Nernst-Einstein formula (eq 2).
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2
e
op (§/cm) = Tpr (MimobileDLi + NrEsimobiteDrrst +

NpMim)mobileD[pMIm] + N[MPEGP,mobiteD[MPEGP)) (2)

The number of ions in the unit volume of Vi, (ny,mobile) can be
obtained as (Na-xywmr)/Vm, where xywr is the ion
concentration determined from the NMR peak intensities
(Figure 1a), y can be Li*, TFSI-, [DMIm]*, or [MPEGP]-, N4 is
Avogadro's number, and V,, is the molar volume of ions. In
principle, op = Ope, in all cases due to the assumption of
complete (100%) ion dissociation in the calculation of op.
Therefore, the ratio of 6mea/0p (= &) can be used to estimate
the degree of ion dissociation and o = 1 corresponds to
complete ion dissociation. For this calculation, it was assumed
that Dy; =1x 107 m?s™ at x = 0.8 using the data obtained from
the solid-state Li electrolyte at ~200 K,># which showed a
similar 7Li NMR line shape as the sample of x = 0.8.

Unexpectedly, the value of 6, (Figure 1c) when x = 0.8, which
is thought to be the condition for maximum structure
formation, exhibited the largest value among the measured
samples including neat IL. The value of a = 0.58 for pure
[DMIm][MPEGP] is in good agreement with o = 0.5 - 0.8
which was obtained from the ionic liquids composed of one
type of cation and anion. Usually, LiTFSI dissolved in organic
solvents, ionic liquids, or poly(ethylene oxide) provide o <
0.53+3% 0.5 < a < 0.82"3 or o = 0.8,%7 respectively. The
electrolytes ~ composed  of  poly(ethylene  glycol)
dimethacrylate/LiBF¢*® and glyme/LiTFSI3® also showed
varied o values as a function of LiTFSI content with the
maxima at O-/Li* ratios of 4 - 5. This is because there is
sufficient number of oxygens for complete dissociation of Li*
cations which exists as a Li cluster of [Li(TFSI),,..]™ with a
maximum value of m+1 = 4.2 Similarly, the « value in these
mixtures, as shown in Figure 1d, varied with LiTFSI content
with a maximum value of a = 1 at x = 0.3 in which the number
ratio of mobile ions (Opmpgcp/Li*) = 3. The diffusion ratio of
Dyi/Divpecp) = 1at X = 0.3 (see Figure 1b) also strongly suggests
that all [MPEGP]- anions are bound to dissolved Li* cations
within a Li*~[MPEGP]- cluster. Therefore, it could be
concluded that the LiTFSI cluster, [Li(TFSI),,..]J™ with the
maximum value of m+1 = 4, changed to [Li[MPEGP];(TFSI),]>-
as shown by DFT calculations* (Figure S5 in Supporting
Information). Moreover, the [Li[MPEGP],(TFSI),]>- cluster
formation is in agreement with the trend of the variation of
oxygen coordination number due to the presence of multiple
oxygen sources in the mixtures.’>37 For example, the numbers
of oxygen atoms surrounding a Li* cation are ~2.5 and ~1.8
from the fluorosulfonimide anion and the polymer plasticizer,
respectively, when a polymer plasticizer is added to a
fluorosulfonimide-based polyether ionic melt.3” The ternary
mixed polymer electrolyte of low molecular weight
poly(ethylene oxide) (PEO), LiTFSI, and N-methyl-N-
propylpyrrolidinium bis(trifluoromethanesulfonyl)imide
([PYR,][TFSI]) also showed the oxygen coordination number
as 4 ~ 5 using a PEO molecule containing 2 ~ 3 oxygen atoms
indicating that two PEO molecules are involved in the
formation of clusters.’s

Structure Formation and Ion Association in Clusters (Phase II:
0.3 < x < 1). As LiTFSI content in the mixture is increased
further beyond x = 0.3, the number of mobile Li* cations
abruptly reduced for the cluster formation. This observation
suggests that the clusters contain more Li* cations within a
unit cluster relative to the Li*-solvation cluster of
[Li[MPEGP],(TFSI),]3- at x = 0.3. The relative numbers of
[MPEGP]- and TFSI- anions to Li* cations among mobile ions
became larger at x = 0.4 and 0.5 than those at x = 0.3 (Figure
S6). This may be the reason for the enhancement of ion
association between Li* cations and anions (TFSI- and
[MPEGP]") similar to other ionic liquids mixed with LiTFSI.»

When [MPEGP]- and TFSI- anions are both present, they
compete with each other to interact with [DMIm]* cations
due to the lack of available Li* cations. This complicated ion-
ion interaction results in the additional peaks in the 3P NMR
spectra (Figure 2a). By increasing the amount of LiTFSI
beyond x = 0.5, the number of mobile Li* cations and
[MPEGP]- anions (Figure 2a) and the relative numbers of
mobile [MPEGP]- anions to Li* cations (Figure S6) decreased
up to x = 0.8. These results show that further addition of
LiTFSI gradually enhances the structure formation. Moreover,
in the case of x = 1.0, the number of mobile Li* cations and
[MPEGP]- anions again increased. Thus, it can be concluded
that maximum cluster formation occurs at x = 0.8. From the
estimated number of immobile ions at x = 0.8 (Figure 1a), it
was found that the smectic structure was formed with a ratio
of Li* : [MPEGP]- : TFSI- = 1 : 126 : 0.32 = 341
([Li[MPEGP], ,6TFSI, 3,]>5%). Therefore, it suggests that the
smectic IL crystal structure possesses a negative charge:

[Li[MPEGP], ,6TFSI, 5,]°5% due to an overall asymmetry with
an excess of [MPEGP]- and TFSI- anions in the structures,
similar to the observation from PEO-LiTFSI polymer solid
electrolyte. 3839

This structure can easily be extended to 2-dimensional
structures with each Li* cation surrounded by eight oxygen
atoms from [MPEGP]- and TFSI- anions. Within the structures
it is possible that two oxygen atoms of TFSI- can coordinate to
each Li* cation.# This is in good agreement with the previous
report that the smectic structure formation is mainly due to
the Coulombic interaction of Li* cations to the phosphite head
group of [MPEGP]- anions with a certain stoichiometry and
the thickness of this layer is estimated as 4.36 nm." In the
mixtures with x > 0.8, the number of both mobile Li+ cations
and TFSI- anions increased as shown in Figure 1a, due to the
lack of available [MPEGP]- anions, resulting in [Li(TFSI),,,]™
clusters similar to those in mixtures of IL containing TFSI-
anion and LiTFSI (vide infra).**

Ion-Ion Interactions between Mobile Ions. The relative
diffusion coefficients (Table 1) between ions were compared
to estimate the interaction between mobile ions. Based upon
the Stokes-Einstein relation for the diffusion, the variation of
ion-ion interaction can be estimated from the diffusion
ratio.# Using the model suggested by Saito et al,# the
dissociation of LiTFSI and [DMIm][MPEGP] (egs 3 and 4) and
observed diffusion coefficients (eqs 5-8) can be written as:
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LiTFSI = Li* + TFSI- (3)
[DMIm][MPEGP] = [DMIm]* + [MPEGP]- (4)
Dyi= D"+ (1 - x)D Litest (5)
Drgsi= XD rpst + (1 = x,) D Lirs (6)
D[DMlm] = XzD*[DMIm] +(1- Xz)D*[DMIm][MPEGP] (7)
D[MPEGP] = XzD*[MPEGP] + (1 - xz)D*[DMlm][MPEGP] (8)

where D" is the inherent diffusion coefficient of each
component. The relative diffusion coefficients will be:

Dyi/Drpsi= D'1i/D resi (x, = 1) or 1 (x, = 0) (9)
D[DMlm]/D[MPEGP] = D*[DMIm]/D*[MPEGP] (x,=1) or1(x,=0) (10)

In the same way, the association strengths between [DMIm]*
and TFSI- ions and between Li* and [MPEGP]- ions can be
estimated using the relative diffusion coefficients of
D[DMIm]/DTFSI and DLi/D[MpEGp], respectively. The relative
diffusion coefficients are close to unity when the association
is quite strong between the two associated species (x, and x, =
oin eqs 5-8). The relative diffusion coefficient Dippim)/Dimpece]
depends on the dissociation properties of LiTFSI, and
therefore this ratio is not necessarily unity.+> To estimate the
strength of the interactions among the mobile ions, the
relative diffusion coefficients between cations and anions
(Dcation/Danion, Where cation = Li* or [DMIm]* and anion =
[MPEGP]- or TFSI") were calculated using the D values
determined at 353 K rather than at 293 K to avoid the cluster
effect, which is stronger at lower temperatures. Usually LiTFSI
exists as a Li cluster of [Li(TFSI),,.,]™ in which the maximum
value of m in the mixture is 4.2 The increased ratios of
DLi/D[MpEGp] and DLi/DTFSI indicate enhanced LiTFSI
dissociation, resulting in smaller [Li(TFSI),.]J™ clusters.
Therefore, the increases of Dy;/Dyvpecpjand Dyi/Drpsjup to x =
0.4 reveal gradual increases of Li* cation dissociation (Table
1). Similar behavior was observed in the LiTFSI dissolved ionic
liquids, 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide ([BMIm]TFSI) and 1-
butyl-2,3-dimethylimidazolium
bis(trifluoromethanesulfonyl)imide  ([BDMIm]TFSI): the
ratio of Dy;/Drys; increases when increasing the content of
LiTFSI up to 24 wt %.#

After the structure formation at 0.4 < x (Figure S1), the
diffusion ratios changed in a complicated manner, probably
because of the variations of the number of mobile ions for
each ion type. In the range of 0.4 < x < 0.8, the ratios of
Dyi/Drpsi and Dyi/ Dpvpcp) tend to decrease with the minimum
at x = 0.8, as predicted from the line broadening of 7Li NMR
spectra. The slower diffusion of mobile Li* cations compared
to the other ions in this range may be the result of the
interactions of Li* cations with the negatively charged clusters
([Li[MPEGP], ,6(TFSI),3,]°5%"), similar to observations from
LiTFSI doped polymer electrolytes that have negatively
charged chains.»3204 The x = 0.8 sample also revealed
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Dipmim}/Drrsi = 1.52, which is close to the value of 1.83 for the
bulk [DMim][MPEGP] (x = o). This result indicates that the
unavailability of Li* cations and [MPEGP]- anions enhances
the ion-ion interaction between [DMIm]* cations and TFSI-
anions.

In the samples with x > 0.8, which have LiTFSI concentrations
more than enough to consume [MPEGP]- anions for
clustering, the ratios of Dyi/Drps;, Dri/Divpece;, and
Dipmim}/Drrs1 are the largest in the x = 3 sample. Notably,
DLi/DTFSI (=086) and D[DMlm]/DTFSI (= 2.14) from the x = 3
sample are similar to those of LiTFSI saturated pyrrolidinium-
based ionic liquid (Dy;/Drrs; = 0.81)* and of neat [DMIm][TFSI]
material (Dppmim)/Drrsi = 1.83),3 respectively. These
observations indicate that the ion-ion interactions among the
constituent ions are similar again to those in the bulk ionic
liquid at x = 3, which has the LiTFSI exceeding the proper
amounts for consumption of all [MPEGP]- anions.

Table 1. Relative Diffusion Coefficients of LiTFSI and
[DMIm][MPEGP] Mixtures as a Function of LiTFSI
Content (x) at 353 K.

X Dipmim}/Dresi Dri/Drst Dri/Dpmrpecr)
o 1.832 - -

0.1 0.76 0.14 0.25

0.3 1.04 0.19 0.56

0.4 0.72 0.35 1.25

0.5 11 0.23 0.30

0.6 1.02 0.13 0.97

0.8 1.52 N/A N/A

1 130 0.59 1.03

3 2.14 0.86 1.5

aDipmim}/Drrs; for pure [DMIm][TFSI] was calculated using
diffusion coefficient values reported in literature.

Li* Cation Transference Number. The Li* cation transference
number (t1;) represents the contribution of Li* cations in the
overall ionic conductivity of the electrolyte and it is directly
related to the performance of Li-ion batteries. It can be
calculated from diffusion coefficients using the formula:

tLi,mobile =
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MLimobileDLi

N mobileDLi +71FSLmbile DTS + M[DMIm]mobileD [DMIm],mobile + [MPEGP]mobileD [MPEGP]

(1)

where ny mobite and Dy are the number of mobile ions in molar
concentration and diffusion coefficients, respectively, for y =
Li*, TFSI-, [DMIm]*, and [MPEGP]. Here, the molar
concentrations (numbers) of mobile ions (ny,mobile) €stimated
from the peak intensities (Figure 1a) were used to calculate the
trimobile value for mobile ions. Usually, the lithium
transference number is proportional to the Li salt
concentration in the bulk liquids®3° as observed from the t;
~which was calculated using nominal LiTFSI concentration, x.
However, the ti; mobile calculated from the number of mobile
ions using the diffusion coefficients determined at 353 K
(represented in Figure 5) decreased with an increase of LiTFSI
in the range of 0.5 < x < 0.8. While the Dy; value for x = 0.8 is
not available, this sample is expected to give the smallest
tLimobile Value due to small values of ny; mobile and Dy; for mobile
Li* cations. The value of timobile iS also smaller than ty;y,
calculated using the nominal concentration of ions. It is worth
mentioning that the number of mobile ions should be
considered for the calculation of Li* cation transference
number in the polymerized electrolytes as well because it is
easy to neglect the fact that the number of mobile ions is
smaller than the nominal concentration due to the
interactions between ions and the clusters.
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Figure 5. Values of Li transference number (t1;) for LiTFSI and
[DMIm][MPEGP] mixtures as a function of LiTFSI content at
353 K. Values of tj;mobie Were calculated using the ion
concentrations determined using NMR peak intensities
(Figure 1a) while the nominal content of x was used to
calculate ty; values.
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Figure 6. (a) 7Li PFG echo profiles of x = 1.0 mixture sample
obtained using 15 and 30 gradient steps from 4.7 to ~ 2000
G/cm with A = 50 ms and § = 2 ms and fitted with the Stejskal-
Tanner formula (eq 1) and NMR-diffraction equation (eq 12),
respectively. (b) 7Li PFG echo profiles of x = 1.0 sample
obtained at various temperatures with A = 50 ms. Solid lines
are fitting curves using eq 1. The blue and red arrows at ¢ =1.85
x 105 and 3.16 x105 m™ indicate the first echo minima at 263
and 283 K, respectively.

Size of Ionic Liquid Crystals: NMR Diffraction. The 7Li PFG-
echo profile obtained with 15 gradient steps for x = 1.0 sample
is represented in Figure 6a. These data are fit well with the
Stejskal-Tanner equation even though a little scattering is
observed on the decay. However, the echo obtained with 30
gradient steps showed a clear minimum, or so-called ‘NMR
diffraction’. Usually, the NMR diffraction pattern on a PFG-
echo profile appears due to a diffusion barrier existing in the
sample.234143 Thus, we confirmed the structure formed from
the interactions between the Li* cation and [MPEGP]- anion
performing as a diffusion barrier. The first minimum on the
PFG-NMR echo profile at g (= (2r)(ygd)) is related to the size
of the cluster: g = b, where q is the area of gradient strength
and b is the distance between the pores.#3 The echo decay with
NMR-diffraction curve can be fitted using eq 12.43
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6Dosp A sin (2mqb)
E(a8) = Is0@)exp | — (1 - exp( —2g¢) )|

(12)
where the local structure factor of S, is

sin(rqa)

$o(@) = (13)

and ¢ is the standard deviation of the mean pore distance of
b, a is the pore size, Dy is the diffusion coefficient for
migration between the pores, and A is the diffusion time.
Therefore, in this study, b and a correspond to the cluster size
and the distance between the clusters (pore size), respectively,
and D.g s the diffusion coefficient of ions in the vicinity of the
cluster surfaces. The cluster size, which corresponds to the
pore distance b in eq. 12, can be directly estimated from the
first echo minima using the relationship of g = b.4344 In
Figure 6Db, the first echo minima from 7Li PFG-NMR of x = 1.0
give the estimated cluster size of b = ¢ = 5.4 and 3.2 um, which
are in reasonable agreement with b = 4.4 and 3.2 um from the
curve fitting to eq 12 (Table S1) at 263 and 283 K, respectively.
At higher temperatures, it was impossible to measure the
cluster size directly from the first echo minima due to its
ambiguity. This may be a consequence of the structural
heterogeneity induced by chain flexibility at high
temperatures. At lower temperatures, the structure formation
and the interactions of Li* cations with the cluster surfaces are
enhanced, as revealed by the larger value of D after gelation
(Figures 1b, and 4) and the broader line width of 7Li NMR
spectra (Figure S7).

The measured cluster sizes (Table S1) showed that it gradually
increased with a decrease of temperature similar to the
lithium polymer electrolytes containing glucitol.» The pore

sizes (a) of 0.75 and 0.5 #m, obtained from 'H PFG echo
profiles of the x = 1.0 sample (Figure S8) for the [DMIm]*
cation and [MPEGP]- anion, respectively, are smaller by about
one-half compared to a = 1.2 ym obtained from 7Li PFG-NMR
(Table S1). This difference between 7Li and 'H/F PFG echo
profiles for determining the pore size was observed in
previous research,>*4 which revealed that the weak amplitude
of echo minima in 'H PFG echo profiles gives a smaller a as
predicted by Eqs 12 and 13. In this study, the *H PFG-echo
profiles (Figure S8) also showed a weaker NMR diffraction
than 7Li PFG-echo profiles. Therefore, the smaller values for a
are a consequence of the weak amplitude of the first echo
minima. The amplitude differences are most likely a result of
the distances between each of the ions and the cluster surface
because of their charge differences. Based on our observations
(vide supra), an average cluster is negatively charged
([Li[MPEGP], ,6TFSI, 3,]>5%"). Therefore, the distance between
mobile ions and the cluster surface may increase in the order

of Li* < [DMIm]* < [MPEGP]- owing to their electrostatic
interactions. Consequently, the diffraction observed in the 7Li
PFG-echo profile is the strongest, and in the 'H PFG-echo
profile it is weaker from [MPEGP]-anions than from [DMIm]*
cations (Figure S8). For this reason, 7Li PFG echo profiles were

used to determine the cluster size of the structure (Figure 7a).
The cluster size, which is smaller than the pore size, steeply
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increased at 0.4 < x <1 and the differences became smaller
when the cluster size increased (up to x = 1). Meanwhile, the
cluster and pore sizes at x = 3 appeared slightly smaller than
those obtained at x = 1. This may be due to an error in the
fitting because of weak diffraction behavior (Figure Sg). Even
though the echo profile is obviously closer to the NMR-
diffraction pattern than the bulk diffusion at x = 3 (Figure Sg),
it is not well fitted with either the Stejskal-Tanner formula (eq
1) or the diffraction equation (eq 12). This unclear diffraction
may be due to the presence of excess LiTFSI. The relative
diffusion coefficients, Dyi/Drps; and Dipmim]/Drrsi (Table 1),
indicate that the mobile Li* cations behave like those in the
bulk liquid for the x = 3 sample. In this situation, the 7Li PFG-
echo profiles are obtained mainly from the bulk-like Li+
cations, which diffuse through the center of voids (far away
from the cluster surfaces) and they may not be sensitive to the
structure of the clusters. This may cause smaller values of a
and b as we discussed above by comparing 7Li and 'H PFG-
echo profiles (Figure S8). From the NMR diffraction, it was
found that the cluster size is inversely proportional to the
number of mobile [MPEGP]- anions. Based on the above
observations, it may be concluded that the cluster size (b) at
x = 3 would be 1.7 um (i.e, similar to that obtained from the x
=1sample).
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Figure 7. (a) Cluster size, b and pore size, a obtained from 7Li
PFG echo profiles at 313 K. (b) Mobile ion populations
calculated from intensities of 7Li and 3'P NMR spectra (Figure
2) in the mixtures of LiTFSI and [DMIm][MPEGP] as a
function of LiTFSI content. Dashed lines are guides for the eye.
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From the NMR diffraction behavior (eq 12), it is possible to
determine the diffusion coefficient of ions migrating between
the pores (i.e., on the cluster surfaces), the so-called ‘effective
diffusion coefficient (D). Usually, D¢ and the bulk diffusion
coefficient (D) are identical when there are negligible
interactions between the migrating ions and the cluster
surfaces.#3 Surprisingly, after the mixtures of LiTFSI and
[DMIm][MPEGP] form visible structures (x = 0.4) D.gis three
orders of magnitude faster than D, which is a steady-state
diffusion coefficient obtained using the Stejskal-Tanner
equation without considerations of the oscillatory motion of
the echo profiles (Table S1 and Figure S10). This enhancement
of D in this system is quite interesting behavior compared
with other LiTFSI doped polymer electrolytes that show a
diffraction pattern on the PFG echo profiles but with similar
values of D and D>+ The diffraction pattern from the 'H
PFG-echo profile of [DMIm]* cation at x =1 (Figure S8) also
gave Deg =107 m? s™. This fast D may contribute to a higher
total ionic conductivity for the mixtures in the molar ratio
range of 0.4 < x <1 compared to other samples including the
neat ionic liquid.

CONCLUSIONS

The sizes of ionic liquid crystals and the contributions of each
ion on the structure formation in mixtures of LiTFSI and
[DMIm][MPEGP] were studied using analyses of NMR
diffraction and intensities of 7Li, 'H, YF, and 3'P NMR peaks,
respectively, as a function of LiTFSI content. The steady-state
diffusion coefficients for each mobile ion were also
determined using 7Li, 'H, and 9F PFG-NMR examinations and
compared with the estimated ion-ion interactions between
the mobile ions. The 7Li PFG-NMR echo profiles showed

cluster sizes up to ~1.7 ym, which is inversely proportional to
the number of mobile [MPEGP]- anions. The steady-state
diffusion coefficients for mobile ions are comparable with the
value of D for neat [DMIm|[MPEGP]. The relative diffusion
coefficients between cations and anions varied with LiTFSI
concentration and reached values comparable to those of to
the neat ionic liquid values in the mixture with x = 3. The
lithium transference number was reduced tremendously in
the range 0.4 < x < 0.8 due to the reduced number of mobile
Li+ cations and decreased Dy;. At x = 0.3, the relations of
Omea/0p = 1 and Dy;/Diwpecp) = 1 reflect the fact that the
[LiTFSI,,,,]™ clusters are completely dissociated by solvent
and [MPEGP]- anions have a solvation structure of
[Li(MPEGP),(TFSI),]3-,which is estimated based on the ratio
of Opmpegp)/Li* = 3. The numbers of immobile ions estimated
at x = 0.8, with maximum structure formation, indicated that
the structure is composed of [Li(MPEGP), ,6(TFSI),5,]*5% (Li*
: [MPEGP]-: TFSI- = 3 : 4 : 1). This is in very good agreement
with the number of oxygen atoms that can be coordinated
with Li* cations by the Coulombic interaction. In summary,
the mixtures can be discriminated and categorized into three
distinct states of so-called local interaction (x < 0.3), global
structure formation (0.4 < x < 1), and LiTFSI excess (x < 1)
states. The Coulombic interactions between Li* cations and
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[MPEGP]- anions were found as the main reason for the
formation of structure with an accurate stoichiometry.
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